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Bioconjugates are an indispensable tool for molecular biology as well as an established
modality for biomedical imaging and drug delivery. Broadly, bioconjugation is the use
of a chemical cross-linker to covalently attach non-natural reporters, chemical handles,
drug cargo, or targeting ligands to biologics to augment their innate properties and
functions. Many bioconjugation strategies attach a single non-natural component to the
biomolecule of interest. This limits the functional complexity of the resulting
bioconjugate. Incorporating multiple functionalities and/or stimuli responsive units has
the potential to enable new applications of bioconjugates as molecular probes and drug
carriers. Herein, we present a survey of our work towards developing multifunctional
bioconjugates. We develop a new strategy for the site-specific modification of native
antibodies. This strategy enables dual “click” modification of native antibodies. We also
develop new synthetic methods for the synthesis of oligothioetheramides. We apply
this new synthesis to study the effect of cross-linker sequence on the biophysical
properties of antibody-drug conjugates. Finally, we discuss our efforts to develop
molecular probes to characterize the surface of extracellular vesicles and quantify
endosomal escape for siRNA therapeutics. Taken together, these works highlight the
importance of chemical cross-linkers in the design of multifunctional bioconjugates for

a variety of applications.
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Chapter 1 — The Functional Components of Bioconjugates

1.1 — Introduction

Broadly, bioconjugation seeks to chemically modify biologics such as lipids'?,
carbohydrates®#, proteins®®, and nucleic acids’® as a means augment their natural
properties. These non-natural functions have made bioconjugates an indispensable
tool for molecular biology®', in vivo imaging''-'?, and medical diagnosis'®'4. Further,
therapeutic bioconjugates are an established modality for the delivery of small molecule
chemotherapeutics', and are emerging as a platform for the delivery of small

interfering RNA (siRNA)'S.
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Figure 1.1. Structural and functional components of antibody-based bioconjugates. A)
structural components of antibody bioconjugates and B) key functional features
common to antibody bioconjugates.

Monoclonal antibodies, the prototypical affinity reagent, constitute a particularly
powerful class of bioconjugates (Figure 1.1). Directed evolution techniques such as
ribosome'’, phage'®, and yeast'® display have enabled the rapid discovery of antibody
fragments directed towards a variety of targets. In combination with antibody
humanization??, these techniques provide a powerful toolkit to develop novel, full-length
therapeutic antibodies. In addition to the carrier protein, bioconjugates are comprised

of two other structural features; a functional cargo and a chemical cross-linker. While



the antibody carrier directs a bioconjugate to its target, the non-natural cargo is what
gives its specialized function. For example, modifying an antibody with a small molecule
drug gives rise to an antibody-drug conjugate capable of inducing cell death?'-22,
Whereas, modifying the same antibody with a biotin functional handle yields a
conjugate for immunofluorescence imaging applications?®. The final structural
component, the chemical cross-linker, is the central hub around which the rest of the
bioconjugate is built. This covalent linkage is what allows the targeting ability of the
antibody carrier to work in concert with the chosen non-natural cargo. Beyond serving
as a passive physical attachment point, a cross-linker can also play an active role in
the functional properties of a bioconjugate. Specifically, chemical cross-linkers can be
designed to release therapeutic cargo at the appropriate time and location due to the
presence of intracellular stimuli?*. Ultimately, these three structural components are
intimately linked and must be carefully considered when designing an antibody
bioconjugate. Herein, we highlight the synthetic challenges, important biophysical

properties, and functional limitations of antibody bioconjugates.



1.2 — Chemistry of Proteins and DNA

The Structural Features of DNA
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Figure 1.2. The structural features of nucleic acids. The 5’ phosphate group is shown

in red, phosphodiester backbone is highlighted in green, 3’ hydroxyl group is shown in
blue, and the structures of the four nucleotide bases are highlighted.

DNA, which is synthesized by DNA polymerases, is polymer comprised of
deoxyribonucleotides (Figure 1.2). DNA synthesis proceeds in a 5 to 3’ fashion
through the sequential addition of nucleoside triphosphates to the 3’ hydroxyl group of
the growing nucleic acid chain. This synthesis yields a polymer backbone of
deoxyribose sugars connected via negatively charged phosphodiester bonds?°. These
features result in a polymer backbone that is both highly rigid and negatively charged.
The final nucleic acid chain is terminally modified with a 5’ phosphate and a 3’ hydroxyl.
Finally, each nucleoside triphosphate building block is functionalized with a
nucleobase. These nucleobases form pairs, guanine-cytosine and adenine-thymine,
which participate in hydrogen bonding and tr-stacking interactions. These interactions
drive inter-strand self-assembly into the DNA double helix?6. Further, the ability of
nucleobases to recognize each other in a sequence-specific fashion is the basis for
biological information storage and drives interest in adapting DNA for digital data

storage?’.



The Structural Features of Polypeptide Chains
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Figure 1.3. The structural features of polypeptide chains. The terminal primary amine
is shown in red, peptide backbone is highlighted in green, the terminal carboxylic acid
is shown in blue, and the functional side chain is indicated.

Proteins, which are synthesized by the ribosome, are polymers comprised of
amino acids (Figure 1.3). Polymerization is achieved through the reaction of the amino
group from one amino acid with the carboxyl group of another. This chemistry gives
rise to the peptide bond that defines the polymer backbone. The partial double bond
character of the peptide bond creates rigid linkages with restricted rotational freedom.
This property along with the hydrogen bonding character of the peptide bond drives the
formation of the secondary structural features such as the a-helix and B-sheet?®. An
additional structural relic of amino acid polymerization is the existence of a N-terminal
primary amine and C-terminal carboxylic acid within each synthesized protein. Finally,
functionalization of the polypeptide is achieved through the side chain of each amino
acid monomer. These side chains participate in the formation of protein tertiary
structure through intradomain hydrophobic and ionic interactions, the formation of
disulfide bonds, and additional hydrogen bonding. Further, side chains define the
numerous biological functions of proteins such as catalysis, molecular recognition, and

self-assembly?°.



Reactivity of Amino Acid Side Chains
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Figure 1.4. The chemistry of amino acid side chains. The twenty natural amino acids
can be categorized as aliphatic, aromatic, polar, or ionizable. With respect to
bioconjugation, ionizable side chains are generally considered to be reactive.

The twenty natural amino acids (Figure 1.4) provide a diverse palette from
which to fine tune the structure and function of proteins. Broadly, these side chains can
be subdivided into four categories that describe their chemical nature: aliphatic,
aromatic, polar, and ionizable. These categories play varied roles in modulating the
natural function of proteins. With respect to bioconjugation, the role of the amino acid
side chains is to provide a point of covalent attachment for non-natural functional
groups. Traditionally, the most common protein conjugation strategies have targeted
the ionizable amino acids tyrosine, aspartic acid, glutamic acid, lysine, and cysteine as
well as the N-terminal primary amine and the C-terminal carboxylic acid. Tyrosine can
be modified alpha to the hydroxyl group using diazonium containing compounds?®° or
primary amines via a Mannich condensation3'. Carboxylic acid containing groups
(aspartic acid, glutamic acid, and C-terminus) can be derivatized by conversion first to

an activated ester intermediate. This is typically achieved by using a combination of 1-



Ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC) and N-hydroxy succinimide
(NHS). Conjugation is completed by the addition of an amine-modified reagent which
yields stable amide linkage®?. Amine containing groups (lysine and N-terminus), can be
acylated by reaction with a variety of activated carbonyl species33. The sulfhydryl group
of cysteine provides the most versatile conjugation handle among the twenty natural
amino acids. Cysteine can from an exchangeable thioester linkage upon reaction with
an activated carbonyl. A stable thioether bond can be formed by reaction with an
iodoacetyl group or via a thiol-Michael addition with maleimide-functionalized reagents.
Finally, a reduction sensitive disulfide bond can be formed through thiol-disulfide
exchange with labile pyridyl disulfide reagents®*. Over the course of several decades
the above chemistries have emerged as indispensable tools for bioconjugation.
However, these methods are not without limitations. By their nature, these strategies
target naturally occurring amino acids. For a given protein, there will invariable be
numerous solvent accessible reactive amino acids. Therefore, a heterogeneous
mixture of products containing multiple chemical modifications will be formed.
Conjugation strategies which result in a heterogeneous mixture of products are called
“non-specific’. These strategies result in batch-to-batch variability wherein subtle
differences in the reaction conditions yield a higher or lower degree of conjugation,
which may affect conjugate performance. Non-specific conjugation can also inactivate
the carrier protein by chance modification of amino acid residues that are important for
binding or enzymatic activity. These limitations and others have inspired researchers
to pursue methods to control the placement of chemical modifications within a protein

carriers®.



1.3 — Bioorthogonal Chemistry and Non-canonical Amino Acids
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Figure 1.5. The principles of bioorthogonal chemistry. Bioorthogonal chemical handles
(X and Y) react selectively in the presence of reactive amino acid side chains.

One approach to controlling the placement of chemical modifications within a
protein is the use of bioorthogonal chemistry (Figure 1.5). Bioorthogonal reactions are
reactions which occur selectively between two non-natural chemical handles within
complex biological environments®6. A variety of bioorthogonal chemistries have been
developed?® and employed to selectively label live cells?, image living organisms?8, site-
specifically modify proteins3®, discover novel small molecule inhibitors*®, and design
peptide-based affinity reagents*'. The preeminent bioorthogonal chemistries are the
strain-promoted azide-alkyne cycloaddition (SPAAC) reaction*? and the inverse

electron demand Diels-alder (IEDDA) reaction*3.



Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) Reaction
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Figure 1.6. Strain-promoted azide-alkyne cycloaddition. Reaction shown between an
azide and a dibenzocyclooctyne.

The SPAAC reaction, pioneered by the lab of Carolyn Bertozzi (Figure 1.6),
was inspired by the 1,3-dipolar cycloaddition between an azide and a linear alkyne in
the presence of a copper(l) catalyst and a stabilizing ligand This reaction, which
generates a five-membered 1,2,3-triazole ring, is also known at the copper-catalyzed
azide-alkyne cycloaddition (CUAAC)*. This reaction occurs rapidly and selectively in
complex chemical environments with a second order rate constant of 10 — 200 M-! s-'.
However, the copper catalyst, which is toxic to live cells, limits its utility in biological
applications*>. The SPAAC reaction was developed to enable the same bioorthogonal
reactivity without the need for a copper catalyst. This was achieved by placing the
alkyne functional group within a cyclooctane ring to introduce ring strain. Using this
methodology, a variety of cyclooctyne derivatives have been synthesized possessing
a range of reactivities*6. However, only derivatives with a second order rate constant of
approximately 1 M-' s or greater can be practically useful for bioconjugation. The
second order rate constant for the most widely commercially available cyclooctyne
(dibenzocylcooctyne, DBCO) is reported to be 1 — 10 M s'. This rate constant is
strongly dependent on both the composition of the reaction solvent and the nature of
the azide reaction partnert’-0. This rate is sufficient to allow for functionalization of
biomolecules at a concentration of approximately 10 — 100 uM. However, the cargo

molecule to be attached must be provided in moderate molar equivalencies relative to



the carrier protein. For live cell imaging applications in which complete conversion is
not necessary, it is possible that these conditions can be relaxed. One limitation of the
SPAAC reaction is that all derivatives that display fast reaction kinetics contain bulky
eight-membered rings and/or multi-ring structures*¢. These sterically bulky and
hydrophobic features can have deleterious effects on stability and function of the

conjugated biomolecule.

Inverse Electron Demand Diels-Alder (IEDDA) Reaction
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Figure 1.7. Inverse electron demand Diels-alder reaction. Reaction shown between a
methyl tetrazine and a trans-cyclooctene.

The bioorthogonal IEDDA reaction between a tetrazine and a strained
dienophile (Figure 1.7) was first reported by the labs of Scott Hilderbrand®' and Joseph
Fox®2. This reaction proceeds through a Diels-Alder [4+2] cycloaddition yielding a
strained bicyclic intermediate. Strain is relieved by a subsequent retro-Diels-Alder
reaction, which releases nitrogen as the only byproduct of the reaction. Interestingly,
the kinetics of this reaction can be tuned across several orders of magnitude by
modifying the chemical nature of both reaction partners*®. For example, the use of
dienophiles such as norbornene®, a methyl-substituted cyclopropene®!, trans-
cyclooctene (TCO)®?, and trans-bicyclo[6.1.0]nonene® tunes the rate constant from 1
— 400,000 M-" s-'. Modulating the structure of the tetrazine has been shown to tune the
reaction with TCO from 0.1 M' s to greater than 100 M- s-',%5. The most common
tetrazine-dienophile pair is the reaction between a methyl-substituted tetrazine and a

trans-cyclooctene. This pair represents a balance between reactivity and solution-



phase stability with a second order rate constant of 2,000 M-' s-1,52. The kinetics of this
reaction are compatible with the functionalization of biomolecules at equimolar
conditions and concentrations as low as approximately 1 uM. However, like the DBCO-
azide SPAAC reaction, these reactive partners form a bulky and hydrophobic product,
which may negatively impact the properties of the resulting bioconjugate. Further,
recently, TCO has been shown to rapidly isomerize to the cis conformation when stored
in solution®. The cis conformation does not participate in the IEDDA reaction. This
adds an additional complexity to employing the TCO-tetrazine ligation and motivates

the investigation of stable alternatives with fast reaction kinetics.

1.4 — Strategies for Site-specific Antibody Modification
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Figure 1.8. Structure and nomenclature of full length IgG1. The full length IgG1 is a
symmetric, multidomain protein with a molecular weight of approximately 150 kDa. The
structure consisting of four polypeptide chains connected via four interchain disulfide
bonds. The light chain (approximately 25 kDa molecular weight) is comprised of two
domains; constant and variable light chains. The heavy chain (approximately 50 kDa
molecular weight) is comprised of four domains; variable heavy chain domain and three
constant heavy chain domains. A single glycosylation site is located at asparagine 297
within the heavy chain.
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The human IgG is a complex multidomain glycoprotein (Figure 1.8) that is a
central component of the human immune response responsible for binding to
exogenous species such as viruses and bacteria®’. Like other protein-based carriers,
antibodies are compatible with a variety of non-specific conjugation strategies targeted
towards tyrosine, aspartic acid, glutamic acid, and lysine residues. However, antibodies
are also compatible with site-directed conjugation strategies that yield a heterogeneous
product but enable control over the localization of chemical modification. Antibodies
contain no unpaired cysteine residues in their folded form. Therefore, the interchain
disulfide bonds can be selectively reduced using reagents such as TCEP to liberate up
to eight sulfhydryl groups for bioconjugation®. This directs conjugation to the hinge
region between the binding domain and the Fc region. The human IgG1 also contains
a single glycosylation site at asparagine 297 within the heavy chain®®, which can be
used to control placement of cargo away from the binding domain. Oxidizing agents
such as sodium periodate can be used to convert 1,2-diols within the glycan to reactive
aldehyde functional groups. These aldehydes can be reacted with nucleophiles such
as primary amines, hydrazides, or hydroxylamines to form reversible imine bonds.
Reductive amination with reagents such as sodium cyanoborohydride can be used to
generate stable secondary amine linkages®. These methods offer certain
improvements over non-specific strategies, but still yield heterogeneous products that
suffer from batch-to-batch variability.

In recent years, site-specific modification has been identified as a powerful
handle to enhance the properties of antibody-based bioconjugates for applications in
both immunodetection®®' and drug delivery®265, These methods seek to precisely
control both the localization and number of chemical modifications with the goal of

achieving a homogeneous product. Broadly, site-specific antibody modification can be
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categorized as utilizing either engineered antibodies (e.g. engineered cysteines®%.57,
non-canonical amino acids®8%, and chemoenzymatically-recognized peptide tags”® ")
or native antibodies (interchain disulfide conjugation%®72, disulfide re-bridging”®74,
glycan remodeling*”5, and microbial transglutaminase’®’8). Here we focus on the
leading platforms for controlling the placement of cargo molecules at any site within an

antibody of interest.

THIOMAB Platform
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Figure 1.9. Overview of site-specific protein antibody modification via THIOMAB. A
cysteine point mutation along the amino acid sequence of the protein, introducing a
unique thiol chemical handle. Maleimide-thiol chemistry is used to covalently attach the
cargo of interest.
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Researchers at Genentech developed THIOMABs (Figure 1.9), which leverage
the fact that antibodies contain no unpaired cysteine residues, to site-specifically
modify antibodies®. THIOMABs are conceptually simple. A non-natural cysteine
residue is engineered into the antibody at any site of interest. The antibody is then
produced bearing a non-natural, unpaired cysteine residue. These residues can be
derivatized through simple, commercially available maleimide linkers to covalently
attach cargo. Despite the elegance of this approach, it is not without its drawbacks.
Specifically, traditional maleimide linkers are prone to deconjugation in circulation®.
This may necessitate the use of more advanced chemistries such as the self-
hydrolyzing maleimide®, which negates some potential benefits. Further, incorporation

of non-natural cysteine residues can lead to scrambling of disulfide bonds within the
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antibody®%8'. Nevertheless, researchers at Genentech have applied this technology to

Microbial Transglutaminase

screen the entire human IgG for stable conjugation sties®°.
NH, ——

™ 5 I

Native 1gG Activated Thioester Bond Modified Antibody

Figure 1.10. Mechanism of action for microbial transglutaminase (MTG)-based
modification of the native human IgG. Glutamine 295 within the heavy chain of the
antibody is recognized by MTG and converted into an activated thioester bond. An
amine bearing cargo displaces the activated MTG and forms a stable isopeptide bond.

In addition to THIOMABS, chemoenzymatic approaches have been developed
in which the catalytic activity and site specificity of an enzyme is coopted for
bioconjugation. One such approach is microbial transglutaminase (MTG, Figure 1.10),
which belongs to a family of enzymes that catalyze the formation of interprotein
isopeptide bonds between glutamine and lysine residues®23. Serendipitously, MTG
recognizes glutamine 295 (Q295) within the heavy chain of aglycosylated, human
IgGs®+. Co-treatment with Peptide:N-glycosidase F (PNGase F) removes the N-linked
glycan at asparagine 297 (N297) and facilitates efficient bioconjugation’®. By supplying
non-natural acyl acceptor substrates, this natural function has been co-opted for site-
specific, homofunctional antibody modification8%8, Researchers have expanded
beyond the natural Q295 site by introducing a N297Q point mutation that provides an
additional conjugation site within the IgG heavy chain’®. Moreover, recognition
sequences have been designed that enable the incorporation of MTG conjugation sites
at any point along the antibody backbone®?#7. In addition to site-specific native antibody

modification, a key advantage of MTG-based bioconjugation is compatibility with many
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commercially available amine-bearing chemical cross-linkers. A key drawback of MTG-
based conjugation is competition with native lysine residues. After MTG recognizes
Q295, an activated thioester is formed between Q295 and MTG. Native lysine residues
on the antibody or other antibodies in solution can displace this thioester bond forming
intra- or intermolecular isopeptide bonds respectively. These unwanted side reactions
must be suppressed by the addition of large equivalencies of acyl acceptor substrate.

Otherwise, the antibody of interest will form a cross-linked network of proteins.

Formylglycine-generating Enzyme/HIPS Ligation
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Figure 1.11. Overview of site-specific protein modification via formylglycine-generating
enzyme. Bioorthogonal aldehyde tags are site specifically incorporated along the amino
acid sequence of the protein. The Hydrazino-iso-Pictet-Spengler ligation is used to
stably attach the cargo of interest.

Finally, a hybrid approach pioneered by the Bertozzi lab utilizes formylglycine-
generating enzyme to site-specifically incorporate a bioorthogonal chemical handle
(Figure 1.11). To install this chemistry, the protein of interest is engineered to contain
a pentapeptide recognition sequence (CXPXR). The protein of interest is then co-
expressed with formylglycine-generating enzyme which co-translationally converts the
cysteine residue into an aldehyde-bearing fromylglycine residue®. This residue is

compatible with hydrazide and hydroxylamine conjugation chemistries and undergoes
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reversible cross-linking through imine formation with naturally occurring lysine
residues. This technology was the basis of Redwood Bioscience, a start-up company
founded by Bertozzi lab alumni. To suppress cross-linking and generate stable
bioconjugates, Redwood Bioscience developed the Hydrazino-iso-Pictet-Spengler
(HIPS) ligation®. This ligation proceeds initially through a traditional hydrazide-
aldehyde imine reaction to form an intermediate hydrazonium ion. The proximity of this
hydrazonium ion to a nucleophilic indole leads to intramolecular alkylation and the
formation of a stable carbon-carbon bond. Redwood Bioscience has since been
acquired by Catalent Biologics where they have refined this conjugation strategy®:.
Recently, Catalent Biologics has used the HIPS ligation to perform unbiased screening

of conjugations sites throughout the human IgG®+.

1.5 — Synthesis of Multifunctional Chemical Cross-linkers

The chemical cross-linker is the component of a bioconjugate that provides a
covalent linkage between the biologic and its reporter, cargo, chemical handle, or
ligand. As such, the chemical cross-linker is the central hub that controls many of the
properties of a bioconjugate. Traditional synthesis of chemical cross-linkers has utilized
substituted aromatic derivatives®-°', amino acid core structures®293, or bifunctionalized
polyethylene glycol®*®. These approaches yield cross-linkers with no more than three
attachment sites, which limits the functionality and valency of the resulting
bioconjugate. Iterative synthesis methodologies have the potential to overcome this

limitation.
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DNA-based Cross-linkers
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Figure 1.12. Overview of solid-phase DNA synthesis. Coupling of the free 5’-hydroxyl
displaces the diisopropylamino group of the phosphoramidite monomer. Then the
unstable phosphite triester is oxidized to a stable phosphate triester. Finally, the
dimethoxytrityl protecting group is removed from the 5’-hydroxyl and the next protected
nucleotide is added to the growing nucleic acid chain. Cleavage from the resin along

deprotection of the phosphodiester backbone and nucleotide bases yields the final
nucleic acid product. Stepwise filtration is used to remove excess reagents.

DNA can be chemically synthesized via a solid phase method using
phosphoramidite chemistry (Figure 1.12)%. The synthetic accessibility of DNA makes
it possible to consider DNA as a material for chemical cross-linker design. With respect
to bioconjugation, DNA possesses several intriguing properties. The rigid nature of
DNA, particularly in its double-stranded form®’, enables the assembly of structured
bioconjugates with precisely defined geometries®-°°. Further, DNA hybridization can be
used to immobilize conjugated cargo on DNA-functionalized surfaces'® as well as the
program the assembly of multiprotein complexes'®!. Finally, DNA-based conjugates
can be used in combination with polymerase chain reaction (PCR) to achieve sensitive
detection of conjugated materials®. A variety of reagents have been developed for the

solid-phase synthesis of DNA with non-natural chemical handles. Amino and sulfhydryl
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groups can be placed on the 3’ and 5’ ends of DNA to allow for further user-defined
modification via traditional amine- and thiol-compatible chemistries. Chemical spacers
can be incorporated between nucleobases to modulate the structural properties of the
cross-linker or introduce photocleavable chemistry. Non-natural nucleobases can be
inserted that improve the melting temperature of the double stranded cross-linker or
enable photo-initiated cross-linking®. Taken together, these features present DNA as
a uniquely versatile material for cross-linker design. However, comparatively higher
cost and nuclease sensitivity dictate that DNA-based chemical cross-linkers be used

only when structural rigidity, self-assembly, or PCR-based amplification is needed.

Peptide-based Cross-linkers
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Figure 1.13. Overview of solid-phase peptide synthesis. Iterative amide coupling and
deprotection reactions are used to extend the peptide chain. Stepwise filtration is used
to remove excess reagents.

Peptide-based cross-linkers are built linearly using traditional solid-phase
synthesis techniques (Figure 1.13)'%2, This yields heteromultifunctional chemical
cross-linkers with the pendant group chemistry of both natural and non-natural amino
acids'®. These chemical handles can be further derivatized using traditional
conjugation chemistries as well as bioorthogonal techniques to attach a variety of

cargoes of interest. Traditionally, this has positioned peptides as the standard platform
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for heteromultifunctional cross-linkers. However, the peptide backbone is a potential
biological liability and imposes chemical limitations. Being of biological origin, the
peptide backbone is sensitive to proteolysis. In therapeutic applications, it is critical to
maintain covalent attachment of the drug cargo during circulation to avoid systemic
toxicity or decreased potency. The biological origin of peptides also restricts their
functional diversity. For example, the peptide backbone is not capable of responding
to external queues such as oxidative reagents or photochemical cleavage. Such
diversity would enable bioorthogonal release mechanisms that complement biological
stimuli. Synthetic systems have the potential to overcome this shortcoming.

OligoTEA-based Cross-linkers
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Figure 1.14. Overview of oligothioetheramide (oligoTEA) synthesis. Iterative thiol-ene
and thiol-Michael additions are used to extend the oligomer chain. Stepwise fluorous
purification is used to remove excess reagents.
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Oligothioetheramides (oligoTEAs), a sequence-defined synthesis methodology
developed by our lab' holds the potential to circumvent many of the limitations of
peptide-based cross-linkers (Figure 1.14). OligoTEA synthesis utilizes an orthogonally
reactive N-allylacrylamide monomer, which can undergo alternating photoinitiated
thiol-ene “click” reactions and phosphine catalyzed thiol-Michael additions'%4.

OligoTEAs are built off a fluorous tag liquid support, which enables stepwise fluorous
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purification throughout synthesis. The fluorous purification handle is removed post
synthesis by acid-catalyzed Boc deprotection. OligoTEA synthesis has been used as a
platform to discover synthetic antibacterial agents’® and cell penetrating oligomers'%6
as well as to synthesize model systems to study the solution phase structure of
polymers'7. Previously, we have demonstrated that oligoTEAs can be used to
synthesize cleavable, multifunctional chemical cross-linkers for bioconjugation'®. The
oligoTEA backbone is abiotic and is therefore stable in the biological milieu. Further,
oligoTEA synthesis decouples the selection of backbone and pendant group chemistry.
This enables the incorporation of a diverse selection of dithiol monomers. These
monomers can be used to mimic the flexibility and hydrophilicity of polyethylene glycol-
based cross-linkers or to incorporate biologically inert, chemically triggered cleavage

sites.

1.6 — Design of Antibody-drug Conjugates
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Figure 1.15. Mechanism of intracellular antibody-drug conjugate (ADC) processing.
Circulating ADC (A) can be acted upon by extracellular factors to nonspecifically
release the active payload. Once bound to the target receptor (R), the ADC-receptor
complex (C) is taken up by the target cell via endocytosis. The internalized ADC (l) is
acted upon by intracellular factors that degrade the ADC (D), releasing the active
payload within the target cell.



Cancer is a disease in which genetic mutations cause normal tissue to develop
a phenotype characterized in part by uncontrolled proliferation. In traditional
chemotherapy, cancer is treated by the administration of a cytotoxic small molecule
drug with the goal of killing the hyperproliferative cells'®. However, these drugs
passively diffuse into both healthy and diseased tissue which causes the serve side
effects often associated with chemotherapy. Antibodies have also been used to treat
cancer. First an antibody is discovered which selectively binds to a receptor protein
over expressed on cancerous cells. Once bound to its target receptor, the antibody can
interfere with cell signaling pathways to inhibit cell growth. The antibody can also
stimulate an immune response leading to antibody-dependent cellular cytotoxicity
(ADCC) or complement-dependent cytotoxicity (CDC)'"'°. A third approach to the
treatment of cancer, antibody-drug conjugates (ADCs), seek to combine the targeting
capability of antibodies with the chemotherapeutic potential of small molecule drugs
(Figure 1.15). In an ADC, a cytotoxic drug is inactivated by covalent attachment to an
antibody-based carrier protein. Once bound to its target receptor, the ADC-receptor
complex is internalized via endocytosis. Inside the target cell, intracellular stimuli
release the cytotoxic drug in an active form. This conceptual framework has led to the
FDA approval of five ADCs with dozens of compounds in clinical trials'. Here we
highlight a few of the key functional components and outstanding challenges in the

development of ADCs.
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The Structure of FDA Approved ADCs

Table 1.1. Payload structures for FDA approved antibody-drug conjugates (ADCs).
Stimuli-responsive chemistry is highlighted in red. Details regarding the construction of
each ADC are provided on the right.

Payload Structure FDA Approved Antbody-drug Conjugates
s o iI(H f . ) .

o o 07 N “‘/\6\.\‘ N Brentuximab vedotin Polatuzumab vedotin
a,;ﬁ\/\/\*(\,r“\)ﬂq@ﬁ P o P olo %\fﬂ 7 Target Antigen: CD30  Target Antigen: CD79b
© Roo AR N0 & i DAR:~3-5 D.AR:~35

NH Approval Year: 2011 Approval Year: 2019
PN

Trastuzumab emtansine
Target Antigen: CD340 (HER2)
D.AR.:~35

Approval Year: 2013

Inotuzumab ozogamicin  Gemtuzumab ozogamicin
Target Antigen: CD22 Target Antigen: CD33
DAR:~2-3 DAR..~2-3

Approval Year: 2017 Approval Year: 2017

The structures of the five FDA approved ADCs (Table 1.1) provide insights into
the characteristics of successful ADCs. The first FDA approved ADC, Brentuximab
vedotin (Adcetris), a product of Seattle Genetics, is targeted against the CD30 receptor.
This receptor is overexpressed on tumor cells in Hodgkin’s lymphoma and anaplastic
large cell lymphoma (ALCL). The cytotoxic payload, tubulin binding monomethyl
auristatin E (MMAE), is conjugated to the antibody via maleimide-thiol chemistry in a
site-directed fashion using the interchain disulfide bonds. The payload is released
intracellularly via lysosomal cleavage of a dipeptide linker'!". The same payload-cross-
linker combination was used in a collaborative effort between Seattle Genetics and
Genentech. This work yielded Polatuzumab vedotin (Polivy), an ADC targeted against
the CD79b receptor for the treatment of refractory diffuse large B-cell lymphoma.

Conjugation was again achieved via maleimide-thiol chemistry. However, site-specific
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conjugation via Genentech’s THIOMAB technology was used''?. Trastuzumab
emtansine (Kadcyla), another product of Genentech, is targeted against the HER2
receptor, which is overexpressed in breast cancer. The payload, a tubulin binding
maytansine derivative known as DM1, is conjugated non-specifically to lysine residues
via a non-cleavable SMCC cross-linker. Therefore, lysosomal degradation must digest
the entire antibody carrier to release the active, lysine conjugated DM1''3. Finally,
Inotuzumab ozogamicin (Bespona) and Gemtuzumab ozogamicin (Mylotarg), products
of Pfizer, are targeted against the CD22 and CD33 receptors respectively. Their
payload, a derivative of calicheamicin, binds and cuts double stranded DNA.
Attachment is achieved through non-specific conjugation to lysine residues via a 4-(4'-
acetylphenoxy) butanoic acid linker. The payload is linked to the antibody via two stimuli
responsive chemistries, a reduction-sensitive disulfide bond and a hydrolysis-sensitive
hydrazone bond'#115,

The success of these five ADCs targeted against five different receptor proteins
illustrates the broad utility of this concept. A variety of receptor pathways possess the
correct balance of high receptor expression, fast internalization rate, and efficient
intracellular release to support viable ADCs. Of these ADCs only one, Polivy, utilizes a
site-specific conjugation chemistry. This indicates that precise control over the site of
conjugation is not required for a successful ADC. However, site-specific conjugation,
which has been shown to improve the properties of pre-clinical ADCs®%%5, is a relatively
new technique. Therefore, it may take some time to determine the full scope of its
application to ADC design. The only ADC that does not contain a stimuli responsive
chemistry is Kadcyla. This highlights the importance of such groups in ADC design. A
payload such as MMAE is known to require release in a free form to bind its target'"6.

Interestingly, the calicheamicin payload of Bespona and Mylotarg contains two stimuli
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responsive chemistries. Originally, these ADCs were designed such that intracellular
reducing agents such as glutathione would release the active cargo. However, it was
found that a hydrazone linkage in place of a stable amide bond increased potency'"’.
This not only highlights the importance of cleavable chemistry in ADC design, but also
underscores the importance of studying the intracellular trafficking and processing of
ADC payloads. Some recent work has sought to address this deficiency in the
literature'®. Finally, none of the FDA approved ADCs contains more than
approximately four drug molecules per antibody. This limit is a result of biophysical

properties of ADCs and their cargo as discussed below.

Cargo Hydrophobicity
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Figure 1.16. Physical description of lipid bilayer permeability of hydrophobic cargo
molecules. The diffusion rate is directly proportional to the surface area of the
membrane as well as the concentration gradient, partition coefficient, and diffusion
coefficient of the cargo molecule. The diffusion rate is inversely proportional to the
thickness of the lipid bilayer.

Upon release from the carrier protein inside the endocytic vesicle, the cytotoxic
payload must cross the endosomal membrane to reach its intended target. This
process can be described by Fick’s first law of diffusion (Figure 1.16). In sort, payload
is driven across the endosomal membrane by two key parameters, the concentration

gradient between the endosomal and cytosolic compartments and the partition



coefficient of the payload. The endosomal concentration of drug is determined by the
rate of drug release by either lysosomal antibody degradation or cleavage due to
specific endosomal stimuli. Meanwhile, the partition coefficient is an intrinsic property
of the drug payload. To efficiently cross the endosomal membrane, an ADC payload
much have a degree of lipophilic character''®20, However, in ADC design, lipophilicity
is also a liability. Upon chemical conjugation to the antibody, hydrophobic drugs change
the biophysical properties of the carrier protein. These changes can destabilize the
tertiary structure of ADCs, leading aggregation'?'-22, Further, studies have shown that
ADC hydrophobicity decreases circulation half-life by increasing liver accumulation and
subsequent premature clearance’?3124, Therefore, drug hydrophobicity and degree of
drug loading must be balanced to optimize the performance of ADCs. It has been
shown that there is an inverse relationship between drug loading and efficacy when the
drug to antibody ratio (DAR) is greater than approximately four'?®. This limits the
number of drugs that can be conjugated per antibody and ultimately limits the potency
of ADCs.

To address this problem, researchers at both Catalent Biologics® and
Genentech® have adapted their respective site-specific conjugation strategies for
unbiased screening and identification of stable conjugation sites. These techniques
enable the identification of non-intuitive conjugation sites and may help identify the
structural features of antibodies that mitigate aggregation. Additionally, researcher at
Seattle Genetics have pioneered an approach in which the hydrophobicity of the
conjugated payload is masked by modifying the chemical cross-linker with polyethylene
glycol (PEG) chains'?6, This work has identified both the placement and length of
PEG chains as tunable features to increase the circulation half-life and efficacy of

ADCs.
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1.7 — Antibody-RNA Conjugates for the Delivery of siRNA
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Figure 1.17. Mechanism of intracellular antibody-siRNA conjugate (ARC) processing.
Circulating ARC (A) binds to the target receptor (R). The ARC-receptor complex (C) is
taken up by the target cell via endocytosis. The internalized ARC (l) is trapped within
the endocytic vesicle. The trapped ARC must undergo endosomal escape to facilitate
delivery of functional siRNA (E) into the cytosol where it can initiate RNA interference
(RNAI). ARC that does not escape the endosome is degraded in the lysosome yielding
a nonfunctional conjugate (D).

Nucleic acid-based therapeutics such as short interfering RNA (siRNA) have
the potential to fundamentally alter disease treatment by selectively'?” and reversibly'2®
degrading otherwise undruggable protein targets'?®. However, due to their large size
and highly negative charge, siRNAs cannot passively diffuse across the mammalian
cell membrane. To deliver siRNA, researchers have relied primarily on nanoparticle
encapsulation'3-135_ A limitation of these approaches is the propensity of nanoparticles
to accumulate in the liver'3®. This necessitates the development of siRNA carriers
capable of targeting organs other than the liver. Due to their ability to target specific
tissues, antibody-based carriers have the potential to achieve extra-hepatic
delivery?2137.138,

Upon binding to its target receptor (Figure 1.17), an antibody-siRNA conjugate

(ARC) is internalized via endocytosis. Upon endocytosis, the ARC is sequestered
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inside of an endosome, a lipid bilayer-bound vesicle. During lysosomal maturation,
nucleases are shuttled into the endosome to degrade exogenous nucleic acids. An
effective ARC must facilitate escape from the endosome before lysosomal degradation.
However, antibodies do not possess a natural mechanism to initiate endosomal
escape'®®. Efforts have been made to incorporate active release mechanisms into
ARCs"0-142 Meanwhile, other reports indicate that an ARC can function without an
active release mechanism®”-143, These conflicting reports highlight a fundament deficit
in the understanding of intracellular ARC processing. To date, there exists no technique
capable of visualizing and quantifying ARC processing in a modular and high-
throughput fashion33.144-146_ Developing such a system would deepen our knowledge of
intracellular ARC processing and accelerate the development of bioconjugate-based

delivery of siRNA.

