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ABSTRACT

Cancer is a complex family of diseases. As our understanding of cancer biology
has improved, so has our ability to treat the pathology associated with this condition.
Traditional anticancer therapeutics lack selectivity and cause many side effects. These
side effects can reduce the quality of life of the patient and limit the doses of drugs that
need to be used to fully eradicate cancer cells. In recent years, a deeper understanding
of cancer has led to the development of targeted therapies that exploit molecular
differences between cancer cells and healthy cells. These newer targeted therapies often
have reduced side-effects compared with traditional drugs, to the great benefit of patients.

Sections of this dissertation focus on a specific class of targeted anticancer
therapeutics called antibody drug conjugates (ADCs). ADCs combine the targeting power
of antibodies with the cell killing mechanisms of potent toxins. These therapies can
overcome some of the resistance that can emerge against therapeutic antibodies, and
the low therapeutic index of associated toxins, but there is still room for improvement.
Many patients treated with ADCs experience severe side effects. Additionally, most ADCs
are generated by attaching the toxins to the antibody in a random manner, generating
very heterogenous mixtures of therapeutics. In this dissertation, a system that combines
ADCs with endosome disruptive peptides is explored as a possible method to improve
the therapeutic index of ADCs. This system employs ADCs composed of poorly
membrane permeable toxins whose toxicity is triggered by endosome disruptive peptides
that allow these toxins to reach the cytoplasm. A novel approach to generate more

homogenous ADCs is also described. This method takes advantage of the binding of



Protein A from Staphylococcus aureus to human antibodies to direct the labeling of the
antibody with small molecules.

This dissertation also describes basic cancer biology research related to the
cellular production of reactive oxygen/nitrogen species. Control of the levels of oxidants
and reductants is very important for the normal function of cells and imbalances are linked
to many disease states including cancer. We describe the development and use of novel
fluorescent sensors of the important biological oxidant peroxynitrite. These sensors are
able to detect endogenous production of peroxynitrite by macrophages upon
phagocytosis of opsonized beads, a process that previously reported sensors are unable
to detect. Better sensors of peroxynitrite such as those discussed here could aid the study

of this oxidant and its role in cancer and other diseases.
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Chapter 1
Introduction
1-1. The complexity of cancer

Cancer is a broad term that describes diseases characterized by abnormal cell
growth with the potential to spread into surrounding tissues. There are over 100 different
named cancers classified by the type of tissue involved and its location in the body,' but
each cancer is a heterogenous mix of diseases caused by different combinations of
genetic aberrations. Even a single tumor can be composed of groups of cells each
containing different mutations. This heterogeneity makes each individual patient’s cancer
difficult to characterize and even more difficult to treat.

Decades have been spent understanding, characterizing, and categorizing the
genetic changes that drive cancers in order to improve treatment. Hanahan and Weinberg
published a seminal article in 20002 and an update in 20112 describing the Hallmarks of
Cancer, traits that most, if not all cancers, share (Figure 1-1). These articles emphasize
the complexity of cancer and attempt to simplify its study by outlining basic principles.
However, some believe that these articles over-simplify carcinogenesis and might be
detrimental to cancer research. These opponents argue that cancer is a tissue-level
disease* and that five of the original six Hallmarks are common to both benign and
malignant tumors.® Regardless, the Hallmarks of Cancer have been widely acclaimed as
an important contribution to the study of cancer; without simplification, cancer can appear

to be too complex to comprehend.
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Figure 1-1. The Hallmarks of cancer. Hanahan and Weinberg proposed that most, if not
all, cancers have these traits in common.?3 Genome instability and mutation and tumor-
promoting inflammation are listed as enabling characteristics in the original articles, but
these ten traits are frequently referred