1.8 — Conclusion

Bioconjugates are a staple of molecular biology and pharmaceuticals. However,
many bioconjugates are still made using heterogeneous conjugation strategies and
monofunctional designs. That is, they function by attaching a single reporter molecule,
chemical handle, cargo, or ligand to a biomolecule of interest. Comparatively few
studies have sought to combine multiple functionalities into a single bioconjugate.
Integrating multiple functionalities and/or stimuli-responsive units holds the potential to
enhance the function of existing bioconjugates, enable new tools for molecular biology,
and open the door to new therapeutic platforms. Herein, we present a survey of our
work towards designing multifunctional bioconjugates to expand the toolbox for site-
specific antibody modification, improve the stability of antibody-drug conjugates,
characterize the surface of extracellular vesicles, and quantify the cytosolic delivery of

nucleic acid therapeutics.
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Chapter 2 — Site-specific Dual “Click” Modification of Native Antibodies via
Microbial Transglutaminase
2.1 — Background

Antibodies, the prototypical affinity reagent, are the foundational building block of
numerous bioconjugate-based molecular probes'? and in vivo imaging agents*® as
well as carriers for both small molecule®® and macromolecular therapeutics.®'° In
recent years, site-specific modification has been identified as a powerful handle to
enhance the properties of antibody-based bioconjugates for applications in both
immunodetection’ 2 and drug delivery'3-16. Broadly, site-specific antibody modification
can be categorized as utilizing either engineered antibodies (e.g. engineered
cysteines'”:'8, non-canonical amino acids'®?°, and chemoenzymatically-recognized
peptide tags?'??) or native antibodies (interchain disulfide conjugation”23, disulfide re-
bridging?*2%, glycan remodeling?%27, and microbial transglutaminase?®-3).

Modification of native antibodies is advantageous as it circumvents the need to
manipulate the genetic code. This mitigates the risk of both negative effects on protein
folding and function®'32 and low titers due to the inefficient read-through of non-
canonical amino acids®. Despite these advantages, native antibody modifications have
traditionally been limited to conjugates modified at a single site with a single functional
handle.

Recent work has sought to expand the scope of native antibody modifications.
Seattle Genetics devised an approach based on interchain disulfide modification that
enables the incorporation of two orthogonally protected cysteine residues®*. With the
use of stepwise purification, these cysteine residues can be deprotected and modified
via maleimide conjugation chemistry. In another approach, the groups of Chudasama

and Caddick employed disulfide re-bridging to install linear alkyne and cyclooctyne

42



functional handles within a full-length monoclonal antibody®. These handles react with
an azide functional group under orthogonal reaction conditions. However, stepwise
purification is needed to remove excess reagents.

An ideal approach to synthesizing heterobifunctional antibody conjugates would
avoid stepwise purification by employing functional handles that are chemically
orthogonal. To address this shortcoming, we were inspired by two bioorthogonal “click”
chemistries, the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction and the
inverse electron demand diels-alder (IEDDA) reaction. With judicious selection of
strained alkyne and dienophile, these chemistries are mutually orthogonal®®. This
property has been demonstrated via multicolor labeling of a co-culture of live cells®’.

We reasoned that these complimentary chemistries would enable simultaneous,
one-pot synthesis of multifunctional antibody conjugates. To site-specifically
incorporate these chemistries, we turned to the bioconjugation enzyme microbial
transglutaminase (MTG). MTG belongs to a family of enzymes that catalyze the
formation of interprotein isopeptide bonds between glutamine and lysine residues?3839,
Serendipitously, MTG recognizes glutamine 295 (Q295) within the heavy chain of
aglycosylated, human IgGs?*°. Co-treatment with Peptide:N-glycosidase F (PNGase F)
removes the N-linked glycan at asparagine 297 (N297) and facilitates efficient
bioconjugation®. By supplying non-natural acyl acceptor substrates, this natural
function has been co-opted for site-specific, homofunctional antibody modification*'42.
To realize our vision, we sought to design a heterobifunctional, dual “click” substrate

for MTG.
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2.2 — Results and Discussion
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Figure 2.1. Dual "click" modification of native antibodies.
A) Overview of site-specific conjugation scheme B)
Design of heterobifunctional substrates containing either
short, alkyl spacers or long, ethylene oxide-based
spacers.

Herein, we report the design, synthesis, and characterization of five
heterobifunctional substrates for MTG. These substrates contain two bioorthogonal
chemical handles, azide and methyltetrazine (Figure 2.1). To the best of our
knowledge, this represents the first report of heterobifunctional substrates for MTG.qTo
demonstrate the potential for this methodology to yield therapeutically relevant
bioconjugates, trastuzumab was selected as a model protein. Trastuzumab, a
humanized monoclonal antibody against the Her2 receptor, is employed as the
targeting component in a variety of bioconjugates including the FDA approved

antibody-drug conjugate Kadcyla®3. Trastuzumab was purified from the conditioned
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media of a stably expressing HEK293F suspension cell line using established
protocols*4.
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Figure 2.2. Characterization of MTG substrate library. A) Structures of linker 1 — 5. B)
Analytical RP-HPLC of purified linkers. C) Quantification of linker conjugation efficiency
via molecular weight shift SDS-PAGE assay. D) Analysis of linker conjugation
efficiency via hydrophobic shift analyzed via HIC.

To synthesize the heterobifunctional substrates, first, either mono-Boc-protected

bisamine or azide-functionalized, amine-bearing starting material was alkylated with
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the corresponding alkyl halide. The resulting secondary amine intermediate was
reacted with an NHS ester-activated methyltetrazine (mTz) to yield the acylated, tertiary
amide product. Liberation of the terminal primary amine conjugation site was achieved
by removal of the Boc protecting group via acid treatment. The final substrates (Figure
2.2A), henceforth referred to as linkers 1 — 5, were purified via reverse-phase high-
performance liquid chromatography (RP-HPLC). All linkers were isolated in high purity
and displayed a range of hydrophobicity as measured by analytical RP-HPLC (Figure
2.2B).

To elucidate structure-activity relationships for heterobifunctional MTG substrates,
linker conjugation efficiency was evaluated in two ways. First, conjugation efficiency
was quantified via an indirect SDS-PAGE assay (Figure 2.2C). In short, linker-modified
trastuzumab, henceforth referred to as conjugates 1 — 5, were analyzed via SDS-PAGE
for a molecular weight shift following incubation with a dibenzocyclooctyne (DBCO)- or
transcyclooctene (TCO)-functionalized 5,000 g/mol polyethylene glycol (PEG5K)
chain. DBCO and TCO functional handles are mutually orthogonal and compatible with
the SPAAC and IEDDA “click” reactions, respectively®”. In agreement with heavy chain-
directed modification, each conjugate displayed a molecular weight increase in the 50
kDa band upon addition of DBCO- and TCO-PEG5K. However, the conjugates
displayed clear differences in conjugation efficiency. The efficiency of conjugate 1 was
quantified to be 29% and 37% for SPAAC and IEDDA reactions, respectively. When
the short, two carbon spacer alpha to the primary amine is held constant, increasing
the spacer length proximal to the azide and mTz handles decreases the conjugation
efficiency. Specifically, the efficiency of conjugate 2 was determined to be 9% (SPAAC)
and 25% (IEDDA) while conjugate 3 was found to be 13% (SPAAC) and 15% (IEDDA),

respectively. Incorporation of a flexible ethylene oxide spacer alpha to the primary
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amine increased the conjugation efficiency for both conjugate 4 (52% and 68%) and
conjugate 5 (51% and 63%). Interestingly, with the exception of conjugate 3, there was
a consistent difference between the conjugation efficiency as measured by the SPAAC
and IEDDA reactions. This may speak to differences in the solvent accessibility of the
chemical handles when conjugated to Q295 or the solvent accessibility of the DBCO
and TCO functional groups when attached to a 5 kDa PEG chain.

By SDS-PAGE analysis, conjugation with all linkers yielded a heterogeneous
antibody conjugate. Given the indirect nature of the SDS-PAGE assay, we sought to
complement these results by directly evaluating the conjugation efficiency to linkers 1
— 5 via hydrophobic interaction chromatography (HIC) to remove confounding variables
such as SPAAC and IEDDA reaction efficiency (Figure 2.2D). While trends remained
the same, the HIC results suggest that SDS-PAGE underestimated MTG conjugation
efficiency. Specifically, in agreement with SDS-PAGE, conjugates 1 — 3 showed a
heterogeneous mixture of products. Each linker 1 — 3 showed a peak which eluted at
the same retention time as the control antibody as well as two other peaks. We
interpreted peaks eluted at approximately 46 and 48 minutes to corresponds to singly
and double conjugated antibodies, respectively. However, conjugates 4 and 5 showed
conversion to a single, homogeneous product. This result indicates that a large
component of the incomplete conjugation in Figure 2.2C, especially with linker 4 and
5, is due to the SPAAC and IEDDA reactions, and not the MTG conjugation.
Furthermore, this result emphasizes the importance of spacer flexibility alpha to the
primary amine as both linker 4 and linker 5 served as efficient substrates for MTG.

A multi-miligram scale synthesis of conjugate 5 was performed for futher
characterization and functional testing. Conjugate 5 was isolated via HIC and

recovered in high purity at an overall yield of 1.1 mg (48%). Successful conjugation
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was confirmed via matrix-assisted laser desorption/ioniztion mass spectrometry
(MALDI-MS). Treatment of trastutuzmab with PNGase F to remove the N-linked glycan
at N297 produced a decrease of approximately 2000 Da in the molecular weight of the
heavy chain fragment. Simultaneous treatment with PNGase F, MTG, and linker 5
resulted in a 500 Da increase in the molecular weight of the aglycosylated control,

consistent with incorporation of one linker per heavy chain.
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Figure 2.3. Validation of one-pot synthesis of multifunctional antibody conjugates.
Fluorescence SDS-PAGE images of conjugate 5 upon treatment with DBCO-modified
carboxyrhodamine 101 and/or TCO-modified sulfo-Cy5. Denatured and reduced 4 —
20% SDS-PAGE gel. Coomassie blue protein stain. Carboxyrhodamine 101 excitation:
488 nm, emission: 500 — 540 nm. Sulfo-Cy5 excitation: 633 nm, emission 655 — 685
nm. FRET excitation: 488 nm, emission: 655 — 685 nm.

Dual “click” modification of conjugate 5 was demonstrated via fluorescent SDS-
PAGE analysis (Figure 2.3). Briefly, conjugate 5 was reacted with a Forster resonance
energy transfer (FRET) pair of fluorophores, DBCO-modified carboxyrhodamine 101
and TCO-modified sulfo-Cy5. Upon excitation with 488 nm light, carboxyrhodamine 101
displays a characteristic fluorescence emission at 523 nm. Upon excitation with 633

nm light, sulfo-Cy5 displays a characteristic fluorescence emission at 655 nm. Dual
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modification leads to intramolecular energy transfer and subsequent emission at 655
nm (sulfo-Cy5) upon excitation at 488 nm (carboxyrhodamine 101). This data validates
that these chemistries (SPAAC and IEDDA) are mutually orthogonal, and therefore
enable the one-pot synthesis of multifunctional antibody conjugates.

To further demonstrate the utility of our dual “click” approach, we sought to carry
out a one-pot synthesis of a multifunctional antibody-drug conjugate (ADC). ADCs seek
to combine the antigen specificity of antibodies with the non-targeted,
chemotherapeutic potential of small molecule drugs. This conceptual framework has
led to the development of ADCs targeted against a variety of cancer-specific antigens
and carrying a wide range of therapeutic payloads. These efforts have led to the FDA
approval of four ADCs with many more in the clinical pipeline*3.

Despite their clinical success, ADCs are not without their limitations. As with
traditional chemotherapy, ADCs are susceptible to resistance due to tumor
heterogeneity and acquired resistance®4°4°. Additionally, the inherent hydrophobicity
of many chemotherapeutic drugs limits the therapeutic window of ADCs”:%.
Conjugation of hydrophobic drugs to the solvent-exposed surface of an antibody can
cause hydrophobicity-induced aggregation ultimately leading to premature clearance
and reduced circulation time. Researchers have leveraged multifunctional antibody
conjugates to ameliorate these shortcomings. With an eye towards drug resistance,
synergistic ADCs containing two complimentary payloads have been shown to improve
efficacy in a drug resistant mouse xenograft model34. Further, bifunctional ADCs
containing branched, hydrophilic PEG-based side chains have been shown to mitigate

the aggregation-inducing effects of high degrees of drug loading”-%°.
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Figure 2.4. Synthesis of multifunctional antibody-drug conjugates. A) HIC analysis of
both single and dual “click” modification efficiency. B) Evaluation of in vitro potency of
DM1-loaded antibody-drug conjugates using SKOV3 cells, a model Her2 positive cell
line (three biological replicates measured in triplicate).

We utilized our dual “click” approach to synthesize a multifunctional ADC
containing DM1, a maytansine-derived cytotoxic payload, which inhibits microtubule
assembly®!, and a hydrophobicity-masking PEG side chain. A DBCO-modified discrete
PEG was synthesized via NHS ester chemistry. A TCO-modified, disulfide-linked

version of DM1 was synthesized via the one-pot reaction of a discrete,
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heterobifunctional PEG. Conjugate 5 was reacted with DBCO-PEG, TCO-DM1, or both
and analyzed via HIC to assess conjugation efficiency (Figure 2.4A). Addition of
DBCO-PEG fully consumed the parent conjugate to yield a homogeneous antibody
conjugate with a degree of labelling (DOL) of 2. The molecular weight of this conjugate
was confirmed via MALDI-MS. Addition of TCO-DM1 completely consumed the parent
conjugate and vyielded a mixed population of products. The peaks eluting at
approximately 36 and 41 minutes were interpreted to correspond to a DOL of 1 and 2
respectively. Area under the curve (AUC) analysis estimated the DOL to be
approximately 1.8. In agreement with this interpretation, MALDI-MS showed a mixture
of conjugates corresponding to a DOL of 1 and 2. Reaction with both cargoes also
yielded a mixture of conjugates. Given the complete conversion observed after the
addition of DBCO-PEG, incomplete labelling was attributed to the reaction with TCO-
DM1. Under this assumption, AUC analysis indicated the PEG and DM1 DOL to be
approximately 2 and 1.7 respectively. MALDI-MS analysis was consistent with this
interpretation. However, the similar molecular weight of the DBCO-PEG and TCO-DM1
modifications makes it difficult to definitively identify the source of incomplete labelling
by MALDI-MS.

The potency of these ADCs was demonstrated using an in vitro cell viability
assay of a model, Her2 positive cell line, SKOV3 cells (Figure 2.4B)%2. Treatment of
SKOV3 cells with the PEG-modified conjugate did not show appreciable toxicity at any
of the test conditions. This is to be expected as PEG is inert and biocompatible, and
thus should not be toxic. A positive control, DM1-S-Me, showed toxicity at all tested
conditions. Analysis of the DM1-loaded conjugate demonstrated an approximate IC50
value of 8.1 nM, in line with previously reported values for DM1%3. Dual modification of

trastuzumab with DM1 and PEG did not negatively impact potency as the dual labeled
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conjugate yielded an approximate IC50 value of 6.6 nM. MCF7 cells, a Her2 negative
cell line were used to confirm the Her2-specific nature of conjugate-induced toxicity.
These data demonstrate the potential for dual “click” conjugation to produce complex,

bioactive antibody conjugates using native antibodies.

2.3 - Conclusions

In conclusion, we have synthesized, characterized, and tested the
bioconjugation efficiency of five heterobifunctional substrates for MTG. Through this
systematic approach, we identified spacer flexibility alpha to the primary amine as the
critical structural component for efficient conjugation. A heterobifunctional, dual “click”
conjugate was synthesized and characterized at multi-milligram scale. This conjugate
was used to demonstrate the mutually orthogonal nature of the SPAAC and IEDDA
reactions. This powerful feature was leveraged for the one-pot synthesis of a
multifunctional ADC containing a maytansine-derived cytotoxic payload and
hydrophobicity-masking PEG side chain. This bifunctional antibody conjugate was
shown to induce Her2-specific toxicity in an in vitro cell viability assay. Taken together,
these data demonstrate the power of substrate design in developing new approaches
to site-specific antibody modification. An iterative methodology for linker synthesis,
could be used to further elaborate on the principles outlined in this work. This could
enable the design of complex, heteromultifunctional antibody conjugates containing a
host of functional handles, reporter molecules, and stimuli-responsive moieties that

would find use in a wide range of biological applications.
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2.4 — Materials and Methods

Reagents for Chemical Synthesis

All chemicals were purchased from MilliporeSigma unless stated otherwise. N-(14-
Amino-3,6,9,12-tetraoxatetradec-1-yl)-11,12-didehydro-y-oxodibenz[b,flazocine-
5(6H)-butanamide (DBCO-PEG4-Amine), (E)-cyclooct-4-en-1-yl (3-
aminopropyl)carbamate (TCO-Amine), DM1, mTz-NHS ester, mTz-PEG5-NHS ester,
and tert-butyl (2-(2-(2-bromoethoxy)ethoxy)ethyl) carbamate were purchased from
BroadPharm. Azidopropan-1-amine was purchased from Click Chemistry Tools.
OPSS-PEG24-NHS ester and mPEG24-NHS ester were purchased from Quanta
Biodesign. PEG5K-SVA was purchased from Laysan Bio. DM1-S-Me was purchased

from Toronto Research Chemicals.

Reagents for Protein Expression and Purification

The plasmid pDJ1-3 was kindly provided by Professor Joelle Pelletier (Université de
Montréal, Montreal, Canada). pDJ1-3 encodes the proenzyme of microbial
transglutaminase from S. mobaraensis with its N-terminal pro-sequence and a C-
terminal hexa-histidine tag inserted between the Ndel and Xhol restriction sites of the
vector pET20b. The plasmid pVITRO-Trastuzumab-IgG1/k for expressing trastuzumab
was purchased from Addgene (Plasmid# 61883). Ni-NTA agarose resin was purchased
from Qiagen. NAb protein A/G resin was purchased from ThermoFisher Scientific.
Sequencing primers (T7 forward and reverse) were purchased from Integrated DNA
Technologies (IDT). Sequencing was performed at the Cornell University Genomics
Facility using the Applied Biosystems Automated 370xI DNA Analyzer using Big Dye

Terminator chemistry and ApliTag-FS DNA Polymerase.
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Reagents for Gel Electrophoresis, Molecular Biology, and Cell Culture

Sulfo-Cy5 TCO was purchased from BroadPharm. DBCO-PEG4-Carboxyrhodamine
101 was purchased from Click Chemistry Tools. Precast protein gels (4 — 20% mini-
PROTEAN® TGX™) and Bio-safe Coomassie Stain were purchased from Bio-Rad
Laboratories. Peptide:N-glycosidase F (PNGase F) was purchased from New England
Biolabs. All cell culture reagents were purchased from ThermoFisher Scientific unless
stated otherwise. HEK293F cells were cultured in FreeStyle™ 293 Expression Medium.
SKOV3 and MCF7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
and DMEM supplemented with insulin (0.01 mg/mL), respectively. CellTiter 96® AQueous

One Solution Cell Proliferation Assay (MTS) was purchased from Promega.

Nuclear Magnetic Resonance (NMR) Spectroscopy
'"H and '®C NMR spectra were recorded on either an INOVA 400 MHz or 500 MHz
spectrometer as specified. NMR data was analyzed by MestReNova software. 'H and

3C NMR chemical shifts are reported in units of ppm relative to chloroform.

Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS analysis was carried out on an Agilent 1100 Series LC with a Poroshell 120 EC-
C18 column (100 x 3 mm, 2.7 um, Agilent Technologies) and an Agilent G1956B Series
Single Quadripole MS in positive ion mode for mass detection. The mobile phase for
LC-MS (solvent A) was water with 0.1% (v/v) acetic acid, and the stationary phase
(solvent B) was acetonitrile with 0.1% (v/v) acetic acid. Compounds were eluted at a
flow rate of 0.6 mL/min using a gradient of 5-100% solvent B (0-10 minutes) followed
by 100% solvent B (10-12 minutes) and equilibrated back to 5% solvent B (12-15

minutes).
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Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector using a semi-
preparative reversed-phase C18 column (Agilent Eclipse XDB-C18, 9.4 x 250 mm, 5
pum). The mobile phase for HPLC was water with 0.1% (v/v) trifluoroacetic acid (solvent
A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid (solvent B) unless specified
otherwise. Compounds were eluted at a flow rate of 4 mL/min using a linear solvent

gradient as specified below.

Hydrophobic Interaction Chromatography (HIC)

HIC was performed on an Agilent 1100 Series HPLC system equipped with a UV diode
array detector and an 1100 Infinity fraction collector using a reversed-phase phenyl
column (Tosoh Biosciences LLC, TSKgel Phenyl-5PW, 7.5 x 75 mm, 10 um). The
mobile phase for HIC was 25 mM phosphate, 1.5 M ammonium sulfate, pH 7.0 (solvent
A) and 18.75 mM phosphate, 25% (v/v) isopropyl alcohol, pH 7.0 (solvent B).
Compounds were eluted at a flow rate of 1 mL/min using a linear solvent gradient as
specified below.

Gel Electrophoresis of Conjugates

All samples were denatured and reduced with 2-mercaptoethanol by boiling at 100 °C
for 5 minutes. A precast 4-20% mini-PROTEAN® TGX™ gel was run for 60 minutes at
120V to separate the protein samples. Protein content was visualized using Bio-Safe
Coomassie Stain according to the manufacturer’s instructions and imaged using a Bio-
Rad ChemiDoc™ MP Imaging System.

Synthesis of Linker 1 (Compound 3, Figure A2. 1 — Figure A2. 3)

Synthesis of (1): 1 equivalency (20 mg, 92 pymol) of tert-butyl (2-bromoethyl)carbamate

was dissolved at 400 mM in dimethyl sulfoxide (solution 1). 2 equivalencies of
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azidopropan-1-amine and 2 equivalencies of triethylamine were dissolved at 400 mM
in dimethyl sulfoxide (solution 2). Solution 1 was added dropwise to solution 2 at room
temperature over 2 hours. The resulting mixture was reacted at room temperature
overnight and then purified via semi-preparative RP-HPLC. The reaction mixture was
separated using a linear solvent gradient of 5 — 45% solvent B over 20 minutes. The
product (1) eluted at 11.5 minutes and was recovered in 94% vyield (21 mg, 87 pymol).
The product was characterized by LC-MS ((1) calculated: 244.17, observed: 244.20
[M+H]").

Synthesis of (2): 1 equivalency (10.5 mg, 43 umol) of (1) was dissolved at 300 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1 equivalency of mTz-NHS ester dissolved at 300 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (2) eluted at 22 minutes
and was recovered in 60% yield (11.7 mg, 26 ymol). The product was characterized by
"H NMR and LC-MS ((2) calculated: 478.24, observed: 478.00 [M+Na]*).

Synthesis of (3): Removal of the Boc protecting group was achieved by dissolving (2)
at 5 mM in 50% (v/v) trifluoroacetic acid in dichloromethane at room temperature for 1
hour. The solvent was then removed under vacuum, and the product was purified via
semi-preparative RP-HPLC. The dried product was separated using a linear solvent
gradient of 5 — 50% solvent B over 22.5 minutes. The product (3) eluted at 14.5 minutes
and was recovered in 94% yield (8.6 mg, 24 ymol). The product was characterized by

"H NMR and LC-MS ((3) calculated: 356.19, observed: 356.10 [M+H]*).
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Synthesis of 1-azido-2-(2-(2-bromoethoxy)ethoxy)ethane (Compound 6, Figure
A2. 4 - Figure A2.9)

Synthesis of (4): 1 equivalency of 4-methylbenzenesulfonyl chloride (3.5 g, 18.4 mmol)
was dissolved at 175 mM in dichloromethane. Separately, 4 equivalencies of 2,2'-
(ethane-1,2-diylbis(oxy))bis(ethan-1-ol) (11 g, 73 mmol) was dissolved at 110 mM in
dichloromethane. To this solution was added 1.05 equivalencies of triethylamine (1.95
g, 19 mmol) and 0.02 equivalencies of 4-dimethylaminopyridine (46 mg, 0.3 mmol), and
the mixture was allowed to equilibrate for 10 minutes on ice. The solution of 4-
methylbenzenesulfonyl chloride in DCM was then added dropwise to the mixture over
2 hours. The mixture was subsequently removed from the ice and reacted at room
temperature overnight. The reaction was quenched with 100 mL of water and extracted
with dichloromethane (100 mL, 3x). The organic layer was collected, dried with sodium
sulfate, and concentrated under vacuum. The crude product (4), recovered in 98% yield
(5.5 g, 18 mmol), was used without further purification. The product was characterized
by 'H and *C NMR.

Synthesis of (5): 1 equivalency (4.8 g, 16 mmol) of (4) was dissolved at 739 mM in dry
dimethylformamide (DMF). To this solution was added 2 equivalencies of sodium azide
(2 g, 32 mmol) and the mixture was reacted overnight at 80°C. The mixture was then
concentrated under vacuum. The residue was suspended in diethyl ether and filtered
through celite. The filtered product was collected and concentrated under vacuum. The
crude product (5), recovered in 96% yield (2.7 g, 15.4 mmol), was used without further
purification. The product was characterized by 'H NMR.

Synthesis of (6): 1 equivalency (1 g, 5.8 mmol) of (5) was dissolved at 342 mM in dry
chloroform. To this solution was added 2 equivalencies of phosphorus tribromide (3.1

g, 12 mmol) over 5 minutes. The mixture was refluxed overnight at 50°C. The reaction
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was quenched on ice over 30 minutes with 75 mL of saturated sodium bicarbonate
solution and extracted with chloroform (100 mL, 3x). The organic layer was collected,
dried with sodium sulfate, and concentrated under vacuum. The crude product (6),
recovered in 30% yield (0.4 g, 1.7 mmol), was used without further purification. The

product was characterized by 'H and '*C NMR.

Synthesis of Linker 2 (Compound 9, Figure A2. 10 — Figure A2. 12)

Synthesis of (7): 1 equivalency (38 mg, 159 umol) of (6) was dissolved at 400 mM in
dimethyl sulfoxide (solution 1). 2 equivalencies of tert-butyl (2-aminoethyl)carbamate
and 2 equivalencies of triethylamine were dissolved at 400 mM in dimethyl sulfoxide
(solution 2). Solution 1 was added dropwise to solution 2 at room temperature over 2
hours. The resulting mixture was reacted at room temperature overnight and then
purified via semi-preparative RP-HPLC. The reaction mixture was separated using a
linear solvent gradient of 5 — 45% solvent B over 20 minutes. The product (7) eluted at
13.5 minutes and was recovered in 52% yield (26 mg, 83 pymol). The product was
characterized by LC-MS ((7) calculated: 318.21, observed: 318.20 [M+H]*).

Synthesis of (8): 1 equivalency (6.6 mg, 21 ymol) of (7) was dissolved at 300 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1 equivalency of mTz-NHS ester dissolved at 300 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (8) eluted at 21 minutes
and was recovered in 28% yield (3.1 mg, 6 pmol). The product was characterized by
"H NMR and LC-MS ((8) calculated: 552.28, observed: 552.10 [M+Na]*).

Synthesis of (9): Removal of the Boc protecting group was achieved by dissolving (8)

at 5 mM in 50% (v/v) trifluoroacetic acid in dichloromethane at room temperature for 1
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hour. The solvent was then removed under vacuum, and the product was purified via
semi-preparative RP-HPLC. The dried product was separated using a linear solvent
gradient of 5 — 50% solvent B over 22.5 minutes. The product (8) eluted at 16 minutes
and was recovered in 85% yield (2.6 mg, 6 pmol). The product was characterized by

"H NMR and LC-MS ((9) calculated: 430.22, observed: 430.10 [M+H]*).

Synthesis of Linker 3 (Compound 11, Figure A2. 13 — Figure A2. 15)

Synthesis of (10): 1 equivalency (10.5 mg, 43 pymol) of (1) was dissolved at 300 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
0.36 equivalencies of mTz-PEG5-NHS ester dissolved at 300 mM in dimethylsulfoxide
was added. The resulting mixture was reacted at room temperature overnight and then
purified via semi-preparative RP-HPLC. The reaction mixture was separated using a
linear solvent gradient of 5 — 95% solvent B over 30 minutes. The product (10) eluted
at 22.5 minutes and was recovered in 74% yield (7.6 mg, 11.5 ymol). The product was
characterized by '"H NMR and LC-MS ((10) calculated: 684.35, observed: 684.10
[M+Na]*).

Synthesis of (11): Removal of the Boc protecting group was achieved by dissolving
(10) at 5 mM in 50% (v/v) trifluoroacetic acid in dichloromethane at room temperature
for 1 hour. The solvent was then removed under vacuum, and the product was purified
via semi-preparative RP-HPLC. The dried product was separated using a linear solvent
gradient of 5 — 50% solvent B over 22.5 minutes. The product (3) eluted at 18.5 minutes
and was recovered in 79% yield (5.1 mg, 9 umol). The product was characterized by

"H NMR and LC-MS ((11) calculated: 562.30, observed: 562.20 [M+H]").

Synthesis of Linker 4 (Compound 14, Figure A2. 16 — Figure A2. 18)
Synthesis of (12): 1 equivalency (24.6 mg, 79 pmol) of tert-butyl (2-(2-(2-

bromoethoxy)ethoxy)ethyl) carbamate was dissolved at 400 mM in dimethyl sulfoxide
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(solution 1). 2 equivalencies of azidopropan-1-amine and 2 equivalencies of
triethylamine were dissolved at 400 mM in dimethyl sulfoxide (solution 2). Solution 1
was added dropwise to solution 2 at room temperature over 2 hours. The resulting
mixture was reacted at room temperature overnight and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 45% solvent B over 20 minutes. The product (12) eluted at 13.5 minutes
and was recovered in 75% yield (19.6 mg, 59 ymol). The product was characterized by
LC-MS ((12) calculated: 332.22, observed: 332.20 [M+H]*).

Synthesis of (13): 1 equivalency (7.4 mg, 22 uymol) of (12) was dissolved at 300 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1 equivalency of mTz-NHS ester dissolved at 300 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (13) eluted at 21 minutes
and was recovered in 27% yield (3.3 mg, 6.1 ymol). The product was characterized by
"H NMR and LC-MS ((13) calculated: 566.29, observed: 566.10 [M+Na]*).

Synthesis of (14): Removal of the Boc protecting group was achieved by dissolving
(13) at 5 mM in 50% (v/v) trifluoroacetic acid in dichloromethane at room temperature
for 1 hour. The solvent was then removed under vacuum, and the product was purified
via semi-preparative RP-HPLC. The dried product was separated using a linear solvent
gradient of 5 — 50% solvent B over 22.5 minutes. The product (14) eluted at 16.5
minutes and was recovered in 92% yield (2.5 mg, 5.6 umol). The product was
characterized by 'H NMR and LC-MS ((3) calculated: 444.24, observed: 444.10

[M+H]").
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Synthesis of Linker 5 (Compound 17, Figures Figure A2. 19 — Figure A2. 21)
Synthesis of (15): 1 equivalency (38 mg, 159 umol) of (6) was dissolved at 400 mM in
dimethyl sulfoxide (solution 1). 2 equivalencies of tert-butyl (2-(2-(2-
aminoethoxy)ethoxy)ethyl)carbamate and 2 equivalencies of triethylamine were
dissolved at 400 mM in dimethyl sulfoxide (solution 2). Solution 1 was added dropwise
to solution 2 at room temperature over 2 hours. The resulting mixture was reacted at
room temperature overnight and then purified via semi-preparative RP-HPLC. The
reaction mixture was separated using a linear solvent gradient of 5 — 45% solvent B
over 20 minutes. The product (15) eluted at 15.5 minutes and was recovered in 26%
yield (17 mg, 42 ymol). The product was characterized by LC-MS ((15) calculated:
406.25, observed: 406.10 [M+H]*).

Synthesis of (16): 1 equivalency (8.6 mg, 21 ymol) of (15) was dissolved at 300 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1 equivalency of mTz-NHS ester dissolved at 300 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (16) eluted at 20.5 minutes
and was recovered in 51% yield (6.7 mg, 11 ymol). The product was characterized by
"H NMR and LC-MS ((8) calculated: 640.33, observed: 640.10 [M+Na]*).

Synthesis of (17): Removal of the Boc protecting group was achieved by dissolving
(16) at 5 mM in 50% (v/v) trifluoroacetic acid in dichloromethane at room temperature
for 1 hour. The solvent was then removed under vacuum, and the product was purified
via semi-preparative RP-HPLC. The dried product was separated using a linear solvent
gradient of 5 — 50% solvent B over 22.5 minutes. The product (17) eluted at 17.5

minutes and was recovered in 91% yield (5.1 mg, 10 ymol). The product was
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characterized by 'H NMR and LC-MS ((9) calculated: 518.28, observed: 518.20
[M+H]").

Synthesis of DBCO-PEGS5K (Compound 18, Figure A2. 22 and Figure A2. 23)

1 equivalency (1.7 mg, 3.2 ymol) of DBCO-PEG4-Amine was dissolved at 100 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1.25 equivalencies of PEG5K-SVA dissolved at 50 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a mobile phase
of water (solvent A) and acetonitrile (solvent B) and a linear solvent gradient of 5 — 65%
solvent B over 30 minutes. The product (18) eluted at 25 minutes and was recovered

in 62% vyield (10 mg, 1.8 ymol). The product was characterized by MALDI-MS.

Synthesis of TCO-PEGS5K (Compound 19, Figure A2. 24 and Figure A2. 25)

1 equivalency (0.7 mg, 3.2 pmol) of TCO-Amine was dissolved at 100 mM in dimethyl
sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution, 1.25
equivalencies of PEG5K-SVA dissolved at 50 mM in dimethylsulfoxide was added. The
resulting mixture was reacted at room temperature overnight and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a mobile phase of
water (solvent A) and acetonitrile (solvent B) and a linear solvent gradient of 5 — 65%
solvent B over 30 minutes. The product (19) eluted at 24.5 minutes and was recovered
in 80% yield (12.8 mg, 2.5 ymol). The product was characterized by MALDI-MS.
Synthesis of DBCO-PEG28 (Compound 20, Figure A2. 26 and Figure A2. 27)

1 equivalency (2 mg, 3.8 umol) of DBCO-PEG4-Amine was dissolved at 190 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1 equivalency of mMPEG24-NHS ester dissolved at 100 mM in dimethylsulfoxide was

added. The resulting mixture was reacted at room temperature overnight and then
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purified via semi-preparative RP-HPLC. The reaction mixture was separated using a
linear solvent gradient of 5 — 95% solvent B over 45 minutes. The product (20) eluted
at 24.5 minutes and was recovered in 47% yield (2.9 mg, 1.8 ymol). The product was

characterized by LC-MS ((20) calculated: 1622.91, observed: 1622.60 [M+H]*).

Synthesis of TCO-PEG24-DM1 (Compound 21, Figure A2. 28 and Figure A2. 29)
1 equivalency (2.6 mg, 9.9 pmol) of TCO-Amine was dissolved at 100 mM in dimethyl
sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution, 0.67
equivalencies of OPSS-PEG24-NHS ester dissolved at 100 mM in dimethyl sulfoxide
was added. The resulting mixture was reacted at room temperature for 1 hour. To this
solution, 0.67 equivalencies of DM1 dissolved at 100 mM in dimethyl sulfoxide was
added. The resulting mixture was reacted at room temperature for 4 hours and then
purified via semi-preparative RP-HPLC. The reaction mixture was separated using a
linear solvent gradient of 5 — 75% solvent B over 35 minutes. The product (21) eluted
at 27 minutes and was recovered in 76% vyield (10.9 mg, 5 ymol). The product was
characterized by LC-MS.

Analysis of Linker Purity and Hydrophobicity via HPLC

Linker purity and relative hydrophobicity were analyzed on an Agilent 1100 Series
HPLC system equipped with a UV diode array detector and an 1100 Infinity fraction
collector using a reversed-phase C18 column (Agilent Eclipse Plus C18, 4.6 x 150 mm,
5 ym). The mobile phase for HPLC was water with 0.1% (v/v) trifluoroacetic acid
(solvent A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid (solvent B). Compounds
were eluted at a flow rate of 1 mL/min with a linear gradient of 5% to 95% solvent B
over 30 minutes. Linkers were analyzed at a scale of 50 ug and monitored based on

their methyltetrazine-specific absorption at 360 nm.
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Expression and Purification of Microbial Transglutaminase

Microbial transglutaminase (MTG) was expressed and purified as previously described
with minor modifications*?. Briefly, plasmid pDJ1-3 was transformed into E. coli BL21
(DE3), using standard procedures, and maintained with 100 ug/mL ampicillin. Before
protein expression, correct plasmid sequence was confirmed (Table A2.1). A5 mL
starter culture was propagated overnight at 37°C with shaking at 240 rpm in ZYP-0.8G
media. The starter culture (2.5 mL) was used to inoculate 250 mL of auto-inducing ZYP-
5052 medium. The expression culture was grown for 2 hours at 37°C with shaking at
240 rpm. After 2 hours, the temperature was reduced to 22°C for 20 hours. Cells were
collected by centrifugation at 3,000xg at 4°C for 30 minutes. The cell pellet was
suspended in 8 mL of 0.2 M Tris-HCI, pH 6.0. The cells were disrupted by sonication
at 4°C (Qsonica Model CL-18, 3 cycles of 30 second pulse at 20% intensity with 60
second pause). The N-terminal MTG pro-sequence was removed by treatment for 45
minutes at 30°C with 800 uL of trypsin at a concentration of 1 mg/mL in 0.2 M Tris-HCI,
pH 6.0. Activated MTG was purified using a gravity flow column charged with 0.5 mL
of Ni-NTA resin. The column was equilibrated in a buffer of 50 mM phosphate, 300 mM
NaCl, and 2 mM reduced glutathione, pH 7.5. His-tagged enzyme was eluted using
equilibration buffer containing increasing amounts of imidazole (0 — 200 mM). Purified
enzyme was concentrated and exchanged into equilibration buffer using Amicon Ultra-
0.5 mL centrifugal filters with a 10 kDa molecular weight cut off according to the
manufacturer’s instructions. MTG yield was quantified using absorbance at 280 nm
(molar extinction coefficient of 55,408 M-' cm™"). The average MTG yield was 10 mg/L
of E. coli culture. Purified MTG was snap frozen as single use aliquots containing 15%

(v/v) glycerol.
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Expression and Purification of Trastuzumab

HEK293F suspension cells were transfected with the plasmid pVITRO-Trastuzumab-
IgG1/k using FreeStyle™ MAX transfection reagent. Transfected cells were selected
with 50 pg/mL hygromycin B for two weeks to establish a stably expressing cell line.
Stably expressing HERK293F cells were maintained at density of approximately 1 x
108 cells/mL for protein production. Trastuzumab was purified from sterile-filtered,
conditioned media using a gravity flow column charged with 1 mL of protein A/G resin
according to the manufacturer’s instructions. Purified antibody was concentrated and
exchanged into PBS buffer (100 mM phosphate, 150 mM NacCl, pH 7.4) using Amicon
Ultra-0.5 mL centrifugal filters with a 30 kDa molecular weight cut off according to the
manufacturer’s instructions. Antibody yield was quantified using absorbance at 280 nm
(molar extinction coefficient of 210,000 M-' cm-"). The average antibody yield was 1 —
2 mg per/L of conditioned media.

HIC Analysis of Linker Conjugation Efficiency

1 equivalency of trastuzumab (250 ug, 1.7 nmol) at a concentration of 5 mg/mL in PBS
buffer was treated with PNGase F (600 U/mg of antibody), MTG (0.75 equivalencies),
and amine-bearing substrate (160 equivalencies). Conjugation reactions were carried
out at 37°C for 24 hours. Excess enzyme and substrate were removed using NAb
Protein A/G 0.2 mL spin columns according to the manufacturer’s instructions.
Conjugation efficiency was analyzed via analytical HIC using a linear solvent gradient

of 0 — 60% solvent B over 60 minutes.

Gel Electrophoresis Analysis of Linker Conjugation Efficiency
1 equivalency of trastuzumab (100 ug, 0.7 nmol) at a concentration of 5 mg/mL in PBS
buffer was treated with PNGase F (600 U/mg of antibody), MTG (0.75 equivalencies),

and amine-bearing substrate (160 equivalencies). Conjugation reactions were carried
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out at 37°C for 24 hours. Excess enzyme and substrate were removed using NAb
Protein A/G 0.2 mL spin columns according to the manufacturer’s instructions. Purified
conjugates were lyophilized and suspended at a concentration of 5 mg/mL. Conjugates
were diluted to a concentration of 1 mg/mL in PBS buffer, pH 7.4 and reacted with 20
equivalencies of either DBCO-PEG5K (compound 18) or TCO-PEG5K (compound 19).
Reactions were carried out at 37°C for 20 hours and analyzed by reduced and
denatured SDS-PAGE. Conjugation efficiency was quantified by analyzing the relative
band intensities for the IgG heavy chain and the PEG5K-modified heavy chain. Each
band was quantified relative to the IgG light chain band as an internal control. Band
intensities were quantified using the gel analysis tool of FIJI**. Raw images are

provided (Figure A2. 30).

Large Scale Purification of Conjugate 5

1 equivalency of trastuzumab (2.3 mg, 15.3 nmol) at a concentration of 5 mg/mL in
PBS buffer was treated with PNGase F (600 U/mg of antibody), MTG (0.75
equivalencies), and Linker 5 (160 equivalencies). The reaction was carried out at 37°C
for 24 hours and then purified via analytical HIC using a linear solvent gradient of 0 —
60% solvent B over 60 minutes. The product (conjugate 5) eluted at 47 minutes. The
product was concentrated and exchanged into PBS buffer, pH 7.4 using Amicon Ultra-
0.5 mL centrifugal filters with a 30 kDa molecular weight cut off according to the
manufacturer’s instructions. Conjugate was recovered in 48% yield (1.1 mg, 7.3 nmol).
Conjugate purity was assessed via analytical HIC using a linear solvent gradient from
0 — 100% solvent B over 60 minutes (Figure A2. 31). Conjugate molecular weight was

characterized via MALDI-MS (Figure A2. 32).
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Gel Electrophoresis Analysis of Dual “Click” Modification

1 equivalency of conjugate 5 (50 ug, 0.33 nmol) at a concentration of 6 mg/mL in PBS
buffer was reacted with 2 equivalencies of DBCO-PEG4-Carboxyrhodamine101, sulfo-
Cy5-TCO, or both. Reactions were carried out protected from light at room temperature
for 20 hours and analyzed by reduced and denatured SDS-PAGE. Fluorescence
imaging was performed using a GE Healthcare Typhoon 9400 image system set to a
photomultiplier tube voltage of 400 with the following fluorescence settings:
Carboxyrhodamine101 excitation 488 nm, emission 500 — 540 nm; sulfo-Cy5 excitation
633 nm, emission 655 — 685 nm; FRET excitation 488 nm, emission 655 — 685 nm. A

reaction scheme is provided (Figure A2. 33).

One-pot Synthesis of Antibody-drug Conjugates

1 equivalency of conjugate 5 (80 ug, 0.53 nmol) at a concentration of 6 mg/mL in PBS
buffer was reacted with 2 equivalencies of DBCO-PEG28 (compound 20), TCO-
PEG24-DM1 (compound 21), or both. Reactions were carried out at room temperature
for 20 hours. Excess reagents were removed using Amicon Ultra-0.5 mL centrifugal
filters with a 30 kDa molecular weight cut off according to the manufacturer’s
instructions. Conjugation efficiency was assessed via analytical HIC using a linear
solvent gradient from 0 — 100% solvent B over 60 minutes. A reaction scheme is
provided (Figure A2. 34). Conjugate molecular weight was characterized via MALDI-
MS (Figure A2. 35).

In Vitro Potency of Antibody-drug Conjugates

SKOV3 and MCF7 cells were plated at 6,000 and 1,500 cells/well, respectively, and
allowed to adhere overnight. After overnight incubation, three-fold serial dilutions of the
conjugates or DM1-S-Me control starting at 33 nM were added. Treated cells were then

incubated for 4 days. Cell viability was measured using MTS according to the
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manufacturer’s instructions using a Tecan Infinite M1000 Pro microplate reader.
Percent viability was calculated by comparison to untreated cells and media alone.

Potency data for MCF7, a Her2 negative cell line, is provided (Figure A2. 36).
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Chapter 2 Appendix
Site-specific Dual “Click” Modification of Native Antibodies

via Microbial Transglutaminase

Synthesis of Linker 1 (Compound 3)
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Figure A2. 1. Synthesis scheme for Linker 1.
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Synthesis of 1-azido-2-(2-(2-bromoethoxy)ethoxy)ethane (Compound 6)
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Figure A2. 4. Synthesis scheme for 1-azido-2-(2-(2-bromoethoxy)ethoxy)ethane.
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Figure A2. 5. '"H NMR (400 MHz, CDClIs) of compound (4).
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Synthesis of Linker 2 (Compound 9)
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Figure A2. 10. Synthesis scheme for Linker 2.
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Synthesis of Linker 3 (Compound 11)
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Figure A2. 13. Synthesis scheme for Linker 3.
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76



~7.26 CDCI3

m ™M — NT QN —\OmMnOo O
[Tol o] — MO T MO MNY M~
6 06 ~ STmodedm e —
[ / AN NS N =N |
N r
P W
a c O & f i m ”/@/LN‘
HzN\/\NJ\d/\O/\/O\h/\O/\k/O\I/\O q
g o
s t
u
N3
r
e P g
1 |‘
d t
a . !
A s — e e T
2.342.76 2.32 2.301.9817.935.923.351.99 2.00

0 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 O
f1 (ppm)

Figure A2. 15. '"H NMR (500 MHz, CDCls) of compound (11).

77



Synthesis of Linker 4 (Compound 14)
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Figure A2. 16. Synthesis scheme for Linker 4.
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Figure A2. 17. 'H NMR (500 MHz, CDCls) of compound (13).
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Synthesis of Linker 5 (Compound 17)
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Figure A2. 19. Synthesis scheme for Linker 5.
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Synthesis of DBCO-PEG5K (Compound 18)
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Figure A2. 22. Synthesis scheme for DBCO-PEG5K.
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Figure A2. 23. MALDI-MS of compound (18). Center of the distribution for the
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Difference: 408 Da.
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Synthesis of TCO-PEG5K (Compound 19)
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Figure A2. 24. Synthesis scheme for TCO-PEG5K.
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Figure A2. 25. MALDI-MS of compound (19). Center of the distribution for the
unmodified PEG5K (*) was at 5,036 Da. Center of the distribution for the TCO-modified
PEG5K (**) was at 5,143 Da. Observed difference: 107 Da, Expected Difference: 111
Da.
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Synthesis of DBCO-PEG28 (Compound 20)
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Figure A2. 26. Synthesis scheme for DBCO-PEG28.
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Figure A2. 27. LC-MS of compound (20).
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Synthesis of TCO-PEG24-DM1 (Compound 21)

(21, TCO-PEG24-DM1)

Figure A2. 28. Synthesis scheme for TCO-PEG24-DM1.
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Fragmentation 1 (F1), Exact Mass: 1966.01 Da Fragmentation 2 (F2), Exact Mass: 1478.79 Da
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Figure A2. 29. LC-MS of compound (21).
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Expression and Purification of Microbial Transglutaminase

Table A2. 1. Sequencing information for microbial transglutaminase. Underlined text
indicates the N-terminal pro-sequence.

Sequence
Forward TAATACGACTCACTATAGGG

Primer (T7)
Reverse GCTAGTTATTGCTCAGCGG

Primer (T7)

ATGGACAATGGCGCGGGGGAAGAGACGAAGTCCTACGCCG
AAACCTACCGCCTCACGGCGGATGACGTCGCGAACATCAAC
GCGCTCAACGAAAGCGCTCCGGCCGCTTCGAGCGCCGGCC
CGTCGTTCCGGGCCCCCGACTCCGACGACAGGGTCACCCC
TCCCGCCGAGCCGCTCGACAGGATGCCCGACCCGTACCGT
CCCTCGTACGGCAGGGCCGAGACGGTCGTCAACAACTACA
TACGCAAGTGGCAGCAGGTCTACAGCCACCGCGACGGCAG
GAAGCAGCAGATGACCGAGGAGCAGCGGGAGTGGCTGTCC
TACGGCTGCGTCGGTGTCACCTGGGTCAATTCGGGTCAGTA
CCCGACGAACAGACTGGCCTTCGCGTCCTTCGACGAGGAC
AGGTTCAAGAACGAGCTGAAGAACGGCAGGCCCCGGTCCG
GCGAGACGCGGGCGGAGTTCGAGGGCCGCGTCGCGAAGG
AGAGCTTCGACGAGGAGAAGGGCTTCCAGCGGGCGCGTGA
DNA GGTGGCGTCCGTCATGAACAGGGCCCTGGAGAACGCCCAC
Sequence GACGAGAGCGCTTACCTCGACAACCTCAAGAAGGAACTGGC
GAACGGCAACGACGCCCTGCGCAACGAGGACGCCCGTTCC

CCGTTCTACTCGGCGCTGCGGAACACGCCGTCCTTCAAGGA
GCGGAACGGAGGCAATCACGACCCGTCCAGGATGAAGGCC
GTCATCTACTCGAAGCACTTCTGGAGCGGCCAGGACCGGTC
GAGTTCGGCCGACAAGAGGAAGTACGGCGACCCGGACGCC
TTCCGCCCCGCCCCGGGCACCGGCCTGGTCGACATGTCGA
GGGACAGGAACATTCCGCGCAGCCCCACCAGTCCCGGTGA
GGGATTCGTCAATTTCGACTACGGCTGGTTCGGCGCCCAGA
CGGAAGCGGACGCCGACAAGACCGTCTGGACCCACGGAAA
TCACTATCACGCGCCCAATGGCAGCCTGGGTGCCATGCATG
TCTACGAGAGCAAGTTCCGCAACTGGTCCGAGGGTTACTCG
GACTTCGACCGCGGAGCCTATGTGATCACCTTCATCCCCAA
GAGCTGGAACACCGCCCCCGACAAGGTAAAGCAGGGCTGG
CCGCTCGAGCACCACCACCACCACCACTGA
MDNGAGEETKSYAETYRLTADDVANINALNESAPAASSAGPSF
RAPDSDDRVTPPAEPLDRMPDPYRPSYGRAETVVNNYIRKWQ
QVYSHRDGRKQQMTEEQREWLSYGCVGVTWVNSGQYPTNR
LAFASFDEDRFKNELKNGRPRSGETRAEFEGRVAKESFDEEK
Amino Acid | GFQRAREVASVMNRALENAHDESAYLDNLKKELANGNDALRN

Sequence | EDARSPFYSALRNTPSFKERNGGNHDPSRMKAVIYSKHFWSG
QDRSSSADKRKYGDPDAFRPAPGTGLVDMSRDRNIPRSPTSP
GEGFVNFDYGWFGAQTEADADKTVWTHGNHYHAPNGSLGA
MHVYESKFRNWSEGYSDFDRGAYVITFIPKSWNTAPDKVKQG
WPLEHHHHHH
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Gel Electrophoresis Analysis of Linker Conjugation Efficiency
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Figure A2. 30. SDS-PAGE analysis of conjugation efficiency. A) Linker-modified
trastuzumab, B) Linker-modified trastuzumab reacted with DBCO-PEG5K, C) Linker-
modified trastuzumab reacted with TCO-PEG5K.
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Large Scale Purification of Conjugate 5
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Figure A2. 31. HIC analysis of conjugate 5 purity.

1 23 4
120+ X R — Antibody
100+ — (-) Glycan
804 — (+) Linker

D
o
1

Intensity (A.U.)
o
<

N
o
1

o

45

m/z (kDa)

Figure A2. 32. MALDI-MS analysis of conjugate 5 molecular weight. Conjugate was
reduced before analysis to confirm attachment of linker 5 to the heavy chain of the
antibody. A double mass (1) of the light chain was observed at 46,792 Da. The heavy
chain of the untreated antibody (4) was observed at 50,651 Da. Upon treatment with
PNGase F (2), the aglycosylated heavy chain was observed at 49,021 Da, consistent
with loss of a 1,630 Da consistent with removal of the glycan at position 297. Upon
treatment with MTG in the presence of linker 5 (3), the linker-modified heavy chain was
observed at 49,502 Da, consistent with one addition of linker 5 to the heavy chain.
Observed difference: 481 Da, Expected difference: 500 Da.
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Gel Electrophoresis Analysis of Dual “Click” Modification
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Figure A2. 33. Reaction scheme for dual "click" modification with FRET pair of
fluorophores.
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One-pot Synthesis of Antibody-drug Conjugates
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Figure A2. 34. Reaction scheme for dual "click" synthesis of antibody-drug
conjugates.
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Figure A2. 35. MALDI-MS analysis of antibody-drug conjugate molecular weight.
Conjugates were reduced before analysis to confirm attachment to the heavy chain of
the antibody. A double mass (1) of the light chain was observed at 46,786 Da in all
samples. The heavy chain of the linker 5-modified antibody (2) was observed at 49,502
Da. A) Upon addition of DBCO-PEG28, complete conversion was observed with the
modified heavy chain (3) appearing at 51,124 Da; Observed difference: 1,622 Da,
Expected difference: 1,622 Da. B) Upon addition of TCO-PEG24-DM1, partial
conversion was observed with the modified heavy chain (4) appearing at 50,900 Da;
Observed difference: 1,398 Da, Expected difference: 1,414 Da. C) Upon addition of
both DBCO-PEG28 and TCO-PEG24-DM1, partial conversion was observed. The first
product (5) appeared at 51,331 Da corresponding to addition of DBCO-PEG28
(observed difference: 1829 Da, expected difference: 1622 Da). The second product (6)
appeared at 52,536 Da corresponding to addition of both DBCO-PEG28 and TCO-
PEG24-DM1 (observed difference 3,034 Da, expected difference: 3,036).
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In vitro Potency of Antibody-drug Conjugates
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Figure A2. 36. In vitro potency of dual "click" antibody-drug conjugates on MCF7
cells, a Her2 negative cell line.
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Chapter 3 — OligoTEA-based Substrates for Microbial Transglutaminase
3.1 — Background

Microbial transglutaminase (MTG) belongs to a family of enzymes that catalyze
the formation of interprotein isopeptide bonds between glutamine and lysine
residues’?. MTG recognizes glutamine 295 (Q295) within the heavy chain of
aglycosylated, human IgGs3. Co-treatment with Peptide:N-glycosidase F (PNGase F)
removes the N-linked glycan at asparagine 297 (N297) and facilitates efficient
bioconjugation*. By supplying non-natural acyl acceptor substrates, this natural
function has been co-opted for site-specific, homofunctional antibody modification®®.
We have built on this work to design heterofunctional MTG substrates that contain both
azide and methyltetrazine (mTz) functional groups. An iterative methodology for
substrate synthesis, could be used to further elaborate on this work. This could enable
the design of complex, heteromultifunctional antibody conjugates containing a host of
functional handles, reporter molecules, and stimuli-responsive moieties that would find
use in a wide range of biological applications.

We sought to adapt the oligoTEA synthesis methodology developed in our lab for
the synthesis of heteromultifunctional MTG substrates. Traditional oligoTEA synthesis
utilizes an orthogonally reactive N-allylacrylamide monomer, which can undergo
alternating photoinitiated thiol-ene “click” reactions and phosphine catalyzed thiol-
Michael additions’. OligoTEAs are built off a fluorous tag liquid support, which enables
stepwise fluorous purification throughout synthesis. The fluorous purification handle is
removed post synthesis by acid-catalyzed Boc deprotection. However, in this work, we
employed the support-free synthesis methodology described in chapter 4 of this
dissertation, “Effect of Cross-linker Sequence on Biophysical Properties of Antibody-

drug Conjugates.”
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.3.2 — Results and Discussion

Herein, we describe our work towards elucidating structure-function relations
ships for oligoTEA-based MTG substrates. These substrates, containing both azide
and mTz functional handles, are functional mimetics of the substrates described in
chapter 2 of this dissertation, “Site-specific Dual “Click” Modification of Native
Antibodies via Microbial Transglutaminase”.
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Figure 3.1. Validation of recombinant microbial transglutaminase activity. 4 — 20%
Tris/Glycine Gel, 120 V for 60 minutes. Substrate: Aizde-PEG3-Amine. Lane 1:
antibody control; Lane 2: 0.75 equivalencies of commercially available MTG; Lane 3:
0.75 equivalencies of recombinant MTG; Lane 4: 1.5 equivalencies of recombinant
MTG; Lane 5: 3.0 equivalencies of recombinant MTG.

We first sought to validate the activity of recombinant MTG produced in our lab
compared to a commercial source of MTG (Figure 3.1). The activity of recombinant
MTG was determined using a control substrate, Azide-PEG3-Amine. Conjugation
efficiency was measured via subsequent conjugation to a 5 kDa, DBCO-modified
polyethylene glycol (PEG) chain (DBCO-PEG5K). Relative activity was determined by
comparing conjugation efficiency at an equimolar condition (lane 2 and lane 3) as well
as 2-fold (lane 4) and 4-fold (lane 5) more MTG. This experiment demonstrated that
recombinant MTG produced in our lab had equal activity to that of the commercial

source on a per mole basis.
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Figure 3.2. Conjugation efficiency of compound 5. 4 — 20% Tris/Glycine Gel, 120 V for
60 minutes. Antibody concentration for MTG reaction: 0.25 mg/mL. Conjugation:
DBCO-PEG5K. Lane 1: antibody control; Lane 2: 0.75 equivalencies MTG, 80
equivalencies substrate; Lane 3: 0.75 equivalencies MTG, 160 equivalencies
substrate; Lane 4: 3.0 equivalencies MTG, 80 equivalencies substrate; Lane 5: 3.0
equivalencies MTG, 160 equivalencies substrate.

We then tested the conjugation efficiency of compound 5 (Figure 3.2).
Compound 5 exhibited poor solubility in PBS, pH 7.4. Therefore, conjugation was
carried out at an antibody concentration of 0.25 mg/mL; 4-fold lower than the standard
reaction condition. The effects of substrate (1-fold compared to 2-fold) and MTG (1-fold
compared to 4-fold) equivalencies were investigated. Subsequent conjugation to
DBCO-PEG5K was used as a readout of conjugation efficiency. This experiment
demonstrated that increasing the equivalencies of MTG leads to a modest increase in
conjugation efficiency. However, none of the tested conditions yielded efficient
conjugation. From this result, we suspected that efficient MTG conjugation was at least
in part concentration limited. Therefore, we aimed to increase the hydrophilic character

of the oligoTEA-based substrate.
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Figure 3.3. Conjugation efficiency of compound 3 and compound 8. 4 — 20%
Tris/Glycine Gel, 120 V for 60 minutes. Lane 1: antibody control; Lane 2: Azide-PEG3-
Amine; Lane 3: compound 3; Lane 4: compound 8.

To explore the relative importance of reaction concentration and substrate
structure, we tested the conjugation efficiency of compound 3 and compound 8 (Figure
3.3). Compound 3 (lane 3) is a monofunctional version of compound 5 in which the
mTz functional handle has been replaced by a carboxylic acid. This modification greatly
improved the aqueous solubility of the substrate and enabled conjugation to take place
at the standard reaction condition of 1 mg/mL. Compound 8 (lane 4) is functionally
equivalent to compound 3. However, the (2,2')-ethylenedioxydiethanethiol spacer has
been replaced by a more hydrophilic L-dithiothreitol spacer. Compound 8 also exhibit
excellent aqueous solubility. The conjugation of these substrates was compared to a
control substrate; Azide-PEG3-Amine (lane 2). Subsequent conjugation to DBCO-
PEG5K was used as a readout of conjugation efficiency. This experiment demonstrated
that reaction concentration alone is not enough to drive efficient MTG-based
conjugation. As expected, the control substrate showed nearly complete conjugation.
Compound 3 demonstrated poor conjugation efficiency, potentially indicating that the

(2,2’)-ethylenedioxydiethanethiol spacer alpha to the primary amine is incompatible
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with MTG conjugation. Compound 8 demonstrated efficient conjugation, albeit less
efficiently than the control substrate. This data indicated that there is a structural
component to designing efficient MTG substrates. Compound 8 was taken as the
optimal scaffold for developing a multifunctional substrate.
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Figure 3.4. Conjugation efficiency of compound 10 and compound 12. 4 — 20%
Tris/Glycine Gel, 120 V for 60 minutes. Lane 1: antibody control; Lane 2: compound 8,
conjugation with DBCO-PEG5K; Lane 3: compound 10, conjugation with DBCO-
PEG5K; Lane 4: compound 12, conjugation with DBCO-PEG5K; Lane 5: mTz-PEG4-
Amine, conjugation with TCO-PEG5K.

Compound 8 was used to synthesize two multifunctional MTG substrates. The
conjugate efficiency of these substrates, compound 10 and compound 12, was tested
(Figure 3.4). To synthesize compound 10, mTz-Amine was coupled to the free
carboxylic acid of compound 8. To synthesize compound 12, mTz-PEG4-Amine was
coupled to the free carboxylic acid of compound 8. Two control substrates, Azide-
PEG3-Amine and mTz-PEG4-Amine were used to evaluate conjugation efficiency.
Subsequent conjugation to DBCO-PEG5K was used to monitor the conjugation
efficiency of Azide-PEG3-Amine, compound 10, and compound 12. Conjugation to
TCO-PEG5K was used to monitor the conjugation efficiency of mTz-PEG4-Amine. As
expected, this experiment demonstrated that both control substrates, Azide-PEG3-
Amine (lane 2) and mTz-PEG4-Amine (lane 5), conjugated with high efficiency.

Meanwhile, compound 10 (lane 3) and compound 12 (lane 4) conjugated with slightly
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lower efficiency. Interestingly, both compound 10 and compound 12 showed two higher
molecular weight bands. This was not observed in either of the control substrates. This
could be interpreted to indicate that there are multiple MTG conjugation sites within the

human IgG for compound 10 and compound 12.

1 2 3 4 5 6 7 8 9 10

150 kDa

100 kDa

75 kDa

50 kDa

'- -
T e YT W - - .-

Figure 3.5. Optimization of compound 12 substrate equivalencies. 7.5% Tris/Glycine
Gel, 120 V for 80 minutes. Lane 1: antibody control; Lane 2: PNGase F treatment; Lane
3: 4 equivalencies of substrate; Lane 4: 20 equivalencies of substrate; Lane 5: 80
equivalencies of substrate; Lane 6: 160 equivalencies of substrate; Lane 7: 4
equivalencies of substrate, conjugation with DBCO-PEGS5K; Lane 8: 20 equivalencies
of substrate, conjugation with DBCO-PEG5K; Lane 9: 80 equivalencies of substrate,
conjugation with DBCO-PEG5K; Lane 10: 160 equivalencies of substrate, conjugation
with DBCO-PEGS5K.

Finally, we sought to investigate the source of the banding pattern observed for
compound 10 and compound 12. To this end, we tested the effect of substrate
equivalency on conjugation efficiency (Figure 3.5). To determine whether compound
12 could conjugate multiple times to the IgG heavy chain, substrate-modified antibody
was analyzed before (lanes 3 — 6) and after (lanes 7 — 10) conjugation to DBCO-

PEG5K. MTG conjugation was carried out with 4, 20, 80, or 160 equivalencies of
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substrate. Treatment of antibody with only PNGase F (lane 2) yielded a decrease in
heavy chain molecular weight corresponding to loss of the glycan. Analysis before
DBCO-PEGS5K conjugation revealed up to two higher molecular weight bands near the
parent heavy chain (lanes 3 — 6). This result is evidence for the attachment of up to two
substrates per heavy chain, giving in a mixed population overall. Further, as substrate
equivalencies were increased, high molecular weight bands between 100 kDa and 150
kDa decreased, highlighting the importance of suppressing antibody-antibody cross-
linking. Analysis after DBCO-PEGS5K conjugation (lanes 7 — 10) revealed the expected
trends. The bands near the parent heavy chain band disappeared. This indicated that
the strain-promoted azide-alkyne cycloaddition proceeded to completion. As expected,
two new bands appeared between 50 kDa and 100 kDa, corresponding to heavy chains
species modified once and twice with DBCO-PEG5K. These data confirm that under
the tested reaction conditions, compound 12 can access at least to conjugation sites
within the heavy chain of the human IgG. This yields a heterogenous mixture of
conjugated products, which complicates the use of oligoTEAs as MTG conjugation

substrates.

3.3 — Conclusions

In conclusion, we have shown that oligoTEA-based MTG conjugation is
sensitive to substrate hydrophobicity and the structure of the dithiol spacer alpha to the
terminal primary amine. Substrates should have enough hydrophilic character to
solubilize at approximately 500 uM in aqueous buffer. Further, a L-dithiothreitol spacer
was found to be more efficient than a (2,2’)-ethylenedioxydiethanethiol spacer. Finally,
multifunctional substrates containing a L-dithiothreitol spacer were found to access
multiple MTG conjugation sites within the heavy chain of the human IgG. This

unexpected result was not observed for monofunctional Azide-PEG3-Amine or mTz-
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PEG4-Amine substrates under the same reaction conditions. To the best of our
knowledge, substrate-based control over the accessibility of MTG conjugation sites has
not been reported. This finding warrants additional investigation. Analysis of conjugates
of compound 10 or compound 12 via hydrophobic interaction chromatography (HIC)
and matrix-assisted laser-desorption ionization-mass spectrometry (MALDI-MS) could
confirm the existence to two conjugation sites. Further, proteolytic degradation could
be used to identify reactive glutamine residues other than glutamine 295. Determining
the precise nature of multisite MTG conjugation is critical to improving the design of
oligoTEA-based MTG substrates. This work was an important first step towards
designing heteromultifunctional MTG substrates to further expand the toolbox for site-

specific antibody modification.

107



3.4 — Materials and Methods

Reagents for Chemical Synthesis

All chemicals were purchased from MilliporeSigma unless stated otherwise. N-(14-
Amino-3,6,9,12-tetraoxatetradec-1-yl)-11,12-didehydro-y-oxodibenz[b,flazocine-
5(6H)-butanamide (DBCO-PEG4-Amine), (E)-cyclooct-4-en-1-yl (3-
aminopropyl)carbamate (TCO-Amine), 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-
amine (Azide-PEG3-Amine), (4-(6-methyl-1,2 4, 5-tetrazin-3-yl)phenyl)methanamine
(mTz-Amine), and 2-(2-(2-(2-(4-(6-methyl-1,2,4,5-tetrazin-3-
yl)phenoxy)ethoxy)ethoxy)ethoxy)ethan-1-amine (mTz-PEG4-Amine) were purchased

from BroadPharm. PEG5K-SVA was purchased from Laysan Bio.

Reagents for Protein Expression and Purification

The plasmid pDJ1-3 was kindly provided by Professor Joelle Pelletier (Université de
Montréal, Montreal, Canada). pDJ1-3 encodes the proenzyme of microbial
transglutaminase from S. mobaraensis with its N-terminal pro-sequence and a C-
terminal hexa-histidine tag inserted between the Ndel and Xhol restriction sites of the
vector pET20b. The plasmid pVITRO-Trastuzumab-IgG1/k for expressing trastuzumab
was purchased from Addgene (Plasmid# 61883). Ni-NTA agarose resin was purchased
from Qiagen. NAb protein A/G resin was purchased from ThermoFisher Scientific.
Sequencing primers (T7 forward and reverse) were purchased from Integrated DNA
Technologies (IDT). Sequencing was performed at the Cornell University Genomics
Facility using the Applied Biosystems Automated 370xI DNA Analyzer using Big Dye

Terminator chemistry and ApliTag-FS DNA Polymerase.

Reagents for Gel Electrophoresis, Molecular Biology, and Cell Culture
Precast protein gels (4 — 20% mini-PROTEAN® TGX™) and Bio-safe Coomassie Stain

were purchased from Bio-Rad Laboratories. Peptide:N-glycosidase F (PNGase F) was
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purchased from New England Biolabs. Commercially available microbial

transglutaminase was purchased from Zedira.

Nuclear Magnetic Resonance (NMR) Spectroscopy
'H and *C NMR spectra were recorded on an INOVA 400 MHz spectrometer. NMR
data was analyzed by MestReNova software. 'H and '*C NMR chemical shifts are

reported in units of ppm relative to chloroform.

Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS analysis was carried out on an Agilent 1100 Series LC with a Poroshell 120 EC-
C18 column (100 x 3 mm, 2.7 um, Agilent Technologies) and an Agilent G1956B Series
Single Quadripole MS in positive ion mode for mass detection. The mobile phase for
LC-MS (solvent A) was water with 0.1% (v/v) acetic acid, and the stationary phase
(solvent B) was acetonitrile with 0.1% (v/v) acetic acid. Compounds were eluted at a
flow rate of 0.6 mL/min using a gradient of 5-100% solvent B (0-10 minutes) followed
by 100% solvent B (10-12 minutes) and equilibrated back to 5% solvent B (12-15

minutes).

Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector using a semi-
preparative reversed-phase C18 column (Agilent Eclipse XDB-C18, 9.4 x 250 mm, 5
pum). The mobile phase for HPLC was water with 0.1% (v/v) trifluoroacetic acid (solvent
A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid (solvent B) unless specified
otherwise. Compounds were eluted at a flow rate of 4 mL/min using a linear solvent

gradient as specified below.
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Standard Condition for Microbial Transglutaminase Modification

1 equivalency of trastuzumab at a concentration of 1 mg/mL in PBS buffer was treated
with PNGase F (600 U/mg of antibody). The reaction was carried out at 37°C for 24
hours. Excess PNGase F was removed using a 100 kDa spin filter. 1 equivalency of
aglycosylated antibody at a concentration of 1 mg/mL in PBS buffer was treated with
MTG (0.75 equivalencies), and linker (80 equivalencies). The reaction was carried out
at 37°C for 48 hours. Excess linker was removed using Amicon Ultra-0.5 mL centrifugal
filters with a 30 kDa molecular weight cut off according to the manufacturer’s
instructions. The resulting conjugate (1 equivalency) was reacted with 25 equivalencies
of DBCO-PEG5K, TCO-PEGS5K, or both. in PBS at a concentration of 4 yM. The
reaction was carried out for 24 hours at room temperature. Conjugation efficiency was

analyzed via reduced and denatured SDS-PAGE.

Gel Electrophoresis of Conjugates

All samples were denatured and reduced with 2-mercaptoethanol by boiling at 100 °C
for 5 minutes. A precast mini-PROTEAN® TGX™ gel was run at 120V to separate the
protein samples. Protein content was visualized using Bio-Safe Coomassie Stain
according to the manufacturer’s instructions and imaged using a Bio-Rad ChemiDoc™
MP Imaging System.

Synthesis of Compound (1) (Figure A3. 1 and Figure A3. 2)

1 equivalency of tert-butyl allylcarbamate (255 mg, 1.62 mmol) was dissolved at 1 M in
methanol. 2 equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-1-thiol) and 0.25
equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution.
The mixture was irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent
was removed under vacuum. Compound (1) was purified via silica gel flash

chromatography. Solvent A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 40%
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solvent B over 30 minutes. Yield: 42%, 230 mg, 0.68 mmol. The product was

characterized by '"H NMR.

Synthesis of Compound (2) (Figure A3. 3 and Figure A3. 4)

1 equivalency of compound (1) was dissolved at 500 mM in acetonitrile. 1 equivalency
of azide-modified N-allylacrylamide monomer and 0.05 equivalency of DBU were
added. This mixture was reacted overnight at room temperature and then dried under
vacuum. The crude product was then suspended at 1 M in methanol. 2 equivalencies
of 2-mercaptoacetic acid and 0.5 equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-
one were added to this solution. The mixture was irradiated with UV light at 20 mW/cm?
for 270 seconds and then purified via semi-preparative RP-HPLC. The product (2) was

characterized via LC-MS (Calculated 722.30, Observed 722.10 [M+Na]*)

Synthesis of Compound (3) (Figure A3. 5)

Removal of the Boc protecting group was achieved by dissolving compound (2) at 5
mM in solution of 50% (v/v) trifluoroacetic acid in dichloromethane. The reaction was
stirred at room temperature for 1 hour. Excess trifluoroacetic acid was removed under
vacuum. The crude product (3) was used without further purification or characterization.
Synthesis of Compound (4) (Figure A3. 6 and Figure A3. 7)

1 equivalency of compound (2) was dissolved at 33 mM in dimethyl sulfoxide. 2
equivalencies of  N,N'-Diisopropylcarbodiimide, 2 equivalencies of 1-
hydroxypyrrolidine-2,5-dione, 5 equivalencies of triethylamine, and 1 equivalency of
mTz-Amine were added. The mixture was reacted overnight at room temperature. The
product (4) was purified via semi-preparative RP-HPLC and characterized via LC-MS.

(Calculated 905.39, Observed 905.20 [M+Na]*)

111



Synthesis of Compound (5) (Figure A3. 8 and Figure A3. 9)

Removal of the Boc protecting group was achieved by dissolving compound (4) at 5
mM in solution of 50% (v/v) trifluoroacetic acid in dichloromethane. The reaction was
stirred at room temperature for 1 hour. Excess trifluoroacetic acid was removed under
vacuum. The crude product (5) was characterized via LC-MS. (Calculated 783.34,

Observed 783.20 [M+H]*)

Synthesis of Compound (6) (Figure A3. 10 and Figure A3. 11)

1 equivalency of tert-butyl allylcarbamate (106 mg, 0.67 mmol) was dissolved at 1.33
M in methanol. 3 equivalencies of (2R,3R)-1,4-dimercaptobutane-2,3-diol and 0.15
equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution.
The mixture was irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent
was removed under vacuum. Compound (6) was purified via silica gel flash
chromatography. Solvent A: dichloromethane. Solvent B: methanol. Gradient: 0 — 2.5%
solvent B over 25 minutes. Yield: 59%, 124 mg, 0.4 mmol. The product was

characterized by 'H NMR.

Synthesis of Compound (7) (Figure A3. 12 and Figure A3. 13)

1 equivalency of compound (6) was dissolved at 500 mM in acetonitrile. 1 equivalency
of azide-modified N-allylacrylamide monomer and 0.05 equivalency of DBU were
added. This mixture was reacted overnight at room temperature and then dried under
vacuum. The crude product was then suspended at 1 M in methanol. 2 equivalencies
of 2-mercaptoacetic acid and 0.5 equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-
one were added to this solution. The mixture was irradiated with UV light at 20 m\W/cm?
for 270 seconds and then purified via semi-preparative RP-HPLC. The product (7) was

characterized via LC-MS (Calculated 694.27, Observed 694.10 [M+Na]*)
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Synthesis of Compound (8) (Figure A3. 14)

Removal of the Boc protecting group was achieved by dissolving compound (7) at 5
mM in solution of 50% (v/v) trifluoroacetic acid in dichloromethane. The reaction was
stirred at room temperature for 1 hour. Excess trifluoroacetic acid was removed under

vacuum. The crude product (8) was used without further purification or characterization.

Synthesis of Compound (9) (Figure A3. 15 and Figure A3. 16)

1 equivalency of compound (7) was dissolved at 33 mM in dimethyl sulfoxide. 2
equivalencies of  N,N'-Diisopropylcarbodiimide, 2 equivalencies of 1-
hydroxypyrrolidine-2,5-dione, 5 equivalencies of triethylamine, and 1 equivalency of
mTz-Amine were added. The mixture was reacted overnight at room temperature. The
product (9) was purified via semi-preparative RP-HPLC and characterized via LC-MS.

(Calculated 877.36, Observed 877.20 [M+Na]*)

Synthesis of Compound (10) (Figure A3. 17)

Removal of the Boc protecting group was achieved by dissolving compound (9) at 5
mM in solution of 50% (v/v) trifluoroacetic acid in dichloromethane. The reaction was
stirred at room temperature for 1 hour. Excess trifluoroacetic acid was removed under
vacuum. The crude product (10) was used without further characterization.

Synthesis of Compound (11) (Figure A3. 18 and Figure A3. 19)

1 equivalency of compound (7) was dissolved at 40 mM in dimethyl sulfoxide. 2
equivalencies of  N,N-Diisopropylcarbodiimide, 2 equivalencies of 1-
hydroxypyrrolidine-2,5-dione, 5 equivalencies of triethylamine, and 0.75 equivalency of
mTz-PEG4-Amine were added. The mixture was reacted overnight at room
temperature. The product (11) was purified via semi-preparative RP-HPLC and

characterized via LC-MS. (Calculated 1139.45, Observed 1139.38 [M+Na]*)
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Synthesis of Compound (12) (Figure A3. 20)

Removal of the Boc protecting group was achieved by dissolving compound (11) at 5
mM in solution of 50% (v/v) trifluoroacetic acid in dichloromethane. The reaction was
stirred at room temperature for 1 hour. Excess trifluoroacetic acid was removed under

vacuum. The crude product (12) was used without further characterization.

Synthesis of DBCO-PEG5K (Compound 13, Figure A3. 21 and Figure A3. 22)

1 equivalency (1.7 mg, 3.2 ymol) of DBCO-PEG4-Amine was dissolved at 100 mM in
dimethyl sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution,
1.25 equivalencies of PEG5K-SVA dissolved at 50 mM in dimethylsulfoxide was added.
The resulting mixture was reacted at room temperature overnight and then purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a mobile phase
of water (solvent A) and acetonitrile (solvent B) and a linear solvent gradient of 5 — 65%
solvent B over 30 minutes. The product (13) eluted at 25 minutes and was recovered

in 62% vyield (10 mg, 1.8 ymol). The product was characterized by MALDI-MS.

Synthesis of TCO-PEG5K (Compound 14, Figure A3. 23 and Figure A3. 24)

1 equivalency (0.7 mg, 3.2 ymol) of TCO-Amine was dissolved at 100 mM in dimethyl
sulfoxide in the presence of 5 equivalencies of triethylamine. To this solution, 1.25
equivalencies of PEG5K-SVA dissolved at 50 mM in dimethylsulfoxide was added. The
resulting mixture was reacted at room temperature overnight and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a mobile phase of
water (solvent A) and acetonitrile (solvent B) and a linear solvent gradient of 5 — 65%
solvent B over 30 minutes. The product (14) eluted at 24.5 minutes and was recovered

in 80% vyield (12.8 mg, 2.5 ymol). The product was characterized by MALDI-MS.
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Expression and Purification of Microbial Transglutaminase

Microbial transglutaminase (MTG) was expressed and purified as previously described
with minor modifications®. Briefly, plasmid pDJ1-3 was transformed into E. coli BL21
(DE3), using standard procedures, and maintained with 100 pg/mL ampicillin. Before
protein expression, correct plasmid sequence was confirmed (Table A2.1). A5 mL
starter culture was propagated overnight at 37°C with shaking at 240 rpm in ZYP-0.8G
media. The starter culture (2.5 mL) was used to inoculate 250 mL of auto-inducing ZYP-
5052 medium. The expression culture was grown for 2 hours at 37°C with shaking at
240 rpm. After 2 hours, the temperature was reduced to 22°C for 20 hours. Cells were
collected by centrifugation at 3,000xg at 4°C for 30 minutes. The cell pellet was
suspended in 8 mL of 0.2 M Tris-HCI, pH 6.0. The cells were disrupted by sonication
at 4°C (Qsonica Model CL-18, 3 cycles of 30 second pulse at 20% intensity with 60
second pause). The N-terminal MTG pro-sequence was removed by treatment for 45
minutes at 30°C with 800 uL of trypsin at a concentration of 1 mg/mL in 0.2 M Tris-HCI,
pH 6.0. Activated MTG was purified using a gravity flow column charged with 0.5 mL
of Ni-NTA resin. The column was equilibrated in a buffer of 50 mM phosphate, 300 mM
NaCl, and 2 mM reduced glutathione, pH 7.5. His-tagged enzyme was eluted using
equilibration buffer containing increasing amounts of imidazole (0 — 200 mM). Purified
enzyme was concentrated and exchanged into equilibration buffer using Amicon Ultra-
0.5 mL centrifugal filters with a 10 kDa molecular weight cut off according to the
manufacturer’s instructions. MTG yield was quantified using absorbance at 280 nm
(molar extinction coefficient of 55,408 M-' cm™"). The average MTG yield was 10 mg/L
of E. coli culture. Purified MTG was snap frozen as single use aliquots containing 15%

(v/v) glycerol.
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Expression and Purification of Trastuzumab

HEK293F suspension cells were transfected with the plasmid pVITRO-Trastuzumab-
IgG1/k using FreeStyle™ MAX transfection reagent. Transfected cells were selected
with 50 pg/mL hygromycin B for two weeks to establish a stably expressing cell line.
Stably expressing HERK293F cells were maintained at density of approximately 1 x
108 cells/mL for protein production. Trastuzumab was purified from sterile-filtered,
conditioned media using a gravity flow column charged with 1 mL of protein A/G resin
according to the manufacturer’s instructions. Purified antibody was concentrated and
exchanged into PBS buffer (100 mM phosphate, 150 mM NacCl, pH 7.4) using Amicon
Ultra-0.5 mL centrifugal filters with a 30 kDa molecular weight cut off according to the
manufacturer’s instructions. Antibody yield was quantified using absorbance at 280 nm
(molar extinction coefficient of 210,000 M-' cm-"). The average antibody yield was 1 —

2 mg per/L of conditioned media.
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Chapter 3 Appendix
OligoTEA-based Substrates for Microbial Transglutaminase

Synthesis of Compound (1)
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Figure A3. 1. Synthesis scheme for compound (1).
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Figure A3. 2. '"H NMR (400 MHz, CDCls) of compound (1).
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Synthesis of Compound (2)
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Figure A3. 3. Synthesis scheme for compound (2).
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Figure A3. 4. LC-MS analysis of compound (2).
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Synthesis of Compound (3)
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Figure A3. 5. Synthesis scheme for compound (3).
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Synthesis of Compound (4)
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Figure A3. 6. Synthesis scheme for compound (4).
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Figure A3. 7. LC-MS analysis of compound (4).
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Synthesis of Compound (5)
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Figure A3. 8. Synthesis scheme for compound (5).
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Figure A3. 9. LC-MS analysis of compound (5).

121



Synthesis of Compound (6)
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Figure A3. 10. Synthesis scheme for compound (6).
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Figure A3. 11. 'H NMR (400 MHz, CDCls) of compound (6).
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Synthesis of Compound (7)
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Figure A3. 12. Synthesis scheme for compound (7).
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Figure A3. 13. LC-MS analysis of compound (7).
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Synthesis of Compound (8)
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Figure A3. 14. Synthesis scheme for compound (8).
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Synthesis of Compound (9)
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Figure A3. 15. Synthesis scheme for compound (9).
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Figure A3. 16. LC-MS analysis of compound (9).
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Synthesis of Compound (10)
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Figure A3. 17. Synthesis scheme for compound (10).
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Synthesis of Compound (11)
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Figure A3. 18. Synthesis scheme for compound (11).
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Figure A3. 19. LC-MS analysis of compound (11).
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Synthesis of Compound (12)
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Figure A3. 20. Synthesis scheme for compound (12).
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Synthesis of DBCO-PEG5K (Compound 13)
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Figure A3. 21. Synthesis scheme for compound (13).
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Figure A3. 22. MALDI-MS of compound (13). Center of the distribution for the
unmodified PEGS5K (*) was at 5,036 Da. Center of the distribution for the DBCO-
modified PEG5K (**) was at 5,481 Da. Observed difference: 445 Da, Expected
Difference: 408 Da.
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Synthesis of TCO-PEG5K (Compound 14)
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Figure A3. 23. Synthesis scheme for compound (14).
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Figure A3. 24. MALDI-MS of compound (14). Center of the distribution for the
unmodified PEG5K (*) was at 5,036 Da. Center of the distribution for the TCO-modified

PEG5K (**) was at 5,143 Da. Observed difference: 107 Da, Expected Difference: 111
Da.

130



Expression and Purification of Microbial Transglutaminase

Table A3. 1. Sequencing information for microbial transglutaminase. Underlined text
indicates the N-terminal pro-sequence.

Sequence
Forward TAATACGACTCACTATAGGG

Primer (T7)
Reverse GCTAGTTATTGCTCAGCGG

Primer (T7)

ATGGACAATGGCGCGGGGGAAGAGACGAAGTCCTACGCCG
AAACCTACCGCCTCACGGCGGATGACGTCGCGAACATCAAC
GCGCTCAACGAAAGCGCTCCGGCCGCTTCGAGCGCCGGCC
CGTCGTTCCGGGCCCCCGACTCCGACGACAGGGTCACCCC
TCCCGCCGAGCCGCTCGACAGGATGCCCGACCCGTACCGT
CCCTCGTACGGCAGGGCCGAGACGGTCGTCAACAACTACA
TACGCAAGTGGCAGCAGGTCTACAGCCACCGCGACGGCAG
GAAGCAGCAGATGACCGAGGAGCAGCGGGAGTGGCTGTCC
TACGGCTGCGTCGGTGTCACCTGGGTCAATTCGGGTCAGTA
CCCGACGAACAGACTGGCCTTCGCGTCCTTCGACGAGGAC
AGGTTCAAGAACGAGCTGAAGAACGGCAGGCCCCGGTCCG
GCGAGACGCGGGCGGAGTTCGAGGGCCGCGTCGCGAAGG
AGAGCTTCGACGAGGAGAAGGGCTTCCAGCGGGCGCGTGA
DNA GGTGGCGTCCGTCATGAACAGGGCCCTGGAGAACGCCCAC
Sequence GACGAGAGCGCTTACCTCGACAACCTCAAGAAGGAACTGGC
GAACGGCAACGACGCCCTGCGCAACGAGGACGCCCGTTCC

CCGTTCTACTCGGCGCTGCGGAACACGCCGTCCTTCAAGGA
GCGGAACGGAGGCAATCACGACCCGTCCAGGATGAAGGCC
GTCATCTACTCGAAGCACTTCTGGAGCGGCCAGGACCGGTC
GAGTTCGGCCGACAAGAGGAAGTACGGCGACCCGGACGCC
TTCCGCCCCGCCCCGGGCACCGGCCTGGTCGACATGTCGA
GGGACAGGAACATTCCGCGCAGCCCCACCAGTCCCGGTGA
GGGATTCGTCAATTTCGACTACGGCTGGTTCGGCGCCCAGA
CGGAAGCGGACGCCGACAAGACCGTCTGGACCCACGGAAA
TCACTATCACGCGCCCAATGGCAGCCTGGGTGCCATGCATG
TCTACGAGAGCAAGTTCCGCAACTGGTCCGAGGGTTACTCG
GACTTCGACCGCGGAGCCTATGTGATCACCTTCATCCCCAA
GAGCTGGAACACCGCCCCCGACAAGGTAAAGCAGGGCTGG
CCGCTCGAGCACCACCACCACCACCACTGA
MDNGAGEETKSYAETYRLTADDVANINALNESAPAASSAGPSF
RAPDSDDRVTPPAEPLDRMPDPYRPSYGRAETVVNNYIRKWQ
QVYSHRDGRKQQMTEEQREWLSYGCVGVTWVNSGQYPTNR
LAFASFDEDRFKNELKNGRPRSGETRAEFEGRVAKESFDEEK
Amino Acid | GFQRAREVASVMNRALENAHDESAYLDNLKKELANGNDALRN

Sequence | EDARSPFYSALRNTPSFKERNGGNHDPSRMKAVIYSKHFWSG
QDRSSSADKRKYGDPDAFRPAPGTGLVDMSRDRNIPRSPTSP
GEGFVNFDYGWFGAQTEADADKTVWTHGNHYHAPNGSLGA
MHVYESKFRNWSEGYSDFDRGAYVITFIPKSWNTAPDKVKQG
WPLEHHHHHH
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Chapter 4 — Effect of Cross-linker Sequence on the Biophysical Properties of
Antibody-drug Conjugates
4.1 — Background

Antibody-drug conjugates (ADCs) are a class therapeutic bioconjugates that seek
to combine the antigen specificity of antibodies with the chemotherapeutic potential of
small molecule drugs. This is mediated by a chemical cross-linker that covalently links
the antibody and payload. This conceptual framework has led to the development of
ADCs targeted against a variety of cancer-specific antigens and carrying a wide range
of therapeutic payloads. These efforts have led to the FDA approval of four ADCs with
many more in the clinical pipeline.

Despite their clinical success, hurdles remain in the development of ADCs. Chief
among these challenges is improving their therapeutic window, which is the range of
doses that provide a therapeutic effect with minimal toxicity. The therapeutic window is
limited by several factors broadly categorized as off-target binding, non-specific drug
release, and hydrophobicity-induced aggregation. Off-target binding is dictated by the
relative expression level of the target antigen in heathy and diseased tissue and can
only be addressed by careful antigen selection’. Non-specific drug release can arise
from deconjugation>* or degradation of the cross-linker in circulation®. The
development of new conjugation chemistries”® and stimuli-responsive units®'! has
improved cargo stability. We sought to develop methods to mitigate the third factor,
hydrophobicity-induced aggregation.

Hydrophobicity is a requisite property of many small molecule drugs as it improves
bioavailability by increasing membrane permeability’>'3. However, upon chemical
conjugation to an antibody, drug hydrophobicity becomes a liability. The hydrophobic

nature of conjugated drugs has been shown to destabilize tertiary structure of ADCs,
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leading to increased aggregation rates''5. Further, studies have shown the ADC
hydrophobicity decreases circulation half-life by increasing liver accumulation and
subsequent premature clearance'®'”. This results in an inverse relationship between
drug loading and efficacy when the drug to antibody ratio (DAR) is greater than ~418,
A variety of approaches have been pursued to decrease the hydrophobicity of
ADCs. Researchers at Astellas Pharm Inc. sought to address the problem by
developing hydrophilic auristatin derivatives'. This approach is intriguing but requires
time intensive synthesis of chemically complex payloads and risks negatively impacting
the bioavailability and/or bioactivity of the therapeutic compound. Researchers at both
Catalent Biologics?® and Genentech?' have adapted their respective site-specific
conjugation strategies for unbiased screening and identification of stable conjugation
sites. These techniques enable the identification non-intuitive conjugation sites and
may help identify the structural features of antibodies that mitigate aggregation.
Researcher as Seattle Genetics have pioneered a third approach in which the
hydrophobicity of the conjugated payload is masked by modifying the chemical cross-
linker with hydrophilic polyethylene glycol (PEG) chains?223. This work has identified
both the placement and length of PEG chains as tunable features to increase the
circulation half-life and efficacy of ADCs. In collaboration with Catalent Biologics, we
sought to build upon this body of literature by exploring the effect of cross-linker

sequence on the functional and biophysical properties of ADCs.
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4.2 — Results and Discussion

ADC #1 ADC #2
Cross-linker #1 Cross-linker #2 Y
H oo H I

s g o g

Cross-linker #3 ADC #3

oo

Figure 4.1. Design of sequence-defined antibody-drug conjugates. Constitutionally
isomeric cross-linkers containing hydrophilic PEG-based side chains (blue circles) are
used to control the local environment of a hydrophobic cargo (black circle)

Herein, we report the design, synthesis, and characterization of three
constitutionally isomeric antibody-drug conjugates (Figure 4.1). These ADCs are
comprised of trastuzumab, a Her2-targeted carrier protein, and monomethyl auristatin
e (MMAE), a potent anti-mitotic drug?*. Conjugation of the active payload is directed to
the C-terminal of the IgG heavy chain through the Hydrazino-iso-Pictet-Spengler
(HIPS) ligation using an aldehyde-tagged antibody provided by Catalent Biologics”-2%-
28, HIPS ligation was mediated through three constitutionally isomeric, sequence-
defined chemical cross-linkers. These cross-linkers, based on the oligothioetheramide
(oligoTEA) synthesis methodology developed by our lab, control the relative placement
of the cytotoxic payload and hydrophilic polyethylene glycol side chains. We present
the biophysical characterization of this library of ADCs. Specifically, the effect of cross-
linker sequence has been correlated to conjugate hydrophilicity, conjugate

aggregation, antigen binding, and in vitro efficacy.
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As a first step, we sought to adapt the oligoTEA synthesis methodology to the
scalable synthesis of branched, hydrophilic oligomers for bioconjugation. Traditional
oligoTEA synthesis utilizes an orthogonally reactive N-allylacrylamide monomer, which
can undergo alternating photoinitiated thiol-ene “click” reactions and phosphine
catalyzed thiol-Michael additions?°. OligoTEAs are built off a fluorous tag liquid support,
which enables stepwise fluorous purification throughout synthesis. The fluorous
purification handle is removed post synthesis by acid-catalyzed Boc deprotection.
OligoTEA synthesis has been used as a platform to discover synthetic antibacterial
agents3® and cell penetrating oligomers®' as well as to synthesize model systems to

study the solution phase structure of polymers32.

Previously, we have demonstrated that oligoTEAs can be used to synthesize
cleavable, multifunctional chemical cross-linkers for bioconjugation33. However, the
unique structural and synthetic requirements of PEG-modified chemical cross-linkers
necessitate a new synthetic approach. First, fluorous tag purification relies on selective
partitioning out of the mobile phase onto the fluorinated solid phase mediated by the
fluorous tag. Chemical properties of the growing oligomer chain, specifically
polyethylene glycol and azide groups, can reduce affinity for the fluorinated solid phase
relative to the mobile phase. Ultimately, this reduces the synthetic yield. Further,
chemical cross-linkers require only two or three pendant functional groups. This limits
the utility of using the fluorous tag to achieve stepwise purification. Finally,
bioconjugation applications require several post synthesis modifications to install
attachment chemistries, cytotoxic drugs, nucleic acids, PEGylation, dyes, and targeting
ligands. This imposes an additional synthetic burden, which necessitates the synthesis
of chemical cross-linkers on the 10 — 100 mg scale. Meanwhile, traditional oligoTEA

synthesis is more comfortably applied for library style synthesis at the 1 — 10 mg scale.
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Figure 4.2. Methodology for support-free synthesis of oligoTEAs. A bifunctional
monomer containing an acrylamide functional handle and acetylated thiol is used to
extend the oligomer. A monofunctional monomer containing an acrylamide functional
handle is used to cap the oligomer.

We envisioned a support-free strategy to synthesize oligoTEAs containing up
to three pendant functional groups (Figure 4.2). The first pendant group is incorporated
through a starting material containing both a Boc-protected secondary amine and a
terminal thiol. The second pendant group is installed through a thiol-Michael addition
of this starting material with a bi-functional monomer containing an acrylamide and an
acetylated thiol. Treatment of this intermediate with ammonia is used to liberate the
terminal thiol to elongate of the oligomer chain. An acrylamide monomer is used to add
the third pendant group. This approach was used to synthesize constitutionally isomeric

oligomers containing PEG and fert-butyl protected carboxylic acid pendant groups.
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Figure 4.3. Synthesis and characterization of PEGylated oligoTEAs. A) Structure of
sequence-defined, PEGylated oligoTEAs, B) RP-HPLC (left) and "H NMR (right) for
synthesis of oligomer 1, C) RP-HPLC (left) and "H NMR (right) for synthesis of oligomer
2, and D). RP-HPLC (left) and "H NMR (right) for synthesis of oligomer 3.

These structures contain protected- amine and carboxylic acid functional

groups for bioconjugation (Figure 4.3). Meanwhile the hydrophilic PEG side chains can

be used to mask the hydrophobicity of cytotoxic payloads. In the absence of a fluorous

138



tag support, reverse phase high pressure liquid chromatography (RP-HPLC) was used
for purification after each synthetic step. After each synthetic step, the desired product
was isolated in high purity except for the intermediate for oligomer 1. The predominated
impurity for the oligomer 1 intermediate was deprotection of the acetylated thiol under
the thiol-Michael reaction conditions. However, this impurity does not interfere with
subsequent synthetic steps. The purity of each oligomer was confirmed via '"H NMR.
Each oligomer was isolated in high purity as indicated by the accurate integration of
the characteristic peaks. Further each oligomer was isolated in the 10 — 100 mg scale

(oligomer 1: 50 mg, oligomer 2: 70 mg, and oligomer 3: 35 mg).
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A Structure of Linker D2
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Figure 4.4. Synthesis and characterization of dansyl-modified, PEGylated cross-
linkers. A) Example structure of linker D2 with dansyl placed in “2 position”, B) LC-MS
characterization of dansyl control and linkers D1 — D3. (*) represents [M+H]* of dansyl
control (336.10 Da); (**) represents [M+2H]?* of dansyl-modified cross-linkers (768.40
Da); (***) represents [M+H]* of dansyl-modified cross-linkers (1,535.70 Da), C) RP-
HPLC characterization of dansyl compounds, D) Absorbance spectra of dansyl
compounds, and E) Fluorescence emission spectra of dansyl compounds (excitation
at 327 nm).

We sought to validate the ability of these cross-linkers to modulate the local
environment of attached cargo in a sequence-specific manner. To monitor changes in
local environment, we synthesized cross-linkers modified with the environmentally
sensitive fluorophore dansyl (Figure 4.4). Dansyl is known to exhibit blue shifted

fluorescence emission and increased fluorescence quantum yield as the surrounding
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environment becomes more non-polar34. This property has been used to develop
peptide-based sensors for divalent zinc ions®, fluorescent probes for the binding of
small molecules to cyclodextrins®®, and to study molecule interactions between
biological membranes and pore-forming peptides®”. To synthesize dansyl-modified
linkers (linkers D1 — D3), the terminal secondary amine was first acetylated. This was
done to mimic the tertiary amide that will be present when these structures are attached
to a protein carrier. The pendant carboxylic acid was used as the attachment site for
the dansyl probe. A control dansyl probe containing an acetylated amine was prepared
to determine the effect of the attached cross-linker (Figure A4. 74).

LC-MS and RP-HPLC were used to validate the identity and purity of the dansyl-
modified cross-linkers (Figure 4.4). LC-MS analysis showed identical ionization
patterns for each of the dansyl-modified cross-linkers. This was to be expected due to
the constitutionally isomeric nature of the cross-linkers. RP-HPLC indicated that each
compound was isolated in high purity. Further, RP-HPLC can be used as a measure of
compound hydrophobicity. RP-HPLC analysis demonstrated that linker D2, which
places the dansyl probe in the central position of the cross-linker, was more hydrophilic
than linkers D1 and D3. To further probe structural effects, the absorbance and
fluorescence spectrum of each dansyl compound was determined. The absorbance
spectrum of each compound showed a dansyl-specific absorbance at 327 nm. The
fluorescence emission curves of the dansyl-modified cross-linkers were identical.
However, clear differences were observed in comparison to the acetylated dansyl
control. The dansyl-modified cross-linkers (peak at 560 nm) displayed a Stokes shift of
approximately 20 nm compared to the dansyl control (peak at 580 nm). Further, the
peak fluorescence intensity of the dansyl control was approximately 70% relative to the

dansyl-modified cross-linkers. While there are no detectable sequence-specific effects,
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these spectral observations indicate that the PEGylated cross-linkers place the dansyl
probe in a non-polar environment relative to the control. This could be understood as
the amphipathic PEG side chains providing shielding from the surrounding aqueous
environment. Compared to the RP-HPLC measurements, spectral measurements did
not demonstrate sequence-specific effects. This could speak to the relative resolution
of the techniques used or the importance of measuring structural effects in a physically

relevant, solution-phase format.
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Figure 4.5. Synthesis and characterization of drug-loaded, PEGylated cross-linkers. A)
Example structure of linker 2 with MMAE placed in “2 position”, B) LC-MS
characterization of the MMAE-loaded cross-linkers. (*) represents [M+H]?* of the
control cross-linker fragmented alpha to the hydrazide functional group (777.46 Da);
(**) represents [M+2H]3* of the PEGylated cross-linkers fragmented alpha to the
hydrazide functional group (918.50 Da); (***) represents [M+H]?* of the PEGylated
cross-linkers fragmented alpha to the hydrazide functional group (1,377.25 Da), C) RP-
HPLC characterization of the drug-loaded cross-linkers.

These oligomers were used to synthesize a series of drug-loaded cross-linkers

(Figure 4.5). The terminal secondary amine was used to attach a HIPS functional group
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for bioconjugation to aldehyde-tagged antibodies. The pendant carboxylic acid
functional group was used as an attachment site for MMAE, a potent anti-mitotic drug.
The cytotoxic payload was attached via a protease-sensitive dipeptide linkage. The
relative placement of hydrophilic PEG side chains was controlled by placing the
payload on pendant position 1, 2, or 3. Location of the payload was used to differentiate
the cross-linkers as linker 1, 2, and 3 corresponding to position 1, 2, and 3 respectively.
As an example, the structure of linker 2 is shown. A control cross-linker was
synthesized wherein the payload is directly attached to a HIPS functional group for
bioconjugation (Figure A4. 70). Liquid-chromatography mass spectrometry (LC-MS)
was used to confirm the isomeric nature of the linkers. RP-HPLC was used to assess
the purity and hydrophobicity of the isolated cross-linkers. RP-HPLC indicated that
each linker was isolated in high purity. Additionally, linker 1 was shown to be more
hydrophobic than linkers 2 and 3, which were nearly indistinguishable via RP-HPLC.
Interestingly, this is different from the trend that was observed for the dansyl-modified
cross-linkers. This result highlights the influence of cross-linker modifications such as
cargo and conjugation chemistry on the sequence-specific properties of chemical

cross-linkers.
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Figure 4.6. Synthesis and characterization of sequence-defined antibody-drug
conjugates (ADCs). A) Synthesis scheme for sequence-defined ADCs, B) MALDI-MS
characterization of control ADC (left) and sequence-defined ADCs (right), C) HIC
characterization of ADCs, and D) SEC characterization of ADCs.

To assess how cross-linker properties translate to antibody-drug conjugate
properties, we conjugated each cross-linker to C-terminally aldehyde-tagged

trastuzumab (Figure 4.6). Conjugate molecular weight was confirmed by MALDI-MS
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analysis. Conjugation of trastuzumab with the control cross-linker and PEGylated
cross-linkers gave increases of 3 kDa and 5.6 kDa respectively in the apparent
molecular weight, as expected. The global hydrophobicity of each antibody-drug
conjugate was analyzed via HIC. When analyzed via RP-HPLC, the control cross-linker
was noticeably more hydrophilic than the PEGylated cross-linkers. Consistent with this
result, the control ADC was more hydrophilic than the PEGylated ADCs when analyzed
via HIC. Analysis of the PEGylated ADCs via HIC reveals that RP-HPLC analysis does
not directly translate. When analyzed via RP-HPLC, linker 1 was found to be more
hydrophobic than linkers 2 and 3. However, HIC analysis showed that ADC #1, which
places the payload closest to the antibody, was most hydrophilic. As the hydrophobic
payload was placed further away from the antibody the overall hydrophobicity of the
ADC increased. This result indicates that hydrophobic screening is most efficient when
PEGylation is placed distally from the payload. Further, this result highlights the
importance of analyzing cross-linker properties within the context of the conjugated

antibody.

Size exclusion chromatography (SEC) was used to analyze the aggregation
propensity of the ADCs (Figure 4.6). Each of the ADCs eluted later than the parent
antibody. This is consistent with increased hydrophobic interactions with the underlying
solid phase. Interestingly, hydrophobic retention via SEC confirms that ADC #1 is the
most hydrophilic of the PEGylated ADCs. The control ADC showed no noticeable signs
of aggregation. However, each of the PEGylated ADCs showed a small degree of
aggregation as quantified via area under the curve (ADC #1: 3.0%, ADC #2: 3.0%, and
ADC #3: 1.7%). ADC #1 was measured to be the most hydrophilic of the PEGylated
ADCs whereas ADC #3 was determined to have the smallest aggregated fraction.

However, overall, none of the ADCs showed a significant degree of aggregation.
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Figure 4.7. Functional testing of antibody-drug conjugates using SKOV3 cells. A)
Characterization of receptor binding affinity (2 biological replicates measured in
duplicate), B) Characterization of ADC potency (3 biological replicates measured in
triplicate) C) Kinetic measurement of ADC potency (3 biological replicates measured in

triplicate.

Antigen binding was assessed via a competition binding experiment with a

fluorescein-modified trastuzumab (Figure 4.7). Fluorescein is a relatively small

modification and therefore should minimally impact antigen binding. Analysis via flow

cytometry showed that the fluorescein conjugate binds to SKOV3 cells, a Her2 positive
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cell line, with an apparent affinity of 2.4 nM. Competition binding was performed in
which a constant amount of fluorescein-modified antibody was mixed with an
increasing amount of each ADC. This experiment yields a binding inhibition curve from
which the concentration required to inhibit 50% of binding can be determined. The
control ADC bound to the Her2 receptor with an IC50 value of 5.8 nM. ADC #2 and
ADC #3 bound with IC50 values of 4.8 nM and 4.4 nM respectively, which were
statistically indistinguishable from the binding of the control ADC. However, ADC #1
displayed an IC50 value of 1.8 nM, which was statistically distinguishable from all other

ADCs tested (p < 0.05)

To evaluate the effect of cross-linker sequence on intracellular processing, in
vitro potency of the ADCs was analyzed using SKOV3 cells, a model Her2 positive cell
line (Figure 4.7). A positive control of the free drug (MMAE) showed and IC50 values
of 288 pM, in line with literature reports. The control ADC, ADC #1, ADC #2, and ADC
#3 displayed IC50 values of 108 pM, 429 pM, 604 pM, and 395 pM respectively. ADCs
#1 — 3 all performed worse than the control ADC (p < 0.001). When compared to each
other, ADC #2 performed (p < 0.05) worse than ADC #1 and ADC #3, which were
statistically indistinguishable. This data suggests that cross-linker PEGylation and
sequence may influence the intracellular processing of ADCs. This may be due to steric
hindrance near the protease-sensitive dipeptide bond. Steric hindrance may inhibit the
activity of intracellular proteases towards cleaving the dipeptide bond that links MMAE
to the cross-linker. We reasoned that differential release inside cells may lead to
differences in the rate of cell death upon treatment with our library of ADCs. To test
this, we carried out a kinetic measurement of cell viability at a constant ADC
concentration of 1 nM. Qualitatively, there appear to be some subtle differences in the

measured death curves. However, the degree of uncertainty in the death rates
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extracted from the data yielded statistically insignificant difference. Careful analysis of
the intracellular degradation rate of these bonds would be needed to ascertain the

functional basis for this decrease in potency.

4.3 - Conclusions

In conclusion, we have developed a support-free methodology for the synthesis
of oligoTEA-based chemical cross-linkers. This methodology was successfully applied
to the synthesis three constitutionally isomeric oligomers containing amine and
carboxylic acid functional groups for bioconjugation as well as hydrophilic PEG side
chains. We employed these sequence-defined oligomers to explore the effect of cross-
linker sequence on the solution-phase shielding of dansyl, an environmentally sensitive
dye. PEGylated oligomers were found to shield the attached dye from the polar
aqueous environment. However, spectrally, sequence-specific effects were not
observed. Further, we sought to investigate the effect of cross-linker sequence on
biophysical properties and performance of antibody-drug conjugates. To this end, we
designed, synthesized, and characterized three ADCs, comprised of trastuzumab and
monomethyl auristatin e (MMAE), which differed in the placement of the drug payload
relative to two hydrophilic PEG side chains. We took a holistic approach to
characterizing these ADCs and their interactions with cells. Oligomer sequence was
found to affect the apparent hydrophobicity of cross-linkers loaded with payload and a
HIPS functional group for bioconjugation. Upon attachment to the antibody, placement
of PEG side chains distally from the antibody (ADC #1) was found to increase the
hydrophilicity of the resulting ADC. Aggregation analysis via SEC indicated that none
of the ADCs displayed significant amounts of aggregation. Placement of payload was
shown to influence antigen binding with ADC #1 displaying the tightest binding to the

Her2 receptor expressed on SKOV3 cells. Finally, PEGylation was shown to influence
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the potency of the ADCs towards SKOV3 cells, with each PEGylated ADC performing
worse than the control ADC. Taken together, these data highlight the subtle and
unexpected ways in which cross-linker sequence can affect the biophysical and in vitro
functional properties of antibody-drug conjugates. However, in vivo studies will be
needed to determine if this collection of in vitro differences translates to differences in
efficacy. Studies of the influence of cross-linker sequence on other in vivo parameters
such as circulation time and non-specific drug release are another important next step.
The support-free synthesis methodology presented here can be used to explore the
influence of other features such as different payloads, multiple payloads, variable PEG
length, or antibody conjugation site. In this way, cross-linker sequence will emerge as

a novel handle to fine tune the properties of antibody-drug conjugates.
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4.4 — Alternative Approaches

The support-free synthesis methodology developed here (Figure 4.2 and
Figure 4.3) proved to be a convenient and effective route to synthesizing PEGylated
cross-linkers for antibody-drug conjugates. However, the use of a bi-functional
monomer limits the utility of this approach as a general platform for oligoTEA synthesis.
The use of bifunctional monomers couples the selection of pendant group functionality
and backbone chemistry. This negates two advantages of traditional oligoTEA
synthesis. By taking a co-monomer approach, traditional oligoTEA synthesis decouples
the selection of pendant group and backbone chemistry. This enables the modulation
of oligomer properties using a variety of commercially available dithiol building block.
Further, N-allylacrylamide monomers typically required two synthetic steps as
compared to six steps required to synthesize a bifunctional acrylamide-acetylated thiol.
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Figure 4.8. Alternative methodology for support-free synthesis of oligoTEAs. One-pot,

sequential addition of a bifunctional N-allylacrylamide monomer and a monoacetylated
dithiol monomer is used to extend the oligomer.
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To address these shortcomings, we envisioned an alternative support-free
strategy to synthesize oligoTEAs (Figure 4.8). In this approach, the first pendant group
is incorporated through a starting material containing both a Boc-protected secondary
amine and a terminal thiol. The second pendant group is installed through sequential,

one-pot thiol-Michael and thiol-ene reactions using an N-allylacrylamide monomer and
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a monoacetylated dithiol co-monomer. Treatment of this intermediate with ammonia is
used to liberate the terminal thiol to elongate of the oligomer chain. A second synthetic
cycle using an N-allylacrylamide monomer and an unprotected dithiol is used to install
the third functional group. This terminal thiol can be used for directly for bioconjugation
or to elongate the oligomer chain. To demonstrate the feasibility of this alternative
approach we synthesized three constitutionally isomeric oligomers containing a variety

of functional groups relevant in bioconjugation.
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Figure 4.9. Synthesis and characterization of multifunctional oligoTEAs. A) Structure
of sequence-defined, multifunctional oligoTEAs, B) RP-HPLC (left) and "H NMR (right)
for synthesis of oligomer 1, C) RP-HPLC (left) and '"H NMR (right) for synthesis of
oligomer 2, and D). RP-HPLC (left) and "H NMR (right) for synthesis of oligomer 3.
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These structures contain four functional groups for bioconjugation (Boc
protected amine, tert-butyl protected carboxylic acid, azide, and thiol) and a hydrophilic
PEG side chain (Figure 4.9). Reverse phase high pressure liquid chromatography (RP-
HPLC) was used for purification after each synthetic step. Each intermediate product
was isolated in reasonable. The predominated impurity for the intermediates was
deprotection of the acetylated thiol due to the presence of catalytic amounts of base
required for the thiol-Michael reaction. However, this impurity does not interfere with
subsequent synthetic steps. The purity of each oligomer was confirmed via '"H NMR.
Each oligomer was isolated in high purity as indicated by the accurate integration of
the characteristic peaks. Further each oligomer was isolated at a near 10 mg scale
(oligomer 1: 10.4 mg, oligomer 2: 8.5 mg, and oligomer 3: 9.0 mg). This data presents
the sequential reaction approach as a viable alternative that will provide greater

structural flexibility compared to complex, bi-functional monomers.
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Materials and Methods

Reagents for Chemical Synthesis

All chemicals were purchased from MilliporeSigma unless stated otherwise.
Reagents for Molecular Biology and Cell Culture

All cell culture reagents were purchased from ThermoFisher Scientific unless stated
otherwise. SKOV3 and MCF7 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) and DMEM supplemented with insulin (0.01 mg/mL), respectively. CellTiter
96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from
Promega.

Flash Chromatography

Flash chromatography was performed on a Teledyne ISCO CombiFlash Rf-200i
chromatography system equipped with UV-Vis and evaporative light scattering
detectors (ELSD).

Nuclear Magnetic Resonance (NMR) Spectroscopy

'"H and "®C NMR spectra were recorded on either an INOVA 400 MHz or 500 MHz
spectrometer as specified. NMR data was analyzed by MestReNova software. 'H and
13C NMR chemical shifts are reported in units of ppm relative to chloroform.

Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS analysis was carried out on an Agilent 1100 Series LC with a Poroshell 120 EC-
C18 column (100 x 3 mm, 2.7 um, Agilent Technologies) and an Agilent G1956B Series
Single Quadripole MS in positive ion mode for mass detection. The mobile phase for
LC-MS (solvent A) was water with 0.1% (v/v) acetic acid, and the stationary phase
(solvent B) was acetonitrile with 0.1% (v/v) acetic acid. Compounds were eluted at a

flow rate of 0.6 mL/min using a gradient of 5-100% solvent B (0-10 minutes) followed
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by 100% solvent B (10-12 minutes) and equilibrated back to 5% solvent B (12-15
minutes).

Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector. Semi-preparative
RP-HPLC was performed with a C18 column (Agilent Eclipse XDB-C18, 9.4 x 250 mm,
5 um). Analytical RP-HPLC was performed with a C18 column (Agilent Eclipse Plus
C18, 4.6 x 150 mm, 5 pym). The mobile phase for HPLC was water with 0.1% (v/v)
trifluoroacetic acid (solvent A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid
(solvent B) unless specified otherwise. Compounds were eluted at a flow rate of either
4 mL/min (semi-preparative) or 1 mL/min (analytical) using a linear solvent gradient as
specified below.

Hydrophobic Interaction Chromatography (HIC)

HIC was performed on an Agilent 1100 Series HPLC system equipped with a UV diode
array detector and an 1100 Infinity fraction collector using a Tosoh Biosciences TSKgel
SuperSW3000 column (4.6 x 300 mm, 4 um). The mobile phase for SEC was 100 mM
Na>SO4, 100 mM phosphate, pH 6.7. Compounds were eluted isocratic at a flow rate
of 0.35 mL/min.

Size Exclusion Chromatography (SEC)

SEC was performed on an Agilent 1100 Series HPLC system equipped with a UV diode
array detector and an 1100 Infinity fraction collector using a reversed-phase phenyl
column (Tosoh Biosciences LLC, TSKgel Phenyl-5PW, 7.5 x 75 mm, 10 um). The
mobile phase for HIC was 25 mM phosphate, 1.5 M ammonium sulfate, pH 7.0 (solvent

A) and 18.75 mM phosphate, 25% (v/v) isopropyl alcohol, pH 7.0 (solvent B).
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Compounds were eluted at a flow rate of 1 mL/min using a linear solvent gradient as
specified below.

Flow Cytometry Quantification of Binding Affinity (Kp)

One day prior to the experiment, SKOV3 cells were plated at 60,000 cells/well in a 24-
well plate. The next day, the media was removed, the cells were washed with PBS, and
then incubated at 37°C for 1 hour with dilutions of fluorescein-modified antibody starting
at a concentration of 10 nM. After incubation, the cells were washed with PBS,
trypsinized, pelleted, and suspended in PBS for flow cytometry analysis. Green
fluorescence was measured on a BD FACS Calibur with BD FACS Calibur with the
following instrument settings: FSC detector: E-1 Voltage, 3 Amp Gain, SSC detector:
400 Voltage, 1 Amp Gain, FL1 detector: 600 Voltage, 1 Amp Gain. Data processing
was performed using FlowJo software.

Flow Cytometry Analysis of Competitive Binding

One day prior to the experiment, SKOV3 cells were plated at 60,000 cells/well in a 24-
well plate. The next day, the media was removed, the cells were washed with PBS, and
then incubated at 37°C for 1 hour with a mixture of 1 nM of fluorescein-modified
antibody and three-fold serial dilutions of the conjugate to be tested starting at a
concentration of 100 nM. After incubation, the cells were washed with PBS, trypsinized,
pelleted, and suspended in PBS for flow cytometry analysis. Green fluorescence was
measured on a BD FACS Calibur with BD FACS Calibur with the following instrument
settings: FSC detector: E-1 Voltage, 3 Amp Gain, SSC detector: 400 Voltage, 1 Amp
Gain, FL1 detector: 600 Voltage, 1 Amp Gain. Data processing was performed using

FlowdJo software.
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In Vitro Potency of Antibody-drug Conjugates

SKOV3 and MCF7 cells were plated at 6,000 and 1,500 cells/well, respectively, and
allowed to adhere overnight. After overnight incubation, three-fold serial dilutions of the
conjugates or MMAE control starting at 100 nM were added. Treated cells were then
incubated for 4 days. Cell viability was measured using MTS according to the
manufacturer’s instructions using a Tecan Infinite M1000 Pro microplate reader.
Percent viability was calculated by comparison to untreated cells and media alone.
Potency data for MCF7, a Her2 negative cell line, is provided.

Synthesis of Compound (1) (Figure A4. 1 and Figure A4. 2)

1 equivalency of acetyl chloride (400 mg, 5.3 mmol) was dissolved at 1.7 M in
tetrahydrofuran. Separately, 2 equivalencies of 2,2'-(ethane-1,2-
diylbis(oxy))bis(ethane-1-thiol) was dissolved at 150 mM in tetrahydrofuran in the
presence of 6 equivalencies of triethylamine and stirred on ice for 15 minutes. The
acetyl chloride solution was then added dropwise on ice over one hour. The reaction
mixture was removed to room temperature for one hour. Then the reaction was
quenched with 50 mL of water and extracted with ethyl acetate (40 mL, 3x). The
combined organic layers were dried with sodium sulfate and concentrated under
vacuum. Compound (1) was purified via silica gel flash chromatography. Solvent A:
hexanes. Solvent B: ethyl acetate. Gradient: 0 — 30% solvent B over 40 minutes.
Elution: 15% ethyl acetate. Yield: 60%, 740 mg, 3.3 mmol. The product was
characterized by 'H NMR.

Synthesis of Compound (2) (Figure A4. 3 and Figure A4. 4)

1 equivalency of tert-butyl 2-bromoacetate (1 g, 5.2 mmol) was added dropwise to a
stirred solution of 10 equivalencies of prop-2-en-1-amine and 1.1 equivalencies of

potassium carbonate. The mixture was reacted at room temperature overnight. The
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mixture was then filtered through celite and recovered by washing with a copious
amount of dichloromethane. The filtered product was collected and concentrated under
vacuum. The crude product (2) was used without further purification. Yield: 95%, 840
mg, 4.9 mmol. The product was characterized by '"H NMR.

Synthesis of Compound (3) (Figure A4. 5 and Figure A4. 6)

1 equivalency of (2) (920 mg, 5.4 mmol) was dissolved at 214 mM in dichloromethane.
Triethylamine (1.1 equivalencies) was added to the solution. The resulting mixture was
stirred on ice for 5 minutes. Separately, 1.1 equivalency of di-tert-butyl dicarbonate was
dissolved at 550 mM in dichloromethane. The di-tert-butyl dicarbonate solution was
added to the stirred solution over 5 minutes. The mixture was reacted on ice for 1 hour.
The mixture was then removed to room temperature and react at room temperature
overnight. The reaction was quenched with 150 mL of saturated sodium bicarbonate
and extracted with dichloromethane (50 mL, 3x). The combined organic layers were
dried with sodium sulfate and concentrated under vacuum. The crude product (3) was
used without further purification. Yield: 97%, 1430 mg, 5.3 mmol. The product was
characterized by 'H NMR.

Synthesis of Compound (4) (Figure A4. 7 and Figure A4. 8)

1 equivalency of (3) (800 mg, 3 mmol) was dissolved at 1 M in methanol. 3
equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-1-thiol) and 0.6 equivalencies
of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture
was irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent was removed
under vacuum. Compound (4) was purified via silica gel flash chromatography. Solvent
A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 30% solvent B over 30 minutes.
Elution: 25% ethyl acetate. Yield: 48%, 640 mg, 1.4 mmol. The product was

characterized by '"H NMR and LC-MS (calculated: 476.22, observed: 476.20 [M+Nal*).

158



Synthesis of Compound (5) (Figure A4. 9 and Figure A4. 10)

1 equivalency of (3) (800 mg, 3 mmol) was dissolved at 1 M in methanol. 1.1
equivalencies of (1) and 0.22 equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-one
were added to this solution. The mixture was irradiated with UV light at 20 mW/cm? for
270 seconds. The solvent was removed under vacuum. Compound (5) was purified via
silica gel flash chromatography. Solvent A: hexanes. Solvent B: ethyl acetate. Gradient:
0 — 30% solvent B over 30 minutes. Elution: 25% ethyl acetate. Yield: 63%, 920 mg,
1.9 mmol. The product was characterized by '"H NMR and LC-MS (calculated: 518.23,
observed: 518.20 [M+Na]*).

Synthesis of Compound (6) (Figure A4. 11 and Figure A4. 12)

Selective removal of the Boc protecting group was achieved by dissolving 1
equivalency (660 mg, 1.3 mmol) of (5) at 200 mM in ethyl acetate in the presence of 5
equivalencies of hydrochloric acid. Boc deprotection was carried out at room
temperature for 4 hours. The reaction was then place on ice and the hydrochloric acid
was neutralized with triethylamine. 2 equivalencies of triethylamine were added to the
neutralized reaction mixture and stirred on ice for 5 minutes. Separately, 1.5
equivalencies of acryloyl chloride were dissolved at 1.1 M in ethyl acetate. The acryloyl
chloride solution was added dropwise over 1 hour on ice. The reaction was then
removed to room temperature for 1 hour. The reaction was quenched with 150 mL of
water and extracted with ethyl acetate (25 mL, 3x). The combined organic layers were
dried with sodium sulfate and the solvent was removed under vacuum. The crude
product (6) was purified via silica gel flash chromatography. Solvent A: hexanes.
Solvent B: ethyl acetate. Gradient: 0 — 100% solvent B over 40 minutes. Elution: 67%
ethyl acetate. Yield: 33%, 183 mg, 0.4 mmol. The product was characterized by 'H

NMR and LC-MS (calculated: 472.19, observed: 472.10 [M+Na]*).
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Synthesis of Compound (7) (Figure A4. 13 and Figure A4. 14)

1 equivalency of (3) (670 mg, 2.5 mmol) was dissolved at 1 M in methanol. 1.2
equivalencies of 2-(2-methoxyethoxy)ethane-1-thiol and 0.24 equivalencies of 2,2-
dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture was
irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent was removed under
vacuum. Compound (7) was purified via silica gel flash chromatography. Solvent A:
hexanes. Solvent B: ethyl acetate. Gradient: 0 — 40% solvent B over 40 minutes.
Elution: 20% ethyl acetate. Yield: 64%, 640 mg, 1.6 mmol. The product was
characterized by '"H NMR and LC-MS (calculated: 430.23, observed: 430.20 [M+Nal*).
Synthesis of Compound (8) (Figure A4. 15 and Figure A4. 16)

Removal of the Boc protecting group was achieved by dissolving 1 equivalency (640
mg, 1.6 mmol) of (7) at 500 mM in solution of 50% (v/v) trifluoroacetic acid in
dichloromethane. The reaction was stirred at room temperature for 1 hour. Excess
trifluoroacetic acid was removed under vacuum. The crude product was then dissolved
at 214 mM in dichloromethane and residual trifluoroacetic acid was neutralized with
triethylamine. 1.2 equivalencies of triethylamine were added to the neutralized reaction
mixture and stirred on ice for 5 minutes. Separately, 1.5 equivalencies of acryloyl
chloride were dissolved at 750 mM in dichloromethane. The acryloy! chloride solution
was added dropwise over 1 hour on ice. The reaction was then removed to room
temperature for 1 hour. The reaction was quenched with 150 mL of water and extracted
with dichloromethane (40 mL, 3x). The combined organic layers were dried with sodium
sulfate and the solvent was removed under vacuum. The crude product (8) was purified
via silica gel flash chromatography. Solvent A: hexanes. Solvent B: ethyl acetate.

Gradient: 0 — 100% solvent B over 30 minutes. Elution: 65% ethyl acetate. Yield: 15%,
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86 mg, 0.24 mmol. The product was characterized by '"H NMR and LC-MS (calculated:
384.19, observed: 384.15 [M+Na]").

Synthesis of Compound (9) (Figure A4. 17 and Figure A4. 18)

1 equivalency of 13-bromo-2,5,8,11-tetraoxatridecane (1 g, 3.7 mmol) was added
dropwise to a stirred solution of 10 equivalencies of prop-2-en-1-amine and 1.1
equivalencies of potassium carbonate. The mixture was reacted at room temperature
overnight. The mixture was then filtered through celite and recovered by washing with
a copious amount of dichloromethane. The filtered product was collected and
concentrated under vacuum. The crude product (9) was used without further
purification. Yield: 93%, 940 mg, 3.8 mmol. The product was characterized by '"H NMR.
Synthesis of Compound (10) (Figure A4. 19 and Figure A4. 20)

1 equivalency of (9) (940 mg, 3.8 mmol) was dissolved at 214 mM in dichloromethane.
Triethylamine (1.1 equivalencies) was added to the solution. The resulting mixture was
stirred on ice for 5 minutes. Separately, 1.1 equivalency of di-tert-butyl dicarbonate was
dissolved at 550 mM in dichloromethane. The di-tert-butyl dicarbonate solution was
added to the stirred solution over 5 minutes. The mixture was reacted on ice for 1 hour.
The mixture was then removed to room temperature and react at room temperature
overnight. The reaction was quenched with 150 mL of saturated sodium bicarbonate
and extracted with dichloromethane (50 mL, 3x). The combined organic layers were
dried with sodium sulfate and concentrated under vacuum. The crude product (3) was
used without further purification. Yield: 95%, 1250 mg, 3.6 mmol. The product was
characterized by '"H NMR.

Synthesis of Compound (11) (Figure A4. 21 and Figure A4. 22)

1 equivalency of (10) (660 mg, 1.9 mmol) was dissolved at 1 M in methanol. 3

equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-1-thiol) and 0.6 equivalencies
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of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture
was irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent was removed
under vacuum. Compound (11) was purified via silica gel flash chromatography.
Solvent A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 100% solvent B over 30
minutes. Elution: 80% ethyl acetate. Yield: 58%, 580 mg, 1.1 mmol. The product was
characterized by '"H NMR and LC-MS (calculated: 552.27, observed: 552.20 [M+Na]*).
Synthesis of Compound (12) (Figure A4. 23 and Figure A4. 24)

1 equivalency of (10) (870 mg, 2.5 mmol) was dissolved at 1 M in methanol. 1.1
equivalencies of (1) and 0.22 equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-one
were added to this solution. The mixture was irradiated with UV light at 20 mW/cm? for
270 seconds. The solvent was removed under vacuum. Compound (12) was purified
via silica gel flash chromatography. Solvent A: hexanes. Solvent B: ethyl acetate.
Gradient: 0 — 100% solvent B over 30 minutes. Elution: 80% ethyl acetate. Yield: 67%,
950 mg, 1.7 mmol. The product was characterized by '"H NMR and LC-MS (calculated:
594 .28, observed: 594.20 [M+Na]").

Synthesis of Compound (13) (Figure A4. 25 and Figure A4. 26)

Removal of the Boc protecting group was achieved by dissolving 1 equivalency (615
mg, 1.1 mmol) of (12) at 500 mM in solution of 50% (v/v) trifluoroacetic acid in
dichloromethane. The reaction was stirred at room temperature for 1 hour. Excess
trifluoroacetic acid was removed under vacuum. The crude product was then dissolved
at 214 mM in dichloromethane and residual trifluoroacetic acid was neutralized with
triethylamine. 1.2 equivalencies of triethylamine were added to the neutralized reaction
mixture and stirred on ice for 5 minutes. Separately, 1.5 equivalencies of acryloyl
chloride were dissolved at 750 mM in dichloromethane. The acryloyl chloride solution

was added dropwise over 1 hour on ice. The reaction was then removed to room

162



temperature for 1 hour. The reaction was quenched with 100 mL of water and extracted
with dichloromethane (25 mL, 3x). The combined organic layers were dried with sodium
sulfate and the solvent was removed under vacuum. The crude product was purified
via silica gel flash chromatography. Solvent A: dichloromethane. Solvent B: methanol.
Gradient: 0 — 10% solvent B over 30 minutes. Elution: 2.5% methanol. Yield: 70%, 400
mg, 0.75 mmol. The product was characterized by '"H NMR and LC-MS (calculated:
526.24, observed: 526.20 [M+H]*).

Synthesis of Compound (14) (Figure A4. 27 and Figure A4. 28)

1 equivalency of (10) (390 mg, 1.1 mmol) was dissolved at 1 M in methanol. 1.2
equivalencies of 2-(2-methoxyethoxy)ethane-1-thiol and 0.24 equivalencies of 2,2-
dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture was
irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent was removed under
vacuum. Compound (14) was purified via silica gel flash chromatography. Solvent A:
dichloromethane. Solvent B: methanol. Gradient: 0 — 5% solvent B over 30 minutes.
Elution: 2.5% methanol. Yield: 76%, 410 mg, 0.85 mmol. The product was
characterized by '"H NMR and LC-MS (calculated: 506.29, observed: 506.20 [M+Na]*).
Synthesis of Compound (15) (Figure A4. 29 and Figure A4. 30)

Removal of the Boc protecting group was achieved by dissolving 1 equivalency (410
mg, 0.85 mmol) of (14) at 500 mM in solution of 50% (v/v) trifluoroacetic acid in
dichloromethane. The reaction was stirred at room temperature for 1 hour. Excess
trifluoroacetic acid was removed under vacuum. The crude product was then dissolved
at 214 mM in dichloromethane and residual trifluoroacetic acid was neutralized with
triethylamine. 1.2 equivalencies of triethylamine were added to the neutralized reaction
mixture and stirred on ice for 5 minutes. Separately, 1.5 equivalencies of acryloyl

chloride were dissolved at 750 mM in dichloromethane. The acryloyl chloride solution

163



was added dropwise over 1 hour on ice. The reaction was then removed to room
temperature for 1 hour. The reaction was quenched with 100 mL of water and extracted
with dichloromethane (25 mL, 3x). The combined organic layers were dried with sodium
sulfate and the solvent was removed under vacuum. The crude product (15) was
purified via silica gel flash chromatography. Solvent A: dichloromethane. Solvent B:
methanol. Gradient: 0 — 10% solvent B over 30 minutes. Elution: 3.5% methanol. Yield:
63%, 230 mg, 0.53 mmol. The product was characterized by '"H NMR and LC-MS
(calculated: 438.24, observed: 438.20 [M+H]*).

Synthesis of Compound (16) (Figure A4. 31 — Figure A4. 33)

1 equivalency of 3-bromopropan-1-ol (4470 mg, 32.4 mmol) was dissolved at 950 mM
in water. 2 equivalencies of sodium azide were added to this solution. The resulting
mixture was heated to near reflux (90°C) and stirred overnight. Then the reaction
mixture was extracted with dichloromethane (35 mL, 4x). The combined organic layer
was dried with sodium sulfate and the solvent was removed under vacuum. The crude
product (16) was used without further purification. Yield: 80%, 2630 mg, 26 mmol. The
product was characterized by '"H NMR and *C NMR.

Synthesis of Compound (17) (Figure A4. 34 — Figure A4. 36)

1 equivalency (1430 mg, 14 mmol) of (16) was dissolved at 340 mM in dry chloroform.
2 equivalencies of phosphorus tribromide were added to this solution slowly. The
resulting mixture was refluxed at 50°C overnight. Then the reaction mixture was
removed from reflux and placed in an ice bath. The reaction was quenched by the slow
addition of 125 mL of saturated sodium bicarbonate and extracted with chloroform (50
mL, 4x). The combined organic layers were dried with sodium sulfate and the solvent

was removed under vacuum. The crude product (17) was used without further
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purification. Yield: 63%, 1450 mg, 8.9 mmol. The product was characterized by '"H NMR
and *C NMR.

Synthesis of Compound (18) (Figure A4. 37 and Figure A4. 38)

1 equivalency (1450 mg, 8.9 mmol) of (17) was added dropwise to a stirred solution of
10 equivalencies of prop-2-en-1-amine and 1.1 equivalencies of potassium carbonate.
The mixture was reacted at room temperature overnight. The mixture was then filtered
through celite and recovered by washing with a copious amount of dichloromethane.
The filtered product was collected and concentrated under vacuum. The crude product
(18) was used without further purification. Yield: 78%, 980 mg, 7 mmol. The product
was characterized by '"H NMR.

Synthesis of Compound (19) (Figure A4. 39)

1 equivalency of (18) (500 mg, 3.6 mmol) was dissolved at 214 mM in dichloromethane.
Triethylamine (1.1 equivalencies) was added to the solution. The resulting mixture was
stirred on ice for 5 minutes. Separately, 1.1 equivalency of di-tert-butyl dicarbonate was
dissolved at 550 mM in dichloromethane. The di-tert-butyl dicarbonate solution was
added to the stirred solution over 5 minutes. The mixture was reacted on ice for 1 hour.
The mixture was then removed to room temperature and react at room temperature
overnight. The reaction was quenched with 100 mL of saturated sodium bicarbonate
and extracted with dichloromethane (80 mL, 4x). The combined organic layers were
dried with sodium sulfate and concentrated under vacuum. The crude product (19) was
used without further purification or characterization. Yield: 90%, 770 mg, 3.2 mmol.
Synthesis of Compound (20) (Figure A4. 40 and Figure A4. 41)

1 equivalency of (19) (494 mg, 2.1 mmol) was dissolved at 1 M in methanol. 3
equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-1-thiol) and 0.6 equivalencies

of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture
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was irradiated with UV light at 20 mW/cm? for 270 seconds. The solvent was removed
under vacuum. Compound (20) was purified via silica gel flash chromatography.
Solvent A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 50% solvent B over 30
minutes. Elution: 33% ethyl acetate. Yield: 31%, 580 mg, 0.64 mmol. The product was
characterized by '"H NMR and LC-MS (calculated: 445.20, observed: 445.10 [M+Nal*).
Synthesis of Compound (21) (Figure A4. 42 and Figure A4. 43)

1 equivalency (375 mg, 2.7 mmol) of (18) was dissolved at 214 mM in dichloromethane.
1.2 equivalencies of triethylamine were added to this solution and stirred on ice for 5
minutes. Separately, 1.2 equivalencies of acryloyl chloride were dissolved at 750 mM
in dichloromethane. The acryloyl chloride solution was added dropwise over 1 hour on
ice. The reaction was then removed to room temperature for 1 hour. The reaction was
quenched with 10 mL of water and extracted with dichloromethane (50 mL, 3x). The
combined organic layers were dried with sodium sulfate and the solvent was removed
under vacuum. The crude product (21) was purified via silica gel flash chromatography.
Solvent A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 100% solvent B over 30
minutes. Elution: 33% ethyl acetate. Yield: 30%, 156 mg, 0.80 mmol. The product was
characterized by '"H NMR.

Synthesis of Compound (22) (Figure A4. 44 and Figure A4. 45)

1 equivalency (890 mg, 5.2 mmol) of (2) was dissolved at 214 mM in dichloromethane.
1.2 equivalencies of triethylamine were added to this solution and stirred on ice for 5
minutes. Separately, 1.2 equivalencies of acryloyl chloride were dissolved at 750 mM
in dichloromethane. The acryloyl chloride solution was added dropwise over 1 hour on
ice. The reaction was then removed to room temperature for 1 hour. The reaction was
quenched with 100 mL of water and extracted with dichloromethane (50 mL, 3x). The

combined organic layers were dried with sodium sulfate and the solvent was removed
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under vacuum. The crude product (22) was purified via silica gel flash chromatography.
Solvent A: hexanes. Solvent B: ethyl acetate. Gradient: 0 — 50% solvent B over 30
minutes. Elution: 25% ethyl acetate. Yield: 72%, 848 mg, 3.8 mmol. The product was
characterized by 'H NMR.

Synthesis of Compound (23) (Figure A4. 46 and Figure A4. 47)

1 equivalency (890 mg, 3.6 mmol) of (9) was dissolved at 214 mM in dichloromethane.
1.2 equivalencies of triethylamine were added to this solution and stirred on ice for 5
minutes. Separately, 1.2 equivalencies of acryloyl chloride were dissolved at 750 mM
in dichloromethane. The acryloyl chloride solution was added dropwise over 1 hour on
ice. The reaction was then removed to room temperature for 1 hour. The reaction was
quenched with 100 mL of water and extracted with dichloromethane (50 mL, 3x). The
combined organic layers were dried with sodium sulfate and the solvent was removed
under vacuum. The crude product (23) was purified via silica gel flash chromatography.
Solvent A: dichloromethane. Solvent B: methanol. Gradient: 0 — 5% solvent B over 15
minutes. Elution: 2.5% methanol. Yield: 79%, 860 mg, 2.86 mmol. The product was
characterized by 'H NMR.

Synthesis of PEGylated Oligomers (Compounds 24 — 29) (Figure A4. 48 — Figure
A4. 54)

Step 1: 1 equivalency of thiol-containing starting material (compound 4 or 11) was
dissolved at 500 mM in acetonitrile. 1 equivalency of mono-protected acrylamide
monomer (compound 6 or 13) and 1 equivalency of triethylamine were added. This
mixture was reacted overnight at room temperature and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes and characterized via LC-MS.

Compound (24): eluted at 28.4 min. Calculated 1001.46, Observed 1001.40 [M+Na]*
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Compound (25): eluted at 28.0 min. Calculated 1001.46, Observed 1001.36 [M+Na]*
Compound (26): eluted at 24.8 min. Calculated 1077.52, Observed 1077.30 [M+Na]*
Step 2: Removal of the thioester protecting group was achieved by dissolving 1
equivalency of step 1 product (compound 24, 25, or 26) at 175 mM in methanol
containing 7 M ammonia. Deprotection was performed for 1 hour at room temperature.
After deprotection, methanol and ammonia were removed under vacuum. The
deprotected product was then dissolved at 500 mM in acetonitrile. 1.2 equivalency of
acrylamide monomer (compound 8 or 15) and 0.1 equivalencies of DBU were added.
The mixture was reacted overnight at room temperature and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes and characterized via '"H NMR and LC-
MS.

Compound (27): eluted at 26.0 min. Calculated 1396.70, Observed 1396.50 [M+Na]*
Compound (28): eluted at 25.8 min. Calculated 1396.70, Observed 1396.40 [M+Na]*
Compound (29): eluted at 25.6 min. Calculated 1396.70, Observed 1396.60 [M+Na]*
Synthesis of Multifunctional Oligomers (Compounds 30 — 35) (Figure A4. 55 —
Figure A4. 61)

Step 1: 1 equivalency of thiol-containing starting material (compound 4, 11, 20) was
dissolved at 500 mM in acetonitrile. 1.1 equivalency of N-allylacrylamide monomer
(compound 21, 22, or 23) and 0.1 equivalency of DBU were added. This mixture was
reacted overnight at room temperature and then dried under vacuum. The crude
product was then suspended at 1 M in methanol. 3 equivalencies of compound (1) and
0.6 equivalencies of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this
solution. The mixture was irradiated with UV light at 20 mW/cm? for 270 seconds and

then purified via semi-preparative RP-HPLC. The reaction mixture was separated using
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a linear solvent gradient of 5 — 95% solvent B over 30 minutes followed by 5 minutes
of isocratic 95% solvent B and characterized via LC-MS.

Compound (30): eluted at 30.4 minutes. Calculated 894.39, Observed 894.20 [M+Na]*
Compound (31): eluted at 27.0 minutes. Calculated 970.45, Observed 970.30 [M+Na]*
Compound (32): eluted at 28.6 minutes. Calculated 1001.46, Observed 1001.30
[M+Na]*

Step 2: Removal of the thioester protecting group was achieved by dissolving 1
equivalency of step 1 product (compound 30, 31, or 32) at 175 mM in methanol
containing 7 M ammonia. Deprotection was performed for 1 hour at room temperature.
After deprotection, methanol and ammonia were removed under vacuum. The
deprotected product was then dissolved at 500 mM in acetonitrile. 1.1 equivalency of
N-allylacrylamide monomer (compound 21, 22, or 23) and 0.1 equivalencies of DBU
were added. The mixture was reacted overnight at room temperature and then dried
under vacuum. The crude product was then suspended at 1 M in methanol. 3
equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-1-thiol) and 0.6 equivalencies
of 2,2-dimethoxy-1,2-diphenylethan-1-one were added to this solution. The mixture
was irradiated with UV light at 20 mW/cm? for 270 seconds and then purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes followed by 5 minutes of isocratic 95%
solvent B and characterized via '"H NMR and LC-MS.

Compound (33): eluted at 30.2 minutes. Calculated 1335.61, Observed 1335.40
[M+Na]*

Compound (34): eluted at 29.2 minutes. Calculated 1335.61, Observed 1335.50

[M+NaJ*
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Compound (35): eluted at 30.0 minutes. Calculated 1335.61, Observed 1335.40
[M+Na]*

Synthesis of Dipeptide-modified MMAE (Compound 36) (Figure A4. 62)

1 equivalency (11.6 mg, 16 umol) of monomethyl auristatin e (MMAE) was dissolved
at 250 mM in dimethylformamide. 2 equivalencies of Fmoc-Val-Cit-PAB-PNP ester, 0.2
equivalencies of HOBt, and 8 equivalencies of pyridine were added. The mixture was
reacted for 2 days at 37°C. The Fmoc protecting group was removed by treatment with
20% (v/v) piperidine for 1 hour. The product (36) was purified via semi-preparative RP-
HPLC. The reaction mixture was separated using a linear solvent gradient of 5 — 65%
solvent B over 30 minutes Elution: 23.5 minutes. Yield: 87%, 15.7 mg, 14 ymol. The
product was characterized via LC-MS (calculated: 1123.71, observed: 1123.50
[M+H]").

Synthesis of MMAE-loaded, PEGylated Cross-linkers (Compounds 37 — 45)
(Figure A4. 63 — Figure A4. 69)

Step 1: Removal of the Boc and tert-butyl protecting groups was achieved by dissolving
the oligomer (Compound 27, 28, or 29) at 50 mM in solution of 50% (v/v) trifluoroacetic
acid in dichloromethane. The reaction was stirred at room temperature for 1 hour.
Excess trifluoroacetic acid was removed under vacuum. The crude product was used
without further purification or characterization.

Step 2: 1 equivalency of crude product from step 1 was dissolved at 50 mM in dimethyl
sulfoxide. 3 equivalencies of triethylamine and 1 equivalency of Fmoc-PEG4-TFP ester
was added. The mixture was reacted for 5 hours at room temperature. The product
(compound 37, 40, or 43) was purified via semi-preparative RP-HPLC. The reaction

mixture was separated using a linear solvent gradient of 5 — 95% solvent B over 30
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minutes. The product (compound 37, 40, or 43) eluted at 23 minutes and was
characterized via LC-MS.

Compound (37): Calculated 844.40, Observed 844.50 [M+2H]?*

Compound (40): Calculated 844.40, Observed 844.50 [M+2H]?*

Compound (43): Calculated 844.40, Observed 844.60 [M+2H]?*

Step 3: 1 equivalency of product from step 2 (compound 37, 40, or 43) was dissolved
at 20 mM in dimethyl sulfoxide. 3 equivalencies of N,N'-Diisopropylcarbodiimide, 3
equivalencies of 1-hydroxypyrrolidine-2,5-dione, 2 equivalencies of triethylamine, and
1 equivalency of compound (36) were added. The mixture was reacted overnight at
room temperature. The Fmoc protecting group was removed by treatment with 5% (v/v)
piperidine for 1 hour. The product (compound 38, 41, or 44) was purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (compound 38, 41, or 44)
eluted at 21 minutes and was characterized via LC-MS.

Compound (38): Calculated 857.50, Observed 857.80 [M+3H]%*

Compound (41): Calculated 857.50, Observed 857.70 [M+3H]**

Compound (44): Calculated 857.50, Observed 857.90 [M+3H]%*

Step 4: 1 equivalency of product from step 3 (compound 38, 41, or 44) was dissolved
at 10 mM in dimethyl sulfoxide. 2 equivalencies of triethylamine and 1.25 equivalencies
of Fmoc-HIPS-PFP ester were added. The mixture was reacted overnight at room
temperature. The product (compound 39, 42, or 45) was purified via semi-preparative
RP-HPLC. The reaction mixture was separated using a linear solvent gradient of 5 —
95% solvent B over 45 minutes. The product (compound 39, 40, or 45) eluted at 38.5
minutes and was characterized via LC-MS, observing fragmentation alpha to the

hydrazide.
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Compound (39): Calculated 1377.30, Observed 1377.70 [M+H]?*

Compound (42): Calculated 1377.30, Observed 1377.70 [M+H]*>*

Compound (45): Calculated 1377.30, Observed 1377.70 [M+H]**

Synthesis of MMAE-loaded, Non-PEGylated Cross-linker (Compounds 46 — 47)
(Figure A4. 70)

Synthesis of Compound (46): 1 equivalency (2.9 mg, 4.5 ymol) of (36) was dissolved
at 33 mM in dimethyl sulfoxide. 2 equivalencies of triethylamine and 1 equivalency of
Fmoc-PEG4-TFP ester were added. The mixture was reacted overnight at room
temperature. The Fmoc protecting group was removed by treatment with 20% (v/v)
piperidine for 1 hour. The product (46) was purified via semi-preparative RP-HPLC.
The reaction mixture was separated using a linear solvent gradient of 5 — 95% solvent
B over 30 minutes Elution: 17.5 minutes. Yield: 81%, 5 mg, 3.7 umol. The product was
characterized via LC-MS (calculated: 1370.85, observed: 1370.60 [M+H]*).

Synthesis of Compound (47): 1 equivalency (5 mg, 3.7 ymol) of (46) was dissolved at
10 mM in dimethyl sulfoxide. 2 equivalencies of triethylamine and 1.25 equivalencies
of Fmoc-HIPS-PFP ester were added. The mixture was reacted overnight at room
temperature. The product (47) was purified via semi-preparative RP-HPLC. The
reaction mixture was separated using a linear solvent gradient of 5 — 95% solvent B
over 30 minutes Elution: 26.5 minutes. Yield: 49%, 3.3 mg, 1.8 pmol. The product was
characterized via LC-MS, observing fragmentation alpha to the Fmoc-protected
hydrazide (calculated: 1553.92, observed: 1553.80 [M]*).

Synthesis of Fluorescein-modified Cross-linker (Compounds 48 — 49) (Figure
A4.71)

Synthesis of Compound (48): 1 equivalency (2 mg, 4.2 umol) of fluorescein-NHS ester

was dissolved at 57 mM in dimethyl sulfoxide. 2 equivalencies of triethylamine and 5
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equivalencies of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethan-1-amine) were added. The
mixture was reacted overnight at room temperature. The product (48) was purified via
semi-preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes Elution: 10.5 minutes. Yield: 95%, 2 mg,
4 pymol. The product was characterized via LC-MS (calculated: 507.12, observed:
507.10 [M+H]").

Synthesis of Compound (49): 1 equivalency (2 mg, 4 umol) of (48) was dissolved at 10
mM in dimethyl sulfoxide. 2 equivalencies of triethylamine and 1.25 equivalencies of
Fmoc-HIPS-PFP ester were added. The mixture was reacted overnight at room
temperature. The product (49) was purified via semi-preparative RP-HPLC. The
reaction mixture was separated using a linear solvent gradient of 5 — 95% solvent B
over 30 minutes Elution: 23.5 minutes. Yield: 49%, 2 mg, 1 ymol. The product was

characterized via LC-MS (calculated: 972.37, observed: 972.20 [M+H]*).

Synthesis of Dansyl-NH-Boc and Dansyl-NH; (Compound 50 and 51) (Figure A4.
72 and Figure A4. 73)

Synthesis of Compound (50): 1 equivalency (250 mg, 0.93 mmol) of 5-
(dimethylamino)naphthalene-1-sulfonyl chloride was dissolved at 125 mM in
dichloromethane. 1 equivalency of triethylamine and 3 equivalencies of tert-butyl (2-
aminoethyl)carbamate were added to this solution and stirred on ice for 1 hour. The
reaction was then removed to room temperature for 1 hour. The reaction was quenched
with 5 mL of saturated sodium bicarbonate and extracted with dichloromethane (50 mL,
3x). The combined organic layers were dried with sodium sulfate and the solvent was
removed under vacuum. The crude product (50) was purified via silica gel flash
chromatography: Solvent A: dichloromethane. Solvent B: methanol. Gradient 0 — 2.5%

solvent B over 20 minutes. Elution: 1.5% methanol. Yield: 69%, 250 mg, 0.64 mmol.
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The product was characterized by '"H NMR and LC-MS (calculated: 416.17, observed:
416.10 [M+Na]*).

Synthesis of Compound (51): Removal of the Boc protecting group was achieved by
dissolving 88 pmol of (50) at 50 mM in solution of 50% (v/v) trifluoroacetic acid in
dichloromethane. The reaction was stirred at room temperature for 1 hour. Excess
trifluoroacetic acid was removed under vacuum. The crude product was characterized

via LC-MS (calculated: 294.12, observed 294.20 [M+H]")

Synthesis of Dansyl-NH-Ac (Compound 52) (Figure A4. 74)

1 equivalency (5.2 mg, 17.6 umol) of (51) was dissolved at 24 mM in dichloromethane.
5 equivalencies of triethylamine and 2 equivalencies of acetyl chloride were added to
this solution. The mixture was reacted for 1 hour at room temperature. The solvent was
then removed under vacuum. The product (52) was purified via semi-preparative RP-
HPLC. The reaction mixture was separated using a linear solvent gradient of 5 — 95%
solvent B over 30 minutes Elution: 9 minutes. Yield: 95%, 5.6 mg, 16.7 ymol. The

product was characterized via LC-MS (calculated: 336.13, observed: 336.10 [M+H]*).

Synthesis of Dansyl-modified, PEGylated Cross-linkers (Compounds 53 — 58)
(Figure A4. 75 — Figure A4. 79)

Step 1: Removal of the Boc and tert-butyl protecting groups was achieved by dissolving
the oligomer (Compound 27, 28, or 29) at 50 mM in solution of 50% (v/v) trifluoroacetic
acid in dichloromethane. The reaction was stirred at room temperature for 1 hour.
Excess trifluoroacetic acid was removed under vacuum. The crude product was used
without further purification or characterization.

Step 2: 1 equivalency of crude product from step 1 was dissolved at 24 mM in
dichloromethane. 5 equivalencies of triethylamine and 2 equivalencies of acetyl

chloride were added to this solution. The mixture was reacted for 1 hour at room
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temperature. The solvent was then removed under vacuum. The product (compound
53, 55, or 57) was purified via semi-preparative RP-HPLC. The reaction mixture was
separated using a linear solvent gradient of 5 — 95% solvent B over 30 minutes. The
product (compound 53, 55, or 57) eluted at 18.2 minutes and was characterized via
LC-MS.

Compound (53): Calculated 1260.59, Observed 1260.50 [M+H]'*

Compound (54): Calculated 1260.59, Observed 1260.40 [M+H]"*

Compound (55): Calculated 1260.59, Observed 1260.40 [M+1H]'*

Step 3: 1 equivalency of product from step 2 (compound 53, 55, or 57) was dissolved
at 33 mM in dimethyl sulfoxide. 4 equivalencies of N,N'-Diisopropylcarbodiimide, 4
equivalencies of 1-hydroxypyrrolidine-2,5-dione, 4 equivalencies of triethylamine, and
2 equivalency of compound (51) were added. The mixture was reacted for 2 hours at
room temperature. The product (compound 54, 56, or 58) was purified via semi-
preparative RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes. The product (compound 54, 56, or 58)
eluted at 18.8 minutes and was characterized via LC-MS.

Compound (56): Calculated 1535.70, Observed 1535.60 [M+H]*

Compound (57): Calculated 1535.70, Observed 1535.60 [M+H]*

Compound (58): Calculated 1535.70, Observed 1535.70 [M+H]*

Spectral Characterization of Dansyl-modified, PEGylated Cross-linkers

For absorbance measurements, compound 52, 56, 57, and 58 were dissolved at 2.5
mM in PBS buffer, pH 7.4. The absorbance spectrum of each compound was measured
from 230 nm to 450 nm in increments of 1 nm. The peak absorbance wavelength of
327 nm was used for fluorescence measurements. To measure fluorescence, each

compound was dissolved at 10 uM in PBS buffer, pH 7.4. Upon excitation with 327 nm
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light, fluorescence emission was measured from 400 nm to 800 nm in increments of 2
nm with a bandwidth of 5 nm.

Synthesis of Antibody-drug and Antibody-fluorescein Conjugates

HIPS-modified cross-linkers were stored in their Fmoc-protected form prior to
conjugation. The Fmoc protecting group was removed by dissolving the cross-linker
(compound 39, 42, 45, 47, or 49) at 40 mM in dimethylacetamide containing 200 mM
piperidine. Deprotection was carried out at room temperature for 1 hour. Deprotected
cross-linker (20 equivalencies) was added to aldehyde-tagged antibody (1
equivalencies) at a final antibody concentration of 100 yM. The composition of the
reaction solvent was 18.5% (v/v) dimethylacetamide in citrate buffer (20 mM citrate, 50
mM NaCl, pH 5.5). The mixture was reacted for 2 days at 37°C then purified via
analytical HIC using a linear solvent gradient of 0 — 100% solvent B over 30 minutes
followed by 5 minutes of isocratic 100% solvent B. The conjugates were concentrated
and exchanged into PBS buffer, pH 7.4 using Amicon Ultra-0.5 mL centrifugal filters
with a 30 kDa molecular weight cut off according to the manufacturer’s instructions.
Conjugate molecular weight and degree-of-labeling was characterized via MALDI-MS.
Elution times for the conjugates in this work are as follows: Parent Antibody (17
minutes), Fluorescein-modified Antibody (22 minutes), Control Antibody-drug
Conjugate (31.2 minutes), Antibody-drug Conjugate #1 (33.5 minutes), Antibody-drug

Conjugate #2 (34 minutes), and Antibody-drug Conjugate #3 (34.3 minutes).
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Chapter 4 Appendix

Effect of Cross-linker Sequence on the Biophysical Properties of Antibody-drug

Conjugates
Synthesis of Compound (1)
/\N/\
o k A0~ S
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HS/\/O\/\O/\/SH + Cl)k HS ) \n/
THF (1) o)
Figure A4. 1. Synthesis scheme for compound (1).
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Figure A4. 2. '"H NMR (400 MHz, CDCls) of compound (1).
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Synthesis of Compound (2)
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Figure A4. 3. Synthesis scheme for compound (2).
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Figure A4. 4. '"H NMR (400 MHz, CDClIs) of compound (2).
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Synthesis of Compound (3)
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Figure A4. 5. Synthesis scheme for compound (3).
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Synthesis of Compound (4)
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Figure A4. 7. Synthesis scheme for compound (4).
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Figure A4. 8. 'H NMR (500 MHz, CDClIs) of compound (4).
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Synthesis of Compound (5)
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Figure A4. 9. Synthesis scheme for compound (5).
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Figure A4. 10. '"H NMR (400 MHz, CDCls3) of compound (5).
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Synthesis of Compound (6)
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Figure A4. 11. Synthesis scheme for compound (6).
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Figure A4. 12. '"H NMR (400 MHz, CDCls3) of compound (6).
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Synthesis of Compound (7)
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Figure A4. 13. Synthesis scheme for compound (7).
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Figure A4. 14. 1H NMR (400 MHz, CDCI3) of compound (7).
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Synthesis of Compound (8)
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Figure A4. 15. Synthesis scheme for compound (8).
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Figure A4. 16. '"H NMR (400 MHz, CDCls3) of compound (8).
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Synthesis of Compound (9)
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Figure A4. 17. Synthesis scheme for compound (9).
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Figure A4. 18. 'H NMR (400 MHz, CDCls) of compound (9).
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Synthesis of Compound (10)
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Figure A4. 19. Synthesis scheme for compound (10).
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Figure A4. 20. '"H NMR (400 MHz, CDCIs) of compound (10).
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Synthesis of Compound (11)

Figure A4. 22. "H NMR (500 MHz, CDCls) of compound (11).
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Synthesis of Compound (12)
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Figure A4. 23. Synthesis scheme for compound (12).
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Figure A4. 24. '"H NMR (400 MHz, CDClIs) of compound (12).
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Synthesis of Compound (13)
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Figure A4. 25. Synthesis scheme for compound (13).
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Figure A4. 26. 'H NMR (400 MHz, CDCls) of compound (13).
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Synthesis of Compound (14)

O 0O O—
0] A~ O~ j\
>LO)J\N/\/ +t HS @) MeOH O)I\N/\/\S/\/O\/\O/

(10) OI (14) 1

Figure A4. 27. Synthesis scheme for compound (14).
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Figure A4. 28. 'H NMR (400 MHz, CDClIs) of compound (14).
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Synthesis of Compound (15)
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Figure A4. 29. Synthesis scheme for compound (15).
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Figure A4. 30. 'H NMR (400 MHz, CDCls) of compound (15).
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Synthesis of Compound (16)
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Figure A4. 31. Synthesis scheme for compound (16).
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Figure A4. 32. '"H NMR (500 MHz, CDCls) of compound (16).
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Figure A4. 33. 3C NMR (500 MHz, CDCI3) of compound (16).
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Synthesis of Compound (17)
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Figure A4. 34. Synthesis scheme for compound (17).
S
o
O
o o © [}
N © < S
N~ o™ AN
| N~ |
1 3
~
/ \2/ Br
T 4
+
T 1and 3
) 2
7

N Y )

413 2.00

0 75 70 65 60 55 50 45 40 35 30 25 20 15 10
f1 (ppm)

Figure A4. 35. '"H NMR (500 MHz, CDCls) of compound (17).
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Figure A4. 36. *C NMR (500 MHz, CDCls) of compound (17).
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Synthesis of Compound (18)
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Figure A4. 37. Synthesis scheme for compound (18).
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Figure A4. 38. 'H NMR (500 MHz, CDClIs) of compound (18).
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Synthesis of Compound (19)
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Figure A4. 39. Synthesis scheme for compound (19).
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Synthesis of Compound (20)
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Figure A4. 40. Synthesis scheme for compound (20).
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Figure A4. 41. "H NMR (500 MHz, CDCIs) of compound (20).
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Synthesis of Compound (21)
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Figure A4. 42. Synthesis scheme for compound (21).
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Figure A4. 43. "H NMR (500 MHz, CDCls) of compound (21).
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Synthesis of Compound (22)
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Figure A4. 44. Synthesis scheme for compound (22).
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Figure A4. 45. '"H NMR (500 MHz, CDCls) of compound (22).
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Synthesis of Compound (23)
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Figure A4. 46. Synthesis scheme for compound (23).
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Figure A4. 47. "H NMR (500 MHz, CDCls) of compound (23).
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Synthesis of PEGylated Oligomers
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Figure A4. 48. Overview of PEGylated oligomer synthesis.
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Figure A4. 49. Structure of PEGylated oligomer 1 intermediate, compound (24).

K

0] (0] (0]
j\O)J\N /\/\S/\/O\/\O/\/S\/\H/ N \/\/S\/\O/\/O\/\S)J\
K/O\/\O/\/O\/\o/ o

Figure A4. 50. Structure of PEGylated oligomer 2 intermediate, compound (25).
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Figure A4. 51. Structure of PEGylated oligomer 3 intermediate, compound (26).
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Figure A4. 52. Structure of PEGylated oligomer 1, compound (27).
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Figure A4. 53. Structure of PEGylated oligomer 2, compound (28).

0 O/\/O\/\O/\/O\ 0
>LOJJ\N /\/\S/\/OV\O/\/S\/\H/ N \/\/S\/\O/\/O\/\S/\)J\N/\/\S/\/O\/\O/
O\/\O/\/O\/\O/ 0] K’//O

K

Figure A4. 54. Structure of PEGylated oligomer 3, compound (29).
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Synthesis of Multifunctional Oligomers
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Figure A4. 55. Overview of multifunctional oligomer synthesis.
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Figure A4. 56. Structure of multifunctional oligomer 1 intermediate, compound (30).
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Figure A4. 57. Structure of multifunctional oligomer 2 intermediate, compound (31).
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Figure A4. 58. Structure of multifunctional oligomer 3 intermediate, compound (32).
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Figure A4. 59. Structure of multifunctional oligomer 1, compound (33).
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Figure A4. 60. Structure of multifunctional oligomer 2, compound (34).
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Figure A4. 61. Structure of multifunctional oligomer 3, compound (35).
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Synthesis of Dipeptide-modified MMAE (Compound 36)
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Figure A4. 62. Synthesis scheme for compound (36).
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Synthesis of MMAE-loaded, PEGylated Cross-linkers (Compounds 37 — 45)
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Figure A4. 63. Synthesis scheme for compounds (37 — 39).
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Figure A4. 64. Structure of compound (40).
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Figure A4. 65. Structure of compound (41).
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Figure A4. 66. Structure of compound (42).
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Figure A4. 67. Structure of compound (43).
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Figure A4. 68. Structure of compound (44).
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Figure A4. 69. Structure of compound (45).
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Synthesis of MMAE-loaded, Non-PEGylated Cross-linker (Compounds 46 — 47)
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Figure A4. 70. Synthesis scheme for compounds (46 and 47).
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Synthesis of Fluorescein-modified Cross-linker (Compounds 48 —
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Figure A4. 71. Synthesis scheme for compounds (48 and 49).
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Synthesis of Dansyl-NH-Boc and Dansyl-NH. (Compound 50 and 51)
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Figure A4. 72. Synthesis scheme for compounds (50 and 51).
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Figure A4. 73. "H NMR (400 MHz, CDCls) of compound (50).
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Synthesis of Dansyl-NH-Ac (Compound 52)
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Figure A4. 74. Synthesis scheme for compound (52).
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Synthesis of Dansyl-modified, PEGylated Cross-linkers (Compounds 53 — 58)
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Figure A4. 75. Synthesis scheme for compounds (53 and 54).
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Figure A4. 76. Structure of compound (55).
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Figure A4. 77. Structure of compound (56).
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Figure A4. 78. Structure of compound (57).
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Characterization of Antibody-fluorescein Conjugate
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Figure A4. 80. HIC analysis of antibody-fluorescein conjugate.
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Figure A4. 81. SEC analysis of antibody-fluorescein conjugate.
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Figure A4. 82. Binding curve for fluorescein-modified antibody on SKOV3 cells.
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In vitro Potency of Antibody-drug Conjugates
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Figure A4. 83. In vitro potency of conjugates on MCF7 cells.
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Chapter 5 — DNA- and Polymer-Protein Conjugates to Characterize Extracellular

Vesicles

5.1 — Background

Extracellular vesicles (EVs), the portion of the cellular secretome comprised of
exosomes and microvesicles, are known to activate cell surface receptors’? as well as
deliver their cargo of proteins®® and nucleic acids’'° into the cytosol of target cells.
Studies of these endogenous functions have implicated EVs in the regulation of
fundamental biological processes such as stem cell differentiation'’, tissue repair'?14,
and immune response’-'015-17 Pathologically, EVs have been proposed to stimulate
tumor progression?'8-20, participate in viral infection'”2'?4 and aid the spread of
neurodegenerative diseases?>?%. Taken together, these functions have stoked intense
interest in adapting EVs as platforms for disease diagnostics and patient-derived
therapeutics?’-3%-

Despite these preliminary demonstrations of their broad utility, a precise
molecular definition of EVs has remained elusive. Consequently, physical properties
such as particle diameter and density have been used to differentiate and purify
exosomes from microvesicles via the use of differential centrifugation3'. However, the
success of this approach has been reported to be dependent on the initial purity of the
particle suspension, a highly variable and unpredictable parameter3?-3*, Recent studies
have highlighted the importance of efficiently separating heterogeneous EV samples.
For example, Kanada et al. identified crucial differences between exosomes and
microvesicles with respect to their capacity for exogenous loading of nucleic acids and
subsequent delivery of cargo®. Furthermore, a study by Chivellet et al., which

compared the stoichiometry of miRNA copy number and particle count, revealed that
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in a sample of exosomes considered to be “pure”, less than 1% of the particles
contained a single copy of the miRNA of interest®®.

These studies and others illustrate the inherent heterogeneity of EV samples
isolated from both cultured cell lines and clinically relevant bodily fluids®"28. This
heterogeneity obfuscates the properties of particle subpopulations, limiting our
understanding of fundamental EV biology. This in turn stymies their development as
both disease diagnostics and patient-derived therapeutics. Measurements of EV
particle diameter and density alone are not enough to resolve this heterogeneity. To
overcome these issues, a new definition amenable to identifying particle
subpopulations is needed. As such, we proposed to develop a molecular definition of
the EV surface based on differential protein-protein clustering on the particle surface.
We hypothesized that this definition would enable the design of capture agents capable
of isolating particle subpopulations. EV subpopulations would be analyzed by ELISA
and flow cytometry-based surface protein characterization as well as protein and
nucleic acid sequencing. In this way, a holistic view of each particle subpopulation
would be developed. By correlating this data set with biological activity data, the first
EV structure-content-function relationships would be identified, allowing for the design
of smarter EV-based diagnostics and therapeutics.

To study differential properties of EV subpopulations, we drew inspiration from
the field of target-guided synthesis (TGS) to develop a methodology for the bottom-up
design of particle-specific capture agents. The concept of TGS was introduced by
Sharpless in 2002 as a method for the in situ design of bivalent, small molecule protein
inhibitors®®. This approach utilizes the enzyme active site as a selective template to
accelerate the reaction rate between small molecule building blocks that bind near one

another. Application of this methodology by Sharpless and others has led to the
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discovery of a host of novel small molecule enzyme inhibitors3®-43. Recent work has
sought to extend the application of TGS beyond the confines of the enzyme active site.
Specifically, the Heath group has utilized protein tertiary structure as a template for the
combinatorial design of peptide-based, protein-specific capture agents*-* and
allosteric inhibitors*’. In other work, the Bertozzi group has combined the concepts of
TGS with metabolic labeling and copper-free click chemistry to enable live-cell labeling
of protein glycoforms. These works present TGS as a technique able to probe
multivalent interactions across multiple length scales. Thus, we propose the nanometer
length scale of biological membranes as the next frontier of TGS templates.
Specifically, we aim to extend the concepts of TGS to probe protein-protein interactions
on the surface of EVs. We sought to demonstrate the feasibility of this idea in two ways:
1) bifunctional, cleavable DNA-streptavidin conjugates containing both “click” handles
and fluorescent reporters and 2) polymer-streptavidin conjugates containing oligoTEA-

based molecular barcodes*®.
5.2 — Results and Discussion

Consideration of Solution Phase Reaction Kinetics

TGS relies on bioorthogonal chemistry and slow solution phase reaction
kinetics to prevent non-specific reactivity and confounding false positives. Selecting
reactive pairs with appropriate reaction kinetics requires careful consideration of the
binding affinity of the targeting ligand. When designing protein inhibitors and capture
agents, the relevant affinity is that of small molecule fragments and monovalent
peptides. These ligands typically bind to their target with affinities in the micromolar
range. Thus, the reactive pair must be inert in solution at micromolar concentrations.
To satisfy this criterion, researchers have turned to the uncatalyzed cycloaddition

between an azide and linear alkyne. The kinetics of this reaction are unmeasurable in
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solution and therefore minimizes false positives. In work that was concurrent with our
work presented here, the Bertozzi lab utilized glycoprotein-specific aptamers which
have nanomolar binding affinities. An increase in binding affinity enables saturation of
the target a lower solution phase concentration. Therefore, a more reactive pair can be
used while minimizing solution phase reaction. This led the Bertozzi group to employ a
strain-promoted cycloaddition between an azide and a cyclooctyne (SPAAC), which
occurs readily in solution at micromolar concentrations.

In our work, we sought to demonstrate the concept of TGS on the EV surface
by using a synthetic system of biotinylated nanoparticles and a streptavidin-based
targeting ligand. As a first step, we looked to verify that the SPAAC reaction would be

inert in solution at nanomolar concentrations.
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Figure 5.1. Solution phase kinetics of SPAAC reaction. A) LC-MS quantification of rate
constant. B) Prediction of solution phase reaction kinetics.

Quantification of the rate constant for the SPAAC reaction at room temperature
in aqueous solution confirmed that the SPAAC reaction be inert at nanomolar
concentrations for at least 24 hours (Figure 5.1). This conclusion is validated by the

glycoprotein work from Carolyn Bertozzi’s lab.
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DNA-based Target-guided Synthesis Probes
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Figure 5.2. Design of DNA-based TGS probes. Cross-linkers are attached to a model
protein, streptavidin, via a reduction sensitive disulfide bond. Terminal fluorophore
modifications report on the surface-bound proximity of TGS probes. Terminal DBCO
and azide modifications undergo proximity facilitated SPAAC reaction. Reduction of the
disulfide bond leads to a solution phase FRET readout upon successful SPAAC
reaction.

With solution-phase reactivity confirmed we designed a set of fluorescently
labeled, DNA-based probes to demonstrate TGS on the surface of biotinylated lipid
nanoparticles (LNPs) (Figure 5.2). The use of biotinylated LNPs allowed us to tune the
density of binding target (biotin) without affecting particle size. This would allow us to
probe the effect of inter-ligand distance without introducing confounding effects of
particle curvature. The choice of biotin as our target led to the selection of streptavidin
as our targeting ligand due to its exceptional binding affinity and commercial availability.
Our TGS probes utilized 20mer single-stranded DNA (ssDNA) as a chemical cross-
linker. We saw multiple benefits to using a DNA-based system. Short, double stranded

DNA (dsDNA) adopts a “rigid rod” structure that would enable us to use DNA length as
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a molecular ruler to approximate the distance between ligands on the particle surface.
Further, the highly charged nature of dsDNA would minimize the solution-phase
kinetics of the SPAAC reaction. Finally, in future designs, DNA-based probes could be
adapted for ultrasensitive, multiplexed detection via DNA sequencing.

The DNA-based probes were comprised two complimentary strands of
chemically modified ssDNA. The first strand was modified on the 3’ end via NHS ester
chemistry to contain either an azide- or DBCO-functional group. These strands serve
as the site for SPAAC reaction between the two probes. The second strand was
modified through a three-step synthesis to contain a reducible 3’ transcyclooctene
(TCO) functionality and a 5’ Alexa Fluor 488 or 647. The TCO functional group enables
conjugation via the inverse electron demand diels-alder (IEDDA) reaction to a
methyltetrazine-modified streptavidin. Alexa Fluor 488 and 647 form a Foérster
resonance energy transfer (FRET) pair. Therefore, when bound in proximity, the TGS
probes should display a characteristic FRET signal, which can be monitored in real
time. After the probes bind to the particle surface and react, the reduction sensitive
disulfide bond is used to liberate the probes from the particle surface. Conjugated
probes display a characteristic FRET signal in solution, while unconjugated probes

display no FRET signal.
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Figure 5.3. FRET of Alexa Fluor-labeled streptavidin on the surface of LNPs. A biotin-

specific FRET signal is observed in the presence of Alexa Fluor-488 and Alexa Fluor-
647 labeled streptavidin.

To validate the ability of biotinylated LNPs to generate a FRET signal,
commercially available Alexa Fluor-labeled streptavidin was mixed with biotinylated
LNPs (Figure 5.3). An equimolar mixture of Alexa Fluor 488 and 647-labeled
streptavidin generated a significant FRET signal in comparison to unlabeled LNPs. The
control of unlabeled LNPs accounts for any signal generated as a result of non-specific
binding. This result indicates that proteins-sized targeting ligands can pack onto the

particle surface at reasonable density.

229



w
o
1
w
s

AFA88/AFGAT AF488/AF647

5 - 3
uE': 25 L1 Control DNA tg 25 Control DNA
i B DBCO/Azide W DBCO/Azide
S 204 S 201
[« ©
5 154 5 154
e el
S 104 & 10-
£ 5. £ o
=] [=]
=4 z
0- : 0-
0 hours 12 hours 120 hours 0 hours 12 hours 120 hours
C D
o 157 mm AF4BB/AFE4T AF488/AFB47
% = Control DNA % Control DNA
g mm DBCO/Azide W DBCO/Azide
s 2
<g ©
i i
2 2
0 hours 12 hours 36 hours 0 hours 12 hours 36 hours
E F
151 Hm AF488/AF647 15+ Hm AF488/AF647
[=} [=)
Q [ Control DNA & L Control DNA
,E mm DBCO/Azide ._.EJ mm DBCO/Azide
S 104 <
~ N~
[(s] ©w
£ £
] ]
= b=
] ]
N N
® ©
£ £
(=] o
z z
0 hours 12 hours 36 hours 0 hours 12 hours 36 hours

Figure 5.4. FRET-based readout of TGS on the LNP surface. A) LNPs containing 5%
biotinylated lipid diluted 1:100, B) LNPs containing 10% biotinylated lipid diluted 1:100,
C) LNPs containing 5% biotinylated lipid diluted 1:10, D) LNPs containing 10%
biotinylated lipid diluted 1:10, E) LNPs containing 5% biotinylated lipid diluted 1:1000,
F) LNPs containing 10% biotinylated lipid diluted 1:1000. The dashed line represents
the threshold for positive FRET signal. Equimolar mixture of streptavidin at 10 nM.

After confirming that streptavidin can bind in proximity on the LNP surface, we
sought to demonstrate particle-based the concept of TGS (Figure 5.4). In every
condition, FRET was observed for the positive control of a pair of Alexa Fluor-labeled
streptavidin. However, at low particle concentrations, the FRET signal was unstable
and dissipated over the course of 12 hours. In every condition tested, the azide- and
DBCO-modified streptavidin probes showed no FRET signal. This was confirmed by

two controls. The first control was a sample of non-biotinylated LNP that controls for
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non-specific binding. Every data point was normalized such that signal greater than 1
is interpreted as FRET signal in excess of FRET due to non-specific binding. The
second control is a sample of streptavidin conjugates lacking the azide and DBCO
functionalities (labeled as “Control DNA”). This control would account for FRET signal
that arises from close binding. Signal above this control would indicate FRET signal
arising from the SPAAC reaction between streptavidin probes. These experiments

proved that FRET was not occurring between the TGS probes on the particle surface.
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Figure 5.5. FRET on LNP surface using mixture of streptavidin probes. Case 1 using
two DNA-modified streptavidin probes yielded no detectable FRET signal. Case 2 using
a mixture of DNA-modified and fluorophore-modified streptavidin yielded a detectable
FRET signal.

We considered two possible causes of the lack of FRET signal generated by
our TGS probes on the LNP surface. First, a non-specific conjugation strategy was
used to conjugate the DNAs to streptavidin. This could negatively impact binding affinity
if attachment occurred near the biotin-streptavidin binding site. Second, dsDNA is a
rigid, highly charged structure. This could make it unfavorable for two TGS probes to
bind in proximity. Alternatively, TGS probes may bind in proximity but orient the DNA

modifications in a way that minimizes electrostatic repulsion. To address these issues,
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we carried out an experiment wherein an equimolar mixture of TGS probes was
compared to an equimolar mixture of one TGS probe with an Alexa Fluor-labeled
streptavidin (Figure 5.5). As expected, this experiment showed FRET in the case of
the two TGS probes. However, a detectable FRET signal was observed when one
DNA-modified streptavidin was exchanged for an Alexa Fluor-modified streptavidin.
This result supports the interpretation that the TGS probes do maintain their ability to
bind biotin. However, they do not bind in proximity to one another. This could be caused
by electrostatic repulsion between the dsDNA probes. Therefore, we identified strong

charge as a design feature to be avoided in TGS probes.

OligoTEA-based Target-guided Synthesis Probes
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Figure 5.6. Design of oligoTEA-based TGS probes. Probes are attached to streptavidin
via PEG-based cross-linkers and an internal, oxidation sensitive cis-1,2-diol. Terminal
DBCO and azide modifications undergo proximity facilitated SPAAC reaction.
Oxidation of the cis-1,2-diol liberates a unique mass fragment that can be detected via
LC-MS.

To resolve the issue of inefficient proximity binding of two charged
bioconjugates on the particle surface, we designed TGS probes that utilize uncharged,

polyethylene glycol (PEG)-based cross-linkers (Figure 5.6). In this test system,
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biotinylated gold nanoparticles are used as a surrogate for biologically derived vesicles
and streptavidin is used a model targeting ligand. By switching to PEG-based cross-
linkers we lost the ability to leverage multiplexed detection via DNA sequencing.
Therefore, we envisioned incorporating a molecular weight barcode into the TGS
probes. Upon cleavage of the conjugated probes, a fragment of the probe would be
release into solution for detection via liquid-chromatography mass-spectrometry (LC-
MS). A molecular barcode would generate a unique mass signature for each TGS
probe. This would enable simultaneous analysis of a particle reacted with a mixture

differentially targeted TGS probes.
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Figure 5.7. Overview of oligothioetheramide synthesis. Iterative synthesis scheme
(left) and fluorous phase extraction (right).

To design synthesize molecular barcodes, we turned to the sequence-defined
oligothioetheramide (oligoTEA) synthesis methodology developed in our lab (Figure
5.7). OligoTEA synthesis utilizes an orthogonally reactive N-allylacrylamide monomer,
which can undergo alternating photoinitiated thiol-ene “click” reactions and phosphine
catalyzed thiol-Michael additions*8. OligoTEAs are built off a fluorous tag liquid support,
which enables stepwise fluorous purification throughout synthesis. The fluorous

purification handle is removed post synthesis by acid-catalyzed Boc deprotection.
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OligoTEA synthesis has been used as a platform to discover synthetic antibacterial
agents*® and cell penetrating oligomers® as well as to synthesize model systems to

study the solution phase structure of polymers®'.
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Our oligoTEA-based TGS probes contained a several important structural
features (Figure 5.8). The terminal primary amine enabled attachment of the probe to
a variety of PEG-based cross-linkers. Commercial PEG-based cross-linkers are
available in a wide range of sizes. Performing a TGS experiment with a variety of
different length PEGs could be used to approximate the distance between target sites.
Each oligomer contained an internal cis-1,2-diol, which can be cleaved by treatment
with sodium periodate to liberate the probe from the particle surface for detection via
LC-MS. Alibrary of N-allylacrylamide monomers were used to install a molecular weight
barcode within the oligomer. Alternatively, this site was used to install a carboxylic acid
functional group. The carboxylic acid could be used as a site to derivatize this structure
with isolation handles or reporter molecules. An azide-modified N-allylacrylamide
monomer provided a “click” handle for the SPAAC reaction. A terminally tertiary amine
was used to cap the oligomer. This is a highly ionizable group and therefore, provides
a means of sensitive detection via LC-MS. Each oligomer was synthesized via

oligoTEA synthesis, purified via RP-HPLC, and characterized via LC-MS (Figure 5.8).
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Figure 5.9. Sodium periodate oxidation of TGS probes. Structure of “clicked”, singly
oxidized TGS probe (left) and LC-MS based detection of TGS probe (right).

The efficiency of sodium periodate oxidation was tested using a version of the

oligoTEA probe which did not contain a terminal tertiary amine (Figure 5.9). The LC-
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MS compatible azide and DBCO probes were reacted to form the expected “clicked”
product. This standard was treated with ten equivalencies of sodium periodate and
monitored via LC-MS. After 1.5 hours, both cis-1,2-diols were cleaved and oxidation of
the four thioether bonds was observed. Sodium periodate is known to oxidize thioether
bonds to sulfoxides under gentle reaction conditions. Under these conditions, we
observed a molecular weight indicative of a single oxidation at each of the four available
thioether bonds. However, we cannot rule out a mixture of thioether, sulfoxide, and
sulfone products. After 24 hours of treatment, the oxidized product remained stable to
further oxidation. This result indicates that oxidation for approximately 1.5 hours was
adequate to generate a homogenous mass fragment which can be reliably detected

via LC-MS.
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Figure 5.10. Detection limit of TGS product via LC-MS. A) TGS experiment without
internal control. Substantial noise was observed from 5 — 8 minutes. B) TGS experiment
with internal control. Internal control demonstrated a detection limit of 1 yM and no
observable reaction.

The azide- and DBCO-modified TGS probes were conjugated to streptavidin
via 5,000 g/mol polydisperse PEG chain. These conjugates were then used to detect
TGS on the surface of biotinylated gold nanoparticles (Figure 5.10). After incubation
with gold nanoparticles, the mixture was centrifuged and washed repeatedly to remove
unbound TGS probes and concentrate the nanoparticle solution for LC-MS analysis.
The concentrated particle mixture was treated with sodium periodate using the
optimized conditions and analyzed via LC-MS using selective ion monitoring. An initial
experiment demonstrated that the treatment protocol results in a large amount of noisy

signal from approximately 5 — 8 minutes. Closer inspection of the LC-MS results
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showed a small peak at approximately 5.4 minutes. This result was promising as a
standard of the “clicked” product (Figure 5.9) was shown to elute form the column at a
similar time. To validate this result, we sought to replicate this experiment with
additional controls. After reaction, purification, and sodium periodate treatment, we
analyzed the cleavage product directly as well as mixed with known amounts of the
“clicked” product standard. This internal control accounted for subtle differences in the
LC-MS mobile phase, which may have caused shifts in the retention time for the desired
product. Further, the internal standard was used to determine the approximate
detection limit of LC-MS analysis. Upon addition of 1 uM of standard, a low intensity
peak was observed at approximately 5.3 minutes. This peak grew in intensity upon
addition of 10 M of standard. This result suggested that no product was detected from
the TGS reaction on the particle surface. This could be interpreted to mean that no
reaction had occurred or that the detection limit of the product was not reached. The
internal controls indicated that 1 uM of product would have been detected. Therefore,
given the concentration of particles used, approximately 500 reactions per particle
would be needed to reach the detection limit. At this condition, the concentrated particle
solution was essentially dry (i.e. no solvent remaining). Therefore, it was not feasible
to use more particles to overcome the detection limit. We reasoned that a probe with a
higher potential for ionization would lower the detection limit. To test this hypothesis,
we generated a “clicked” product standard using the guanidine modified TGS probe.
However, upon treatment with sodium periodate numerous unidentified side reactions
occurred. This yielded a highly heterogeneous product in which no characteristic ions

could be identified (data not shown).
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5.3 — Conclusions

In conclusion, with an eye towards studying EVs, we sought to apply the
principles of target-guided synthesis to probe inter-ligand distances on the surface of
nanoparticles. In one approach, we pursued DNA-based cross-linkers with a FRET-
based readout of reaction conversion. This system was not functional, which we
attributed to the repulsive electrostatic interactions between the dsDNA probes. To
remedy this issue, we pursued a second approach which utilized multifunctional PEG-
based cross-linkers and an LC-MS-based readout of reaction conversion. We
successfully synthesized and library of molecular barcodes using the oligoTEA
synthesis methodology developed in our lab. However, the sensitivity of LC-MS-based
detection was shown to be insufficient to detect successful ligation of TGS product.
Despite the negative results from our studies, work carried out concurrently in Carolyn
Bertozzi’s lab® confirms that TGS using the SPAAC reaction and affinity reagents with
nanomolar affinity is feasible. To address the shortcomings of this work, new reaction
detection strategies should be considered. Specifically, an enzymatic readout would
provide signal amplification. This would likely improve the detection limit of the TGS
experiments. Further, enzymatic assays can be readily quantified and adapted to a
high throughput microplate format. Alternatively, a biotin handle could be used in a pull-

down assay format to directly isolate and characterize particle subpopulations.
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5.4 — Materials and Methods

Flash Chromatography

Flash chromatography was performed on a Teledyne ISCO CombiFlash Rf-200i
chromatography system equipped with UV-Vis and evaporative light scattering
detectors (ELSD).

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H and *C NMR spectra were recorded on an INOVA 400 MHz spectrometer. NMR
data was analyzed by MestReNova software. 'H and '*C NMR chemical shifts are
reported in units of ppm relative to chloroform.

Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS analysis was carried out on an Agilent 1100 Series LC with a Poroshell 120 EC-
C18 column (100 x 3 mm, 2.7 um, Agilent Technologies) and an Agilent G1956B Series
Single Quadripole MS in positive ion mode for mass detection. The mobile phase for
LC-MS (solvent A) was water with 0.1% (v/v) acetic acid, and the stationary phase
(solvent B) was acetonitrile with 0.1% (v/v) acetic acid. Compounds were eluted at a
flow rate of 0.6 mL/min using a gradient of 5-100% solvent B (0-10 minutes) followed
by 100% solvent B (10-12 minutes) and equilibrated back to 5% solvent B (12-15
minutes).

Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector. Semi-preparative
RP-HPLC was performed with a C18 column (Agilent Eclipse XDB-C18, 9.4 x 250 mm,
5 um). Analytical RP-HPLC was performed with a C18 column (Agilent Eclipse Plus
C18, 4.6 x 150 mm, 5 ym). The mobile phase for HPLC was water with 0.1% (v/v)

trifluoroacetic acid (solvent A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid
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(solvent B) unless specified otherwise. Compounds were eluted at a flow rate of either
4 mL/min (semi-preparative) or 1 mL/min (analytical) using a linear solvent gradient as

specified below.

LC-MS Analysis of SPAAC Reaction Kinetics

An equimolar mixture of DBCO-PEG4-COOH and Azide-PEG4-COOH was prepared
at 100 pM in water. The reaction was carried out at room temperature and analyzed
every 15 minutes via LC-MS using selective ion monitoring (SIM) to identify the
expected product mass. For each time point, area under the curve (AUC) was
quantified and used as a surrogate for reaction conversion. A plot of normalized AUC
versus time was fit in GraphPad Prism using an equimolar bimolecular rate law to

extract the rate constant for the reaction.

Purification of Modified DNAs

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector. Purification of
modified DNAs was performed using an analytical RP-HPLC with a C18 column
(Agilent Eclipse Plus C18, 4.6 x 150 mm, 5 um). The mobile phase for HPLC was TEAA
buffer (100 mM triethylamine, 100 mM acetic acid, pH 7.2, solvent A) and acetonitrile
(solvent B). Compounds were eluted at a flow rate of either 1 mL/min using a linear
solvent gradient as specified below.

Synthesis of “Click”-modified DNAs

1 equivalency of (50 ug, 7 nmol) of monofunctional DNA (3° C6 spacer, Amine) was
reacted with 50 equivalencies of NHS ester activated Azide or DBCO (Azide-PEG4-
NHS or DBCO-PEG4-NHS) at a DNA concentration of 100 uM. The solvent for the
reaction was 40% (v/v) dimethyl sulfoxide in borate buffered saline (BBS), pH 8.2 (100

mM borate, 150 mM NaCl). The reaction was carried out at room temperature
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overnight. The product was dialyzed against water to remove excess NHS ester and
concentrated under vacuum. The crude product was purified via analytical RP-HPLC
and dried under vacuum to yield the final product. The pure azide- and DBCO-modified

DNAs were isolated in 87% and 39% yield, respectively.

Synthesis of Cleavable, Fluorophore-modified DNAs for IEDDA Conjugation
Step 1: Acylation of 5° Amine Modification

1 equivalency (50 ug, 7 nmol) of bifunctional DNA (3’ C9 spacer, SS-OH; 5' C6 spacer,
Amine) was reacted with 50 equivalencies of NHS ester activated Alexa Fluor 488 or
647 at a DNA concentration of 100 uM. The solvent for the reaction was 40% (v/v)
dimethyl sulfoxide in borate buffered saline (BBS), pH 8.2 (100 mM borate, 150 mM
NaCl). The reaction was carried out at room temperature overnight. The product was
dialyzed against water to remove excess dye and concentrated under vacuum. The
product was used without further characterization or purification.

Step 2: Thiol-disulfide Exchange of 3’ Thiol Modification

Liberation of the 3’ thiol modification was achieved by suspending the crude step 1
product in 5 yL of a 100 mM solution of dithiothreitol (DTT) in BBS, pH 8.2. Reduction
was carried out for 1 hour at room temperature. Excess DTT was removed by
extractions with ethyl acetate (3x, 100 pL). Residual ethyl acetate was removed by
placing the product under vacuum for 10 minutes. 1 equivalency of the deprotection
product was capped with 50 equivalencies of 2-(pyridin-2-yldisulfaneyl)ethan-1-amine
(PDA) in BBS, pH 8.2 at a DNA concentration of 150 uyM. The reaction was carried out
at room temperature overnight. The product was dialyzed against water to remove
excess PDA and concentrated under vacuum. The product was used without further
characterization or purification.

Step 3: Acylation of Reducible 3° Amine Modification
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Modification of the reducible 3’ amine modification was achieved by reacting 1
equivalency of crude step 2 product with 50 equivalencies of NHS ester activated
transcyclooctene (TCO-PEG4-NHS) at a DNA concentration of 100 uM. The reaction
solvent was 40% (v/v) dimethyl sulfoxide in BBS, pH 8.2. The reaction was carried out
at room temperature overnight. The product was dialyzed against water to remove
excess NHS ester and concentrated under vacuum. The crude product was purified via
analytical RP-HPLC and dried under vacuum to yield the final product. The pure

product was typically isolated in 35% yield.

Synthesis of Lipid “A10”

Step 1: Aza-Michael Addition

1 equivalency of diethylaminoproylamine (365 pmol) was added to 2.5 equivalencies
of propargyl acrylate. The reaction was carried out neat at 45°C overnight. Excess
propargyl acrylate was then removed under vacuum. The product was characterized
by "H NMR and used without further purification.

Step 2: Thiol-yne Reaction

5.6 equivalencies of decane-1-thiol was added to 1 equivalency (26 mg, 75 umol) of
step 1 product. DMPA catalyst was added at 4% by weight. The mixture was irradiated
with 10 mW/cm? UV for 270 seconds. The crude product was suspended in 4 mL of a
9:1 mixture of methanol and water. The suspended product was sonicated for 5 minutes
before lipid precipitation via centrifugation at 3,000xg for 10 minutes. The supernatant
was decanted, and the precipitation was repeated four times. The purified product was
dried under vacuum to remove residual solvent. The product “A10” lipid was

characterized via '"H NMR. The product was isolated in 91% yield (71 mg, 69 pmol).
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Synthesis of Biotinylated Lipid-nanoparticles

Biotinylated lipid nanoparticles were synthesized as previously described®. Briefly, a
lipid mixture (basis: 100 ug of “A10” lipid) in 25 uL of ethanol was prepared. The mixture
was composed of the “A10 Lipid” (50 mol%), DSPC (10 mol%), cholesterol (30 mol%),
non-functionalized, PEGylated lipid, and biotin-functionalized, PEGylated lipid. The
total amount of PEGylated lipid was 10 mol%. The lipid solution was rapidly and
vigorously mixed with 25 pL of 10 mM sodium citrate, pH 3.0. Then 50 uL of PBS, pH
7.4 was added. The suspension of lipid nanoparticles (LNPs) was then dialyzed in
against PBS, pH 7.4 in a 3.5 kDa dialysis cassette for 4 hours. Using this method, LNPs
were prepared with a biotinylated lipid content of 0%, 5% and 10%. The resulting LNPs

were analyzed via dynamic light scattering to determine their size distribution.

Synthesis of Streptavidin-DNA Conjugates

Step 1: Synthesis of Methyltetrazine-modified Streptavidin

1 equivalency of streptavidin (200 ug, 3.8 nmol) was reacted with 10 equivalencies of
Methyltetrazine-PEG4-NHS at a streptavidin concentration of 150 uM. The solvent for
the reaction was PBS, pH 7.4 with 3% (v/v) dimethyl sulfoxide. The reaction was carried
out at room temperature overnight. The resulting product was dialyzed against PBS,
pH 7.4 to remove excess NHS ester.

Step 2: IEDDA Reaction to Attach Alexa Fluor 488 and 647-modified DNA

1 equivalency of step 1 product (7.5 pg, 0.14 nmol) was reacted with 2.5 equivalencies
of fluorophore-modified DNA at a streptavidin concentration of 4 uM. The solvent for
the reaction was PBS, pH 7.4. The reaction was carried out at room temperature
overnight before the conjugate was stored at 4°C. The conjugates were used without

further purification or characterization.
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Forster Resonance Energy Transfer on Biotinylated Lipid Nanoparticles

Streptavidin modified with single stranded, fluorophore-labeled DNA was mixed with
the complimentary azide- or DBCO-modified DNA strand (1.1 equivalencies) and
allowed to anneal at room temperature for 10 minutes. An equimolar mixture of Alexa
Fluor 488 and 647-modified streptavidin conjugates at 10 nM were added to
biotinylated LNPs diluted by 10x, 100x, or 1000x compared to the initial LNP solution.
FRET was monitored by monitoring fluorescence channels for Alexa Fluor 488 Ex/Em
(490 nm/520 nm), Alexa Fluor 647 Ex/Em (650 nm/670 nm), and FRET Ex/Em (490
nm/670 nm). Fluorescence signal was calculated by taking the ratio of 670 nm and 520
nm emission upon excitation with 490 nm light. This ratio was expressed as a fold
increase relative to a mixture of streptavidin conjugates and non-biotinylated LNPs to
account for non-specific binding. Control experiments were performed with streptavidin
conjugate directly conjugated to Alexa Fluor 488 or 647 and a mixture of direct and

DNA conjugates to account for DNA-DNA repulsion that may decrease FRET signal.

Synthesis of Azido N-allylacrylamide Monomer (compounds 1 — 3)

Synthesis of Compound (1)

Sodium azide (55 mmols in 17 mL of water) was added to a stirred solution of 3-
bromopropylamine hydrobromide (16.5 mmols in 11 mL of water). The resulting mixture
was then reacted under reflux conditions (98°C) for 16 hours. The reaction mixture was
cooled to room temperature before removal of approximately two thirds of the solvent
in vacuo. The concentrated reaction mixture was basified by the addition of sodium
hydroxide pellets (79 mmols) while stirred on ice for five minutes. Diethylether (50 mL)
was added to the basified mixture and stirred on ice for an additional five minutes. The
resulting organic layer was separated from the aqueous layer. The aqueous layer was

then extracted with diethylether (2x with 50 mL). The combined organic layers were
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dried with sodium sulfate before concentration in vacuo. The product was a clear,
yellow oil, which was used as is without further purification. The product (1) was isolated
in 60% yield (960 mg) and characterized via 'H and '*C NMR.

Synthesis of Compound (2)

Triethylamine (3.75 mmol) was added to a stirred solution of compound (1) (3.41 mmol
in 23 mL of dichloromethane) on ice and equilibrated for 10 minutes. Acryloyl chloride
(4.1 mmol in 2 mL of dichloromethane) was added to the reaction dropwise for 1 hour
on ice. The reaction then was carried out on ice for 1 hour and at room temperature for
1 hour. The reaction was quenched with water (3 mL) before the addition of 50 mL of
dichloromethane. The organic layer was separated from the aqueous layer. The
aqueous layer was then extracted with dichloromethane (2x with 50 mL). The combined
organic layers were dried with sodium sulfate before concentration in vacuo. The
product (2) without further purification. The product was isolated in 77% yield (405 mg)
and characterized via '"H NMR. The product is unstable and must be used immediately.
Synthesis of Compound (3)

Compound (2) (2.6 mmol in 7 mL of dry dimethylformamide) was added to a stirred
solution of sodium hydride (3.4 mmol in 14 mL of dry dimethylformamide). The resulting
solution equilibrated for 10 minutes. Allylboromide (6.6 mmol) was added to the stirred
solution. The resulting mixture was reacted at room temperature for 1 hour. The
reaction was quenched by the addition for 4 mL of water before the addition of 50 mL
of diethyl ether. The organic layer was separated from the aqueous layer. The aqueous
layer was then extracted with diethyl ether (2x with 50 mL). The combined organic
layers were dried with sodium sulfate before concentration in vacuo. The crude product
was purified via silica gel flash chromatography. Solvent A: hexanes. Solvent B: ethyl

acetate. Gradient: 0 — 100% solvent B over 30 minutes. Elution: 40% ethyl acetate.
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Yield: 42%, 215 mg, 1.1 mmol. The product (3) was characterized by '"H NMR. The
final product is prone to polymerization and thus was stabilized by the addition of 4-
methoxyphenol at a concentration of 1 part per thousand and stored under oxygen at -
20°C.

Synthesis of Fluorous Allylamine (compound 4)

1 equivalency (123 mg, 181 pmol) of fluorous-Boc-On was reacted with 2 equivalencies
of allylamine in the presence of 4 equivalencies of triethylamine at a concentration of
15 mM in tetrahydrofuran. The reaction was stirred at room temperature for 4 hours.
The solvent was then removed under vacuum. The crude product purified via fluorous
solid phase extraction (FSPE). In short, the product was suspended in 0.5 mL of
methanol and precipitated by the addition of 0.5 mL of water. The slurry was loaded
onto a 2-gram, hand-packed column of fluorinated silica gel. Excess reagents were
washed from the column with 20 mL of an 80:20 mixture of methanol and water. The
product (4), was eluted from the column by washing with 10 mL of methanol. The
solvent was removed under vacuum and the product was characterized via '"H NMR.
Synthesis of oligoTEA-based Molecular Barcodes (compounds 5 — 14)
OligoTEA-based molecular barcodes were synthesized via the established method“®.
General reaction conditions and purification protocols are provided below. The
synthesis of each oligomer was performed with a starting basis of 20 mg of compound
(4).

General Thiol-ene Protocol

1 equivalency of fluorous-allyl was mixed with 3 equivalencies of dithiol and 0.15
equivalencies of 2,2-dimethoxy-2-phenylacetophenon (DMPA) at a final concentration
of 200 mM in methanol. The mixture was irradiated with 20 m\W/cm? UV light for 270

seconds. The product was purified by FSPE using a 500 mg column of fluorinated silica
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gel and 3 mL of wash solution (80:20 methanol:water) per 10 mg of fluorous material.
and the methanol. The product was eluted with 2 mL of methanol per 10 mg of fluorous
material. Methanol was evaporated under reduced pressure to yield the fluorous-thiol
product.

General Michael Addition Protocol

1 equivalency of fluorous-thiol was mixed with 2 equivalencies of N-allylacrylamide
monomer and 0.1 equivalencies of dimethylphosphine (DMPP) at a final concentration
of 200 mM in methanol. The mixture was reacted at 40°C until all thiol was consumed,
as monitored by the dithiodipyridine (DTDP) assay®'. The product was purified via
FSPE using a 500 mg column of fluorinated silica gel and 3 mL of wash solution (80:20
methanol:water) per 10 mg of fluorous material. and the methanol. The product was
eluted with 2 mL of methanol per 10 mg of fluorous material. Methanol was evaporated
under reduced pressure to yield the fluorous-allyl product.

General Tertiary Amine Capping Protocol

Capping of the oligomers with a tertiary amine-modified thiol was performed as
previously described. However, the wash solution was changed to 100 mM NaOH in
an 80:20 mixture of methanol and water. This was done to improve yield by preventing
protonation of the terminal tertiary amine.

General Deprotection Protocol

Fluorous oligoTEA was dissolved at 5 mM in 50% trifluoroacetic acid in
dichloromethane. The reaction was carried out at room temperature for 3 hours. The
solvent was removed under vacuum and the product was purified via semi-preparative
RP-HPLC using a linear solvent gradient from 5 — 95% solvent B over 45 minutes. The
products were characterized via LC-MS.

Summary of Elution Times and Identified Masses
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(5): Proton; Elution: 15.3 minutes; Calc: 730.32 Da; Obs: 730.20 Da ([M+H]*)

(6): Methyl; Elution: 16.1 minutes; Calc: 744.34 Da; Obs: 744.30 Da ([M+H]*)

(7): Ethyl; Elution: 17.0 minutes; Calc: 758.35 Da; Obs: 758.20 Da ([M+H]*)

(8): Propyl; Elution: 18.1 minutes; Calc: 772.37 Da; Obs: 772.20 Da ([M+H]*)

(9): Butyl; Elution: 19.5 minutes; Calc: 786.39 Da; Obs: 786.30 Da ([M+H]*)

(10): Pentyl; Elution: 21.1 minutes; Calc: 800.40 Da; Obs: 800.30 Da ([M+H]*)

(11): Benzyl; Elution: 19.9 minutes; Calc: 820.37 Da; Obs: 820.30 Da ([M+H]*)

(12): Phenyl; Elution: 20.1 minutes; Calc: 834.39 Da; Obs: 834.60 Da ([M+H]*)

(13): Guanidine; Elution: 14.3 minutes; Calc: 815.39 Da; Obs: 815.30 Da ([M+H]*)
(14): Carboxylic Acid; Elution: 16.3 minutes; Calc: 788.33 Da; Obs: 788.20 Da ([M+H]*)
Synthesis of DBCO-L(-)DTT-Amine (compounds 15 — 17)

Synthesis of Compound (15)

1 equivalency (124 mg, 807 pmol) of L(-)DTT was dissolved at 1.6 M in methanol. 3
equivalencies of tert-butyl allylcarbamate and 0.05 equivalencies of DMPA were added.
The mixture was irradiated at 20 mW/cm? for 270 seconds. The solvent was removed,
and the product was purified via silica gel flash chromatography. Solvent A:
dichloromethane. Solvent B: methanol. Gradient: 0 — 5% solvent B over 60 minutes.
Elution: 2.5% methanol. Yield: 78%, 296 mg, 630 umol. The product (15) was
characterized by '"H NMR and LC-MS (calculated: 491.23, observed: 491.20 [M+Nal*).
Synthesis of Compound (16)

1 equivalency (53 mg, 114 ymol) of compound (15) was dissolved at 50 mM in 50%
(v/v) trifluoroacetic acid in dichloromethane. The mixture was reacted at room
temperature for 3 hours. The solvent was then removed under vacuum. The product

was recovered in quantitative yield and characterized via LC-MS (calculated: 269.13;
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observed: 269.20 [M+H]*) The product (16) was used without further purification or
characterization.

Synthesis of Compound (17)

1 equivalency (3.5 mg, 8.7 umol) of DBCO-NHS ester was dissolved at 30 mM in
dimethyl sulfoxide. 10 equivalencies of compound (15) and 15 equivalencies of
triethylamine were added. The mixture was reacted at room temperature for 4 hours
and purified via semi-preparative RP-HPLC. The reaction mixture was separated using
a linear solvent gradient of 5 — 65% solvent B over 30 minutes and characterized via
LC-MS. Compound (17) eluted at 18 minutes. Yield: 67%, 3.4 mg, 5.8 ymol, Calculated
556.22, Observed 556.10 [M+H]*

Synthesis of oligoTEA-modified PEG5K (compounds 18)

1 equivalency of oligoTEA probe was dissolved at 6 mM in dimethyl sulfoxide. 5
equivalencies of SVA-PEG5K-SVA and 5 equivalencies of triethylamine were added.
The mixture was reacted overnight at room temperature and the product was purified
via semi-preparative RP-HPLC using a linear solvent gradient from 5 — 95% solvent B
over 30 minutes. The product was isolated in 30% yield.

Synthesis of DBCO-L(-)DTT-modified PEG5K (compounds 19)

1 equivalency of compound (17) was dissolved at 4.75 mM in dimethyl sulfoxide. 5
equivalencies of SVA-PEG5K-SVA and 4 equivalencies of triethylamine were added.
The mixture was reacted overnight at room temperature and the product was purified
via semi-preparative RP-HPLC using a linear solvent gradient from 5 — 95% solvent B
over 30 minutes. The product was isolated in 60% yield.

Synthesis of PEGylated Streptavidin

1 equivalency of streptavidin was reacted with 20 equivalencies of compound (18) or

(19) at protein concentration of 100 uM. The solvent for the reaction was 10% (v/v)
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dimethyl sulfoxide in PBS, pH 7.4. The reactions were carried out at room temperature
overnight. The reaction mixture was dialyzed against PBS, pH 7.4 to remove excess

NHS ester.

Sodium Periodate Oxidation of oligoTEA Probes

Azide- and DBCO-modified probes were mixed equimolar at a concentration of 100 uM
in water. The mixture was reacted overnight at room temperature. The mixture was
then treated with sodium periodate at the indicated concentrations for the indicated
amount of time. Excess sodium periodate was removed using a ZipTip according to the
manufacturer’s instructions. The product was analyzed via LC-MS using both full scan

and SIM modes to identify the reaction products.
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Chapter 5 Appendix

DNA- and Polymer-Protein Conjugates to Characterize Extracellular Vesicles

Synthesis of “Click”-modified DNAs
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Figure A5. 1. MALDI-MS analysis of azide-modified DNA.
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Figure A5. 2. MALDI-MS analysis of DBCO-modified DNA.
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Synthesis of Cleavable, Fluorophore-modified DNAs for IEDDA Conjugation

1.00-

— Parent
—~ 0.754 — Bifuntional DNA

0.50+

Intensity (A.U

0.254

0.00
6000 7000 8000 9000 10000 11000
m/z (Da)

Figure A5. 3. MALDI-MS analysis of cleavable-TCO, Alexa Fluor 647-modified
DNA
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Synthesis of “A10” Lipid
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Figure A5. 4. Synthesis scheme for first step of A10 lipid synthesis.

«© <o) o < «© o
© N n < Lo (=]
< o NN — —
I | N/ |
HC=10—12 [e] ,C—20 CH;
9 V& 21 /17
o—14 N—18
13 \ /19
15—18 23—2)
\
N—24
25
7*5/
o /
EREAN 17 and 21
HC=2—1 o
1 3
I
4and 12

7 and 15

3.63 -

1, 8,9, 16, 18,

20, 22, and 24
23

I

T T
o (o)}
Qe @
o %

Figure A5. 5. "H NMR of A10 lipid intermediate (400 MHz, CDCls)
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Synthesis of Biotinylated LNPs
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Figure A5. 8. Dynamic light scattering of biotinylated LNPs.
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Synthesis of Compounds 1 -3
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Figure AS5. 9. Synthesis scheme for compound (1).
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Figure A5. 10. '"H NMR of compound (1) (400 MHz, CDCls).

258



77.02 cdcl3
—32.00

—49.08
3917

%,

2 4 N
NN

g B e

45 40 35 30 25

80 75 70 65 60 55 50
f1 (ppm)

Figure A5. 11. '3C NMR of compound (1) (400 MHz, CDCls).
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Figure A5. 12. Synthesis scheme for compound (2).
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Figure A5. 13. '"H NMR of compound (2) (400 MHz, CDCls).
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Figure A5. 14. Synthesis scheme for compound (3).
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Synthesis of Compound 4
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Figure A5. 16. Synthesis scheme for compound (4).
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Figure A5. 17. '"H NMR of compound (4) (400 MHz, CDCls).
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Synthesis of Compounds 5 - 14
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Synthesis of Compounds 15 - 17
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Figure A5. 28. Synthesis scheme for compound (15).
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Chapter 6 — Peptide-DNA Conjugates to Quantify Endosomal Escape
6.1 — Background

Nucleic acid-based therapeutics such as short interfering RNA (siRNA) have
the potential to fundamentally alter disease treatment by selectively’ and reversibly?
degrading otherwise undruggable protein targets®. However, due to their large size and
highly negative charge, siRNAs cannot passively diffuse across the mammalian cell
membrane and must enter the cell via endocytosis. Upon endocytosis, siRNA is
sequestered inside of an endosome, a lipid bilayer-bound vesicle. During lysosomal
maturation, nucleases are shuttled into the endosome to degrade exogenous nucleic
acids. Therefore, the potency of siRNA-based therapeutics is limited by their ability to
undergo “endosomal escape” before lysosomal degradation®.

To solve the problem of endosomal escape, researchers have relied on
GalNAc-conjugated siRNAs and nanoparticle encapsulation. GalNAc-conjugated
siRNAs®®, which are targeted to the liver by the asialoglycoprotein receptor (ASGRP)
expressed on hepatocytes®, are thought to rely on a fortuitous combination of high
receptor expression, fast recycling rate, and “leaky” endosomal escape to achieve
therapeutic levels of cytosolic siRNA*. Nanoparticles, which passively accumulate in
the liver'9, typically use ionizable lipids to disrupt the endosomal membrane and deliver
siRNA into the cytosol'''®. These approaches have led to, patisiran (ONPATTRO®)",
the first FDA approved siRNA therapeutic, and have opened the door for a plethora of
liver-targeted siRNA therapeutics currently in clinical trials.

The next frontier in siRNA therapeutics is tissue-specific, extra-hepatic delivery.
To enable extra-hepatic delivery, alternative carriers are needed. Due to their ability to
target specific tissues, antibody-based carriers have the potential to achieve extra-

hepatic delivery'®2°. However, antibodies do not possess an active mechanism for
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endosomal escape?'. Nevertheless, a variety of strategies have been pursued to
deliver antibody-conjugated siRNA both in vitro and in vivo. Several such approaches
sought to incorporate active release mechanisms?>24. However, surprisingly, other
approaches as well as the GalNAc-siRNA conjugate* possessed no obvious
mechanism of endosomal escape?®?%. These conflicting results highlight one of the
major hurdles to developing efficient antibody-siRNA conjugates — understanding their
processing inside of cells. A variety of readouts have been developed to quantify gene
knockdown, the functional output of siRNA delivery?’-?°. These methods are valuable
tools, but they are indirect indicators of endosomal escape. A comprehensive analysis
of intracellular antibody-conjugated siRNA processing must directly assay endosomal
escape.

A variety of methods have been developed to study the endosomal escape of
macromolecular therapeutics. The split GFP-complementation assay®*3' has been
adapted to study the intracellular delivery of protein-based therapeutics3?33. These
assays are high throughput, but do not provide molar quantification of the delivered
macromolecular therapeutic. Live-cell imaging has been used to visualize siRNA
release from lipid nanoparticles® and study intracellular trafficking®®. These works
provide insight into the molecular basis of endosomal escape, but these techniques are
low throughput and are only able to estimate the amount of cytosolically delivered
siRNA. Other researchers have developed an assay based on biotin ligase3% to
quantify the cytosolic delivery of proteins®-4°, This approach is quantitative but is not
amenable to high through-put or live-cell analysis. Taken together, these methods
provide a valuable blueprint for the development of a universal assay for the endosomal

escape of siRNA.
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An ideal approach would be compatible with a variety of delivery systems and
cell lines (i.e. does not require genetic manipulation). This would pave the way for a
plug-and-play approach to studying and optimizing conjugate-based siRNA
therapeutics. Additionally, it would possess detection modalities compatible with high
throughput measurements, live-cell imaging, and precise molar quantification.
Measurements that can be performed with high throughput would enable the rapid
screening of libraries of conjugate-based carriers. Further, kinetic measurements of
endosomal escape would enable the determination of the rate of endosomal escape.
Once quantified, this fundamental parameter could be used to predict the kinetics of
cytosolic siRNA delivery and inform the design of future siRNA-carriers. Live-cell
imaging would facilitate visualization of the intracellular trafficking of cytosolic siRNA.
In combination with colocalization studies, this could inform the molecular basis of
endosomal escape. Finally, molar quantification of the cytosolically delivered fraction
could be correlated to gene knockdown to determine the true dose-response behavior
of siRNA therapeutics. In this work, we sought to devise an endosomal escape assay
capable of fulfilling the above criteria.
6.2 — Results and Discussion

Any endosomal escape assay must be built around a physical or chemical
trigger which distinguishes between the cytosolic and endosomal compartments. To
design our trigger, we were inspired by thimet oligopeptidase (THOP1). THOP1 is a
ubiquitously expressed peptidase, which is reported to be present only in the cytosol
of mammalian cells*'#2. This would provide a means of detecting endosomal escape in
any cell line of interest without the need to express an exogenous protein. Further,
THOP1 cleaves a five amino acid model peptide substrate (PLGPdK)*344. This should

provide a minimally perturbative “tag” for detecting endosomal escape.
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Figure 6.1. THOP1-specific cleavage of MCA-PLGPdK-DNP in cell lysate. Peptide
cleavage measured via excitation at 328 nm and methoxy coumarin-specific emission
at 393 nm. Cleavage specificity assessed via incubation with THOP-specific inhibitor.
Data represents average of two measurements.

In a preliminary study, we tested the specificity of THOP1 cleavage in cell lysate
using a commercially available substrate for THOP1 (Figure 6.1). The amino acid
sequence for this peptide is PLGPdK. Interestingly, the C-terminal lysine residue of this
peptide is the D-isomer while all other residues are the natural L-isomers. The N-
terminus of the peptide is modified with a methoxy coumarin (MCA)-based fluorescent
reporter. This dye is quenched by a 2,4-dintirophenol (DNP)-based static quencher
placed on the lysine side chain. Upon cleavage between the leucine and glycine
residues, fluorescence is observed by excitation at 328 nm and emission at 393 nm.
Cleavage of the peptide was observed upon incubation with lysate from HEK293,
SKOV3, and Hela cell lines. Further, the addition of Cpp-AAF-pAb, a THOP1-specific
inhibitor, greatly reduced peptide cleavage. The low level of cleavage observed in the
presence of inhibitor could be due to off-target cleavage by another protease or low
levels of residual THOP1 activity. This experiment was unable to distinguish between
these two interpretations. This data suggests that THOP1 is expressed at significant
levels in a variety of cell lines, and that the amino acid sequence PLGPdK is specific

for THOP1.
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measured in lysate generated from HelLa cells. Cleavage was measured via excitation
at 488 nm and BODIPY-specific emission at 515 nm. Cleavage specificity assessed
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Specific cleavage of PLGPdK in cell lysate demonstrated the potential for this
peptide to serves as a scaffold for building an intracellular probe for endosomal escape.
The N-terminal coumarin dye is dim and not suitable for intracellular fluorescence
measurements. Therefore, we synthesized two analogs of the commercially available
substrate containing an N-terminal BODIPY modification. Cleavage of these probes
can be assayed by fluorescence emission at 515 nm upon excitation at 488 nm. We
selected BODIPY because it is bright, photostable, and known to be quenched by
DNP4%. The two BODIPY-modified substrates differed in the isomerization of the C-
terminal lysine residue. Hereafter, the substrates will be referred to as BODIPY-Lys
and BODIPY-dLys. Cleavage specificity for BODIPY-Lys and BODIPY-dLys was tested
in HelLa cell lysate (Figure 6.2). Encouragingly, both peptides demonstrated bond
cleavage efficiency comparable to that of the commercial substrate (Figure 6.1). This
indicated that THOP1 can accept different N-terminal modifications on the PLGPdK
sequence. Further, BODIPY-dLys showed a greater decrease in bond cleavage upon
the addition of inhibitor, which indicated greater THOP1 specificity than BODIPY-Lys.

However, BODIPY-dLys was synthetically less accessible and low yield. Therefore,
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BODIPY-Lys was used for preliminary studies. This choice may lead to false positive

data but should not lead to false negatives.
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Figure 6.3. Design of THOP1-based endosomal escape assay. A) BODIPY-Lys is
covalently attached via the peptide C-terminus to 20mer, biotinylated dsDNA. The
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Endosome

Encouraged by this data, we envisioned the following assay for endosomal
escape (Figure 6.3). BODIPY-Lys would be chemically conjugated to a biotinylated
ssDNA, forming the so called “probe” strand. The length of this DNA would be 20
nucleotides to mimic the size, shape, and charge of siRNA. The probe strand would be
duplexed and incapsulated in a lipid nanoparticle (LNP). Probe-loaded LNPs would be
used to transfect cells. Upon endosomal escape, BODIPY-Lys is cleaved by
cytosolically-localized THOP1. This cleavage event leads to fluorescence
dequenching, which can be measured in a high throughput manner via flow cytometry

or by live-cell confocal microscopy to ascertain the intracellular trafficking of the probe
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strand. Finally, BODIPY and DNP are haptens, which enables detection via enzyme-
linked immunosorbent assay (ELISA). The terminal biotin modification is used to
immobilize probes on streptavidin-coated plates. Quantification of intact DNP
modifications represents the total amount of delivered probe. Quantification of intact

BODIPY modifications represents the total amount of endosome-localized probes.
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Figure 6.4. Functional testing of peptide-DNA conjugate. A) Scheme for synthesizing
peptide-DNA conjugate. B) Determination of ELISA-based detection limit of conjugate.
C) Efficiency of BODIPY-DNP quenching within the peptide-DNA conjugate. D) Activity
of THOP1 towards BODIPY-Lys conjugated to dsDNA.

To realize this vision, we conjugated BODIPY-Lys to a 20mer biotinylated DNA.
Conjugation was performed by first derivatizing the C-terminus of BODIPY-Lys via
EDC/NHS coupling with azido propylamine, a small “click” handle. The azide-

functionalized peptide was conjugated to a DNA modified with a dibenzocyclooctyne
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(DBCO) functional group (Figure 6.4). This construct, conjugate 1, was used to
determine the detection limit of ELISA-based quantification. In the assay shown above,
signal greater than 1 is considered signal above background. For both BODIPY and
DNP, the ELISA detection limit was between 1 and 0.1 pmol of sample in a 96-well
plate format. Next, the quenching efficiency of conjugate 1 was determined. DNP is a
static quencher; therefore, the efficiency of quenching can be strongly dependent on
the chemical environment of they dye. Comparison a non-quenched, BODIPY-modified
DNA showed a quenching efficiency of approximately 95% at 515 nm up excitation at
488 nm. Finally, the cleavage efficiency of conjugate 1 was assessed using
commercially available recombinant THOP1. Conjugate 1 was compared to a control
of BODIPY-Lys. No cleavage was observed over the course of 1 hour at 37°C.
Cleavage was again assessed after 4 days at 37°C, with no observable bond cleavage
(data not shown). This data suggests, that THOP1 does not accept bulky modifications

at the C-terminus of PLGPK.
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To test the effect of C-terminal modifications on THOP1 cleavage, azide-
modified BODIPY-Lys was reacted with either a DBCO containing no PEG spacer or a
linear alkyne containing a PEG4 spacer. These peptides were purified via RP-HPLC
and characterized via LC-MS. Bond cleavage was assayed using recombinant THOP1
(Figure 6.5). In agreement with Figure 6.4, the DBCO-modified peptide displayed
negligible bond cleavage over 72 hours. Interestingly, modification of the C-terminus
with azido propylamine caused a noticeable drop in cleavage efficiency. Cleavage
efficiency dropped further up on cycloaddition of a linear alkyne-PEG4 cross-linker.
Despite the decreased efficiency, the alkyne-modified peptide showed significant bond
cleavage after 24 hours. After 72 hours, fluorescence was comparable to that of
BODIPY-Lys and its azide-modified derivative. This highlights the importance of
reducing steric bulk at the C-terminal lysine of PLGPK and points to the potential

importance of the anionic charge of the C-terminal carboxylic acid. The linear alkyne-
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modified peptide was taken as our optimal design, recapitulated in a DNA conjugate

(conjugate 3), and used for intracellular testing.
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Figure 6.6. Endosomal escape assay with conjugate 3. Conjugate 3 was delivered to
HelLa cells via Lipofectamine. THOP1 specificity was assessed via incubation in the
presences or absence of THOP1-specific inhibitor. Endosomal escape was assessed
after either 0 hours (left) or 18 hours (right) of post transfection incubation. Endosomal
escape was analyzed by monitoring BODIPY-specific fluorescence. Each
measurement was performed in duplicate.

Conjugate 3 was used to assess the potential of BODIPY-Lys to serve as a
probe for endosomal escape (Figure 6.6). In short, conjugate 3 was transfected into
SKOV3 cells using lipofectamine as a model transfection reagent. To assess the
specificity of intracellular BODIPY-Lys cleavage, transfected cells were incubated with
and without THOP1-specific inhibitor. Transfections were carried out for 6 hours
followed by incubation for the indicated amounts of time. After both 0 hours and 18
hours of incubation, the histograms for cells incubated with and without inhibitor were
indistinguishable. There are a variety of interpretations of this data. It is possible that
the THOP1 inhibitor is not cell permeable at the concentration tested (25 uM). In this
case, it would be impossible to distinguish between specific and non-specific
degradation intracellularly, which would obscure our results. Another possibility is that
conjugate 3 was delivered into the cytosol but was not cleaved by THOP1. Figure 6.5

indicates that THOP1 cleavage should be less efficient on the conjugate compared to
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the free peptide, but it is difficult to directly compare these experiments. Another
possibility is that conjugate 3 was delivered to the cytosol and cleaved by THOP1, but
the liberated BODIPY fluorophore was not retained inside the cell or was removed from
the cell by exocytosis*®. Indeed, some level of exocytosis of either conjugate or cleaved
BODIPY has occurred as evidenced by the shift towards lower fluorescence after 18
hours of incubation. A final interpretation is that conjugate 3 was delivered to the cytosol
and cleaved, but the detection limit for dequenching inside of cells in incompatible with
the small amount of conjugate that is expected to escape the endosome3+3%. The true

answer is likely some combination of these interpretations.
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Figure 6.7. Flow cytometry detection limit of lipofectamine
transfection. Mixtures of BODIPY-labeled and unlabeled dsDNA were
delivered to HelLa cells via Lipofectamine. A standard curve of
fluorescence was generated by measuring BODIPY-specific
fluorescence. Each measurement was performed in duplicate.

To assess the fundamental detection limit of a flow cytometry-based endosomal
escape assay, cells were transfected with non-quenched, DNA-conjugated BODIPY
(Figure 6.7). To mimic transfection with a quenched conjugated and THOP1-mediated

dequenching, cells were transfected with standard mixtures of labeled and non-labeled
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dsDNA. The quenching efficiency of BODIPY-Lys conjugated to DNA is approximately
95% (Figure 6.4). This is equivalent to the “5%” transfection case in Figure 6.7. The
7.5% and 10% transfection conditions cannot be reliably distinguished from the 5%
transfection. This can be interpreted to mean that endosomal escape below a threshold
of approximately 5% cannot be detected with conjugate 3. Current best estimates are
that only 1 — 2% of siRNA escapes the endosome. Therefore, the quenching efficiency
of conjugate 3 is not sufficient. However, comparison of the 1%, 2.5%, and 5%
transfection conditions reveals that as little as 1.5% escape should be detectable

provided that the quenching efficiency of the probe is at least 99%.
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Figure 6.8. Characterization of DABCYL-modified peptide by THOP1. Efficiency of
DBACYL-based BODIPY quenching (left). Cleavage of DABCYL-modified peptide
(right). Peptide cleavage assessed using recombinant THOP1 and BODIPY-specific
excitation at 488 nm and emission at 515 nm. Data represents the average of two
measurement.

To improve the quenching efficiency of the PLGPdK probe, a version of the
probe was synthesized containing a DABCYL-based quencher on the lysine side chain.
DABCYL was shown to be a more efficient quencher of BODIPY (Figure 6.8). The
quenching efficiency was found to be approximately 99%. Highly efficient quenching
should enable sensitive detection of endosomal escape as demonstrated in Figure 6.7.
The cleavage efficiency of this peptide was measured using recombinant THOP1

(Figure 6.8). That DABCYL-modified peptide was synthesized with the C-terminal D-
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lysine isomer. Therefore, cleavage efficiency was compared to BODIPY-dLys. This
data indicates that a DABCYL modification on the lysine residue is not tolerated by
THOP1. This further highlights the C-terminal sensitivity that we have observed with

other modifications of the PLGPdK and PLGPK peptides.

6.3 — Conclusions

In conclusion, with an eye towards studying siRNA therapeutics, we sought to
co-opt THOP1, a ubiquitously expressed cytosolic peptidase, to develop a high
throughput, quantitative assay for endosomal escape. A commercial substrate for
THOP1, MCA-PLGPdK-DNP, was used as a starting point for probe development. The
N-terminal coumarin dye was replaced with BODIPY to improve brightness and
suitability for live-cell imaging. An N-terminal BODIPY modification was well tolerated
and maintained THOP1 specificity in cell lysate. The C-terminus of the peptide was
modified with an azide “click” handle for conjugation to DNA. A large decrease in
THOP1 cleavage activity was observed for progressively larger C-terminal
modifications. It was determined that the quenching efficiency DNP is insufficient for
live-cell studies of endosomal escape via flow cytometry. A DABCYL-based quencher
was used to improve quenching efficiency. However, the addition of a bulky
modification on the C-terminal lysine was shown to abolish THOP1 cleavage activity.
Taken together, these data highlight the potential perils of developing an endosomal
escape assay within the constraints of an existing biological system. The ubiquitous
expression of THOP1 would have proven to be a convenient, universal trigger to detect
endosomal escape. However, our substrate-design based approach was unable to
uncover a suitable peptide-DNA conjugate substrate for THOP1. In future work, it may

be advantageous to turn towards bioorthogonal chemistry or orthogonal biological

286



processes with predictable performance as a starting point to develop an endosomal

escape assay.
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6.4 — Materials and Methods

Reagents for Chemical Synthesis

All chemicals were purchased from MilliporeSigma unless stated otherwise.
Reagents for Molecular Biology and Cell Culture

All cell culture reagents were purchased from ThermoFisher Scientific unless stated
otherwise. SKOV3, Hela, and HEK293 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM).

Liquid Chromatography Mass Spectrometry (LC-MS)

LC-MS analysis was carried out on an Agilent 1100 Series LC with a Poroshell 120 EC-
C18 column (100 x 3 mm, 2.7 um, Agilent Technologies) and an Agilent G1956B Series
Single Quadripole MS in positive ion mode for mass detection. The mobile phase for
LC-MS (solvent A) was water with 0.1% (v/v) acetic acid, and the stationary phase
(solvent B) was acetonitrile with 0.1% (v/v) acetic acid. Compounds were eluted at a
flow rate of 0.6 mL/min using a gradient of 5-100% solvent B (0-10 minutes) followed
by 100% solvent B (10-12 minutes) and equilibrated back to 5% solvent B (12-15
minutes).

Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector. Semi-preparative
RP-HPLC was performed with a C18 column (Agilent Eclipse XDB-C18, 9.4 x 250 mm,
5 ym). Analytical RP-HPLC was performed with a C18 column (Agilent Eclipse Plus
C18, 4.6 x 150 mm, 5 ym). The mobile phase for HPLC was water with 0.1% (v/v)
trifluoroacetic acid (solvent A) and acetonitrile with 0.1% (v/v) trifluoroacetic acid

(solvent B) unless specified otherwise. Compounds were eluted at a flow rate of either
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4 mL/min (semi-preparative) or 1 mL/min (analytical) using a linear solvent gradient as
specified below.

Purification of Modified DNAs

HPLC purification was performed on an Agilent 1100 Series HPLC system equipped
with a UV diode array detector and an 1100 Infinity fraction collector. Purification of
modified DNAs was performed using an analytical RP-HPLC with a C18 column
(Agilent Eclipse Plus C18, 4.6 x 150 mm, 5 um). The mobile phase for HPLC was TEAA
buffer (100 mM triethylamine, 100 mM acetic acid, pH 7.2, solvent A) and acetonitrile
(solvent B). Compounds were eluted at a flow rate of either 1 mL/min using a linear

solvent gradient as specified below.

Analysis of THOP1 Activity using Recombinant THOP1

Recombinant THOP1 was mixed with peptide substrate in assay buffer (25 mM Tris,
150 mM NacCl, pH 7.5). Activity was tested at 37°C with THOP1 at a concentration of 5
nM and the peptide substrate at a concentration of 10 yM. For methoxy coumarin-
peptides, fluorescence was measured by excitation at 328 nm and emission at 393 nm.
For BODIPY-modified peptides, fluorescence was measured by excitation at 490 nm

and emission at 515 nm.

Generation of Cell Lysate

Cells were expanded in three T75 flasks until the cells reached 70% confluent. The
cells were washed with phosphate buffer saline (PBS), pH 7.4. Trypsin (3 mL) was
added to each T75 flask to dislodge the cells. The cells were removed from each flask
and pooled together. Cells were pelleted by centrifugation at 500xg for 5 minutes.
Trypsin was aspirated and the cells were suspended in 15ml of PBS. Again, cells were
pelleted by centrifugation at 500xg for 5 minutes. This process was repeated once

more. The washed cells were suspended in 350 pL of assay buffer (25 mM Tris, 150
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mM NacCl, pH 7.5). To disrupt the cell membrane, the cell suspension was frozen in a
dry ice-isopropyl alcohol bath for 1 minute then placed in a water bath at 37°C for 2
minutes. The thawed suspension was vortexed briefly. This cycle was repeated a total
of 5 times. Cell debris was removed by centrifugation at 10,000xg for 10 minutes. To
remove residual cell debris, the supernatant was transferred to a new Eppendorf tube
and centrifuged at 10,000xg for 10 minutes. This supernatant was taken as the final
cell lysate preparation. A Bradford Assay was performed to determine the protein
concentration in the generated cell lysate. The cell lysate sample was diluted at ratios
from 1:50 to 1:400 for Bradford analysis. Cell lysate was stored at a concentration of
2.5 mg/mL as 150 uL aliquots for single use. Aliquots were stored frozen at -20°C until

use.

Analysis of THOP1 Activity in Cell Lysate

Cell lysate was added to peptide substrate at final concentration of 10 uM peptide and
0.75 mg/mL protein in assay buffer (25 mM Tris, 150 mM NaCl, pH 7.5). Cleavage
reactions were carried out at 37°C for the indicated amounts of time. Peptide cleavage
was reported by dequenching of the N-terminal fluorophore. For methoxy coumarin-
peptides, fluorescence was measured by excitation at 328 nm and emission at 393 nm.
For BODIPY-modified peptides, fluorescence was measured by excitation at 490 nm
and emission at 515 nm. To test the specificity of peptide cleavage, N-[(RS)-1-Carboxy-
3-phenyl-propyl]-Ala-Ala-Phe-4-Abz-OH (Cpp-AAF-pAb), a THOP1-specific inhibitor?’,
was added at a concentration of 200 uM.

Lipofectamine Transfection of Conjugate 3

On day 1, SKOV3 cells were plated at a density 25,000 cells per well in a 24-well plate.
On day 3, a duplex of DNA conjugate 3 was prepared and allowed to anneal at room

temperature for 5 minutes. The cells were washed with PBS, pH 7.4 and placed in
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Optimem (225 yL). To test the effect of THOP1 inhibition, Cpp-AAF-pAb (1.5 yL) was
added to cells at 25 uyM. Dimethyl sulfoxide (1.5 yL) was added as a vehicle control in
the case of cell not treated with inhibitor. The DNA duplex was complexed with
Lipofectamine as follows. DNA duplex (49.5 pmol) was prepared at 2.7 uM in Optimem.
Separately, lipofectamine (3.7 pL) was added to Optimem (33 pL). The DNA duplex
and lipofectamine solutions were incubated at room temperature for 5 minutes. Then
the DNA duplex and lipofectamine solutions were combined and incubated at room
temperature for 20 minutes. The lipofectamine complex (25 yL) was then added to
cells. The final concentration of DNA duplex used for transfection at 100 nM.
Transfection was carried out at 37°C for 6 hours. Cells were washed with PBS and
incubated in Dulbecco’s Modified Eagle Medium (DMEM) for the indicated amount of
time (0 hours or 18 hours). Cells were washed with PBS, removed by trypsinization,
pelleted by centrifugation at 500xg for 5 minutes, and suspended in PBS for analysis

by flow cytometry.

Lipofectamine Transfection of Conjugate 4

On day 1, SKOV3 cells were plated at a density 50,000 cells per well in a 24-well plate.
On day 2, a duplex of DNA conjugate 4 was prepared and allowed to anneal at room
temperature for 5 minutes. The BODIPY-labeled duplex was mixed with an unlabeled
DNA duplex to generate duplex solutions that contained 1%, 2.5%, 5%, 7.5%, 10%, or
100% labeled DNA. The cells were washed with PBS, pH 7.4 and placed in Optimem
(225 pL). The mixtures of DNA duplex were complexed with Lipofectamine as follows.
DNA duplex (49.5 pmol) was prepared at 2.7 uM in Optimem. Separately, lipofectamine
(3.7 pL) was added to Optimem (33 uL). The DNA duplex and lipofectamine solutions
were incubated at room temperature for 5 minutes. Then the DNA duplex and

lipofectamine solutions were combined and incubated at room temperature for 20
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minutes. The lipofectamine complex (25 pL) was then added to cells. The final
concentration of DNA duplex used for transfection at 100 nM. Transfection was carried
out at 37°C for 6 hours. Cells were washed with PBS, removed by trypsinization,
pelleted by centrifugation at 500xg for 5 minutes, and suspended in PBS for analysis

by flow cytometry.

Synthesis of Bd-PLGPdK-DNP (compound 1)

Step 1

1 equivalency of Fmoc-PLGPdK was dissolved at 22 mM in dimethyl sulfoxide. 7
equivalencies of triethylamine and 1.5 equivalencies of 1-chloro-2,4-dinitrobenzene
were added. The mixture was reacted overnight at 40°C. The product was purified via
analytical RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 45 minutes Elution: 31 minutes.

Step 2

1 equivalency of step 1 product was dissolved at 5.7 mM in dimethyl sulfoxide. 5
equivalencies of piperidine were added. The mixture was reacted overnight at room
temperature. The product was purified via analytical RP-HPLC. The reaction mixture
was separated using a linear solvent gradient of 5 — 95% solvent B over 45 minutes
Elution: 19 minutes.

Step 3

1 equivalency of step 2 product was dissolved at 7 mM in dimethyl sulfoxide. 5
equivalencies of triethylamine and 2 equivalencies of BODIPY-NHS were added. The
mixture was reacted at room temperature overnight. The product was purified via
analytical RP-HPLC. The reaction mixture was separated using a linear solvent

gradient of 5 — 95% solvent B over 45 minutes Elution: 28 minutes. The product (1)
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was characterized via LC-MS (Figure A6. 1, calculated: 931.43, observed: 931.20 [M-
F1*).

Synthesis of Bd-PLGPdK-DABCYL (compound 2)

Step 1

1 equivalency of Fmoc-PLGPdK was dissolved at 6.8 mM in dimethyl sulfoxide. 7
equivalencies of triethylamine and 3 equivalencies of 2,5-dioxopyrrolidin-1-yl (E)-4-((4-
(dimethylamino)phenyl)diazenyl)benzoate (DABCYL-NHS ester) were added. The
mixture was reacted overnight at room temperature. Removal of the Fmoc protecting
group was achieved by treatment with 10% (v/v) piperidine for 5 hours. The product
was purified via semi-preparative RP-HPLC.

Step 2

1 equivalency of step 1 product was dissolved at 3 mM in dimethyl sulfoxide. 5
equivalencies of triethylamine and 5 equivalencies of BODIPY-NHS were added. The
mixture was reacted at room temperature overnight. The product (2) was purified via

analytical RP-HPLC. (Figure A6. 2, calculated: 1036.53, observed: 1036.40 [M+H]*).

Synthesis of Bd-PLGPK-DNP (compound 3)

1 equivalency of PLGPK-DNP was dissolved at 6 mM in dimethyl sulfoxide. 4
equivalencies of triethylamine and 2 equivalencies of BODIPY-NHS were added. The
mixture was reacted at room temperature overnight. The product was purified via
analytical RP-HPLC. The reaction mixture was separated using a linear solvent
gradient of 5 — 95% solvent B over 30 minutes Elution: 21 minutes. The product (3)
was characterized via LC-MS (Figure A6. 3, calculated: 931.43, observed: 931.10 [M-

F1*).
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Synthesis of Azide-modified THOP1 Peptide (compound 4)

1 equivalency of compound (3) was dissolved at 4 mM in dimethyl sulfoxide. 5
equivalencies of triethylamine, 5 equivalencies of EDC, 2 equivalencies of NHS, and 3
equivalencies of 3-azidopropan-1-amine were added. The mixture was reacted at room
temperature overnight. The product was purified via analytical RP-HPLC. The reaction
mixture was separated using a linear solvent gradient of 5 — 95% solvent B over 30
minutes Elution: 25 minutes. The product (4) was characterized via LC-MS (Figure

AB. 4, calculated: 1013.49, observed: 1013.25 [M-F]*).

Synthesis of DBCO-modified THOP1 Peptide (compounds 5)

1 equivalency of compound (4) was dissolved at 1 mM in 10% (v/v) water in dimethyl
sulfoxide. 2 equivalencies of DBCO-NHS ester were added. The mixture was reacted
overnight at room temperature. The product was purified via analytical RP-HPLC. The
reaction mixture was separated using a linear solvent gradient of 5 — 95% solvent B
over 90 minutes Elution: 59 minutes. The product (5) was characterized via LC-MS
(Figure AG6. 5, calculated: 1415.61, observed: 1415.20 [M-F]*).

Synthesis of DBCO-PEG13-modified THOP1 Peptide (compound 6)

1 equivalency of compound (4) was dissolved at 1 mM in 10% (v/v) water in dimethyl
sulfoxide. 2 equivalencies of DBCO-PEG13-NHS ester were added. The mixture was
reacted overnight at room temperature. The product was purified via analytical RP-
HPLC. The reaction mixture was separated using a linear solvent gradient of 5 — 95%
solvent B over 90 minutes Elution: 54 minutes. The product (6) was characterized via
LC-MS (Figure AG. 6, calculated: 1030.00, observed: 1030.1 [M-F+H]?*).

Synthesis of Alkyne-modified THOP1 Peptide (compound 7)

1 equivalency of compound (4) was dissolved at 2 mM in 25% (v/v) water in dimethyl

sulfoxide. 2 equivalencies of alkyne-PEG4-NHS, 0.5 equivalencies of copper sulfate, 1
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equivalency of TBTA, and 5 equivalencies of sodium ascorbate were added. The
mixture was reacted overnight at room temperature. The product (7) was purified via
analytical RP-HPLC. The reaction mixture was separated using a linear solvent

gradient of 5 — 65% solvent B over 60 minutes Elution: 50 minutes.

Reaction of Compound 2 with DBCO-modified DNA (Conjugate 1)

Step 1: Acylation of 3° Amine Modification

1 equivalency (100 pg, 14 nmol) of bifunctional DNA (3’ C6 spacer, Amine; 5’ Biotin)
was reacted with 40 equivalencies of DBCO-NHS at a DNA concentration of 100 pM.
The solvent for the reaction was 40% (v/v) dimethyl sulfoxide in borate buffered saline
(BBS), pH 8.2 (100 mM borate, 150 mM NaCl). The reaction was carried out at room
temperature overnight. The product was dialyzed against water to remove excess
DBCO and concentrated under vacuum. The product was used without further
characterization or purification.

Step 2: SPAAC Reaction

Modification of the 3’ DBCO modification was achieved by reacting 1 equivalency of
crude step 1 product with 1.5 equivalencies of compound (4) at a DNA concentration
of 350 uM. The reaction solvent was 50% (v/v) dimethyl sulfoxide in PBS, pH 7.4. The
reaction was carried out at room temperature overnight. The product was dialyzed
against water to remove excess compound (4) and concentrated under vacuum. The
crude product (conjugate 1) was purified via analytical RP-HPLC and dried under
vacuum to yield the final product. The reaction mixture was separated using a linear

solvent gradient of 5 — 95% solvent B over 45 minutes Elution: 21 minutes.

Reaction of Compound 2 with DBCO-PEG4-modified DNA (Conjugate 2)

Step 1: Acylation of 3° Amine Modification
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1 equivalency (400 pg, 55 nmol) of bifunctional DNA (3’ C6 spacer, Amine; 5’ Biotin)
was reacted with 40 equivalencies of DBCO-PEG4-NHS at a DNA concentration of 100
MM. The solvent for the reaction was 5% (v/v) dimethyl sulfoxide in borate buffered
saline (BBS), pH 8.2 (100 mM borate, 150 mM NaCl). The reaction was carried out at
room temperature overnight. The product was dialyzed against water to remove excess
DBCO and concentrated under vacuum. The product was used without further
characterization or purification.

Step 2: SPAAC Reaction

Modification of the 3' DBCO-PEG4 modification was achieved by reacting 1
equivalency of crude step 1 product with 1.5 equivalencies of compound (4) at a DNA
concentration of 350 uM. The reaction solvent was 50% (v/v) dimethyl sulfoxide in PBS,
pH 7.4. The reaction was carried out at room temperature overnight. The product was
dialyzed against water to remove excess compound (4) and concentrated under
vacuum. The crude product (conjugate 2) was purified via analytical RP-HPLC and
dried under vacuum to yield the final product. The reaction mixture was separated using
a linear solvent gradient of 5 — 95% solvent B over 45 minutes Elution: 21 minutes.
Reaction of Compound 2 with Alkyne-PEG4-modified DNA (Conjugate 3)

Step 1: Acylation of 3’ Amine Modification

1 equivalency (100 ug, 14.5 nmol) of monofunctional DNA (3’ C9 spacer) was reacted
with 40 equivalencies of Alkyne-PEG4-NHS at a DNA concentration of 170 uyM. The
solvent for the reaction was 35% (v/v) dimethyl sulfoxide in borate buffered saline
(BBS), pH 8.2 (100 mM borate, 150 mM NaCl). The reaction was carried out at room
temperature overnight. The crude product was purified via analytical RP-HPLC and
dried under vacuum to yield the final product. The reaction mixture was separated using

a linear solvent gradient of 5 — 35% solvent B over 15 minutes Elution: 10 minutes.
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Step 2: Azide-Alkyne Copper Click Reaction

Modification of the 3’ Alkyne-PEG4 modification was achieved by reacting 1
equivalency of crude step 1 product with 5 equivalencies of compound (4) at a DNA
concentration of 180 uM. 5 equivalencies of copper sulfate, 10 equivalencies of TBTA,
and 50 equivalencies of sodium ascorbate were added. The reaction solvent was 50%
(v/v) dimethyl sulfoxide in water. The reaction was carried out at room temperature
overnight. The crude product was purified via analytical RP-HPLC and dried under
vacuum to yield the final product. The reaction mixture was separated using a linear
solvent gradient of 5 — 55% solvent B over 25 minutes Elution: 20 minutes.

Reaction of BODIPY-NHS with DNA-Amine (Conjugate 4)

1 equivalency (100 ug, 14.5 nmol) of monofunctional DNA (3’ C9 spacer) was reacted
with 10 equivalencies of BODIPY-NHS at a DNA concentration of 150 uM. The solvent
for the reaction was 20% (v/v) dimethyl sulfoxide in borate buffered saline (BBS), pH
8.2 (100 mM borate, 150 mM NaCl). The reaction was carried out at room temperature
overnight. The crude product was purified via analytical RP-HPLC and dried under

vacuum to yield the final product.
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Chapter 6 Appendix

Peptide-DNA Conjugates to Quantify Endosomal Escape

Synthesis of Bd-PLGPdK-DNP (compound 1)
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Figure AB6. 1. Synthesis scheme for compound 1.

Synthesis of Bd-PLGPdK-DABCYL (compound 2)
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Figure A6. 2. Synthesis scheme for compound 2.
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Synthesis of Bd-PLGPK-DNP (compound 3)
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Figure A6. 3. Synthesis scheme for compound 3.
Synthesis of Azide-modified THOP1 Peptide (compound 4)
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Figure A6. 4. Synthesis scheme for compound 4.
Synthesis of DBCO-modified THOP1 Peptide (compounds 5)
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Figure AB6. 5. Synthesis scheme for compound 5.

Synthesis of DBCO-PEG13-modified THOP1 Peptide (compound 6)
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Figure A6. 6. Synthesis scheme for compound 6.
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Synthesis of Alkyne-modified THOP1 Peptide (compound 7)
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Figure A6. 7. Synthesis scheme for compound 7.
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Chapter 7 — Conclusions and Future Directions

Multifunctional Substrates for Microbial Transglutaminase

Through systematic substrate design, we have shown that microbial
transglutaminase (MTG) accepts heterobifunctional substrates containing two
bioorthogonal chemical handles; an aliphatic azide and a methyltetrazine. We
characterized the conjugation efficiency of five substrate designs and identified spacer
flexibility alpha to the primary amine as a key structural feature. This conjugation
strategy was used to synthesize a multifunctional antibody-drug conjugate (ADC)
containing DM1, a cytotoxic drug, and a hydrophobicity masking a polyethylene glycol
(PEG) chain. This work is an important addition to the literature regarding MTG-based
antibody modification and could be built upon in a few ways.

In this work, we utilized the dual “click” functionality to attach a drug and PEG
chain. This was a convenient demonstration of the capability of this conjugation
strategy. However, the true power of our conjugation strategy lies not in the ability to
attach two cargoes in a one-pot fashion. The power of our approach is that it utilizes
two bioorthogonal chemistries, which enables conjugation to complex biomolecules or
within biological environments. One potential application is the in vivo delivery of “click”-
modified antibodies. This has been used to pre-label cancer cells with chemical
handles that can be used to direct therapeutics to the target site. Our conjugate could
enable the delivery of two therapeutic cargos in a mix-and-match fashion. This
conjugation strategy could also be a powerful tool for the combinatorial assembly of
antibody-siRNA conjugates (ARCs). ARCs required a two-component strategy in which
an endosomalytic agent facilitates the delivery of a conjugated siRNA into the cytosol.
However, it is unclear what properties constitute an effective endosomalytic agent. This

necessitates the need to screen a large library of antibody conjugates with chemical
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diverse cargoes. Using bioorthogonal chemistry would streamline the workflow of

conjugate synthesis — accelerating the discovery of endosomalytic agents.

Support-free Synthesis of OligoTEAs

We developed two methods for the support-free synthesis of oligoTEAs. These
methods eliminated the use of a fluorous tag to perform iterative purification. This is
particularly useful for synthesizing hydrophilic structures which can cause inefficient
partitioning onto the fluorinated solid phase. The first method was based on a
bifunctional monomer containing both an acrylamide and an acetylated thiol. The
second method utilized a traditional N-allylacrylamide monomer and an acetylated
dithiol monomer, which were assembled via sequential thiol-Michael and thiol-ene
reactions. Both methods were applied to the synthesis of multifunctional chemical
cross-linkers containing three pendant group functionalities. The first method requires
multistep monomer synthesis but eliminates the need for excess reagents when
assembling the final cross-linker. The second method is compatible with one or two
step monomer synthesis but requires the use of excess reagents to assemble the final
cross-linker. Because of this, method one is better suited for the synthesis of short
cross-linkers at scales approaching 100 mg. Meanwhile method two is best applied to
cross-linker synthesis on the scale of approximately 10 mg. This work has provided
insight into the challenges of synthesizing sequence-defined polymers without the use
of a support.

Both strategies pursued here utilized iterative purification via RP-HPLC.
However, method one was envisioned to synthesize oligoTEAs in a one-pot fashion
without the need for stepwise purification — the holy grail of polymer synthesis. This
vision was not realized due to the ability of the thiolate ion to perform both a thiol-

Michael addition and deprotect the acetylated thiol which can cause uncontrolled
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polymerization. Sterically hindered acetate protecting groups can be used to suppress
unwanted deprotection. However, these protecting groups also become increasingly
difficult to remove. An ideal approach would employ a protecting group that is stable to
nucleophiles such as the thiolate ion. The protecting group must be traceless or
generate no byproducts that interfere with oligomer synthesis. These challenges are
not limited to oligoTEA synthesis. Identifying a methodology capable of synthesizing
sequence-defined polymers in a one-pot, support-free manner remains a grand
challenge in polymer chemistry. Solving this problem will accelerate the discovery of

bioactive synthetic polymers by enabling large scale combinatorial screening.

Effect of Cross-linker Sequence on the Biophysical Properties of ADCs

We utilized multifunctional, PEGylated cross-linkers to explore the effect of
sequence on the biophysical properties of antibody-drug conjugates. These cross-
linkers were shown to shield dansyl, a model cargo, from the surrounding aqueous
environment. Within the context of an antibody-drug conjugate (ADC), these cross-
linkers were shown to screen the hydrophobicity of monomethyl auristatin E (MMAE).
Placement of PEG chains distally from the cargo yielded the most hydrophilic ADC.
Cross-linker sequence was shown to influence the ability of these ADCs to bind their
receptor, but it had no effect on in vitro potency.

To the best of our knowledge, this work was the fist study of the effect of cross-
linker sequence on ADC properties. The data presented here would benefit from
additional in vivo work to address the full scope of the effect of sequence on efficacy.
The cargo we investigated has been successfully employed in two FDA approved
ADCs. While this made for a good test system, this indicates that MMAE does not
require hydrophobicity masking PEG chains to achieve therapeutically relevant drug

loading. The system developed here would be best applied to drug candidates that
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have low potency or a highly hydrophobic character. In ADC design, a drug that has
low potency requires a higher degree of drug loading. This would naturally lead to
greater ADC aggregation, which our system may help prevent. Similarly, highly potent
compounds that are too hydrophobic to yield a stable conjugate are good candidates
for this system. Ultimately, work in this area will expand the range of therapeutic

compounds assessible to ADC design.

DNA- and Polymer-Protein Conjugates to Characterize Extracellular Vesicles

We sought to develop target-guided synthesis as a method to probe protein-
protein proximity on the surface of extracellular vesicles. In this effort we initially
pursued a strategy based on protein-DNA conjugates. However, the highly charged
nature of DNA-based cross-linkers prevented binding of our conjugates in proximity on
the nanoparticle surface. An alternative approach utilizing oligoTEA-based molecular
barcodes detectable by LC-MS was explored. Ultimately, the detection limit of this
assay was too low to achieve detectable signal within the constraints of our experiment.
Despite these setbacks, concurrent work by Carolyn Bertozzi’s lab supports that the
concept of employing target-guided synthesis to probe interactions on the nanoscale is
sound. Further, Bertozzi’'s work informs us as to the shortcomings our approach and
points to a viable direction for future work.

The work from Carolyn Bertozzi’s lab utilized a biotin functionalized aptamer to
isolate the product from their target-guided synthesis reaction. This could then be fed
into a detection scheme based on Western Blot analysis, which provided enzymatic
signal amplification. A similar detection scheme may have aided our proof-of-concept
studies. In future work, biotinylation would have also proved to be a convenient handle

for isolating extracellular vesicles subpopulations for further analysis. However, closer
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collaboration with biologist is needed to identify the important biological questions that

need to be answered.

Peptide-DNA Conjugates to Quantify Endosomal Escape

We developed a peptide-DNA conjugate to study the endosomal escape of
siRNA therapeutics. This conjugate was based on the activity of thimet oligopeptidase
(THOP1), a cytosolically localized peptidase. THOP1 was found to tolerate
functionalization of its substrate at the N-terminus with either a methoxy coumarin or
BODIPY FL dye. However, functionalization of the C-terminal carboxylic acid with both
PEG spacers and DNA caused a sharp decrease in THOP1 activity. Ultimately, it was
determined that THOP1 does not accept DNA-conjugated substrates. This was one of
the major contributing factors in determining that this assay for endosomal escape
would not be feasible.

Our attempt to devise an assay for endosomal escape was ultimately undone
by our decision to rely on an existing biological mechanism to distinguish between
endosome and cytosol. This type of approach simplifies the implementation of an assay
by not requiring engineering of each cell line to be tested. A downside of this approach
is that we were left with systematic substrate design as the only means to optimize
assay performance. In this instance, harsh constraints on THOP1 substrate recognition
could not be overcome by systematic substrate design. An alternative approach could
be to engineer a cell line to express an exogenous protein that differentiates subcellular
localization of a peptide tag. Mechanistically, this would be very similar to our approach
using THOP1. However, the performance of this assay could be optimized via
conjugate design, protein overexpression, and protein engineering. These additional
optimization handles may facilitate assay development. However, the field of antibody-

siRNA conjugates (ARCs) is limited by more than mechanistic studies of endosomal
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escape. Traditionally, siRNA has been delivered via nanoparticle encapsulation. Potent
nanoparticle carriers were identified via combinatorial screening of ionizable lipids and
particle formulations. Similarly, combinatorial screening holds the promise to identify
bioactive ARCs. However, in comparison to nanoparticles, ARCs require labor
intensive synthesis and characterization. Therefore, new methods are needed to
rapidly synthesize libraries of endosomalytic agents and deploy them in ARCs.
Together with improving our mechanistic understanding of endosomal escape, this

holds the promise to identify potent ARCs capable of targeting tissues beyond the liver.

Conclusion

In this work, we have developed a variety of synthetic tools to construct
multifunctional bioconjugates. These bioconjugates were applied to study site-specific
antibody modification and the biophysical properties of ADCs as well as develop
molecular probes for protein-protein clustering and the intracellular processing of
siRNA. The breadth of topics discussed underscores the central role that chemical
cross-linker synthesis plays in the design of bioconjugates. However, effectively
working with bioconjugates requires equivalent expertise in both protein engineering,
and molecular biology. In recent years, we and others have developed a host of tools
that enable the synthesis of homogeneous, multifunctional bioconjugates. Looking
towards the future, tools are needed to streamline the synthesis of bioconjugates and
quantitatively study their interactions inside of cells. This will accelerate the
development of bioconjugate-based therapeutics by enabling combinatorial screening

of bioconjugates and demystifying their intracellular processing.
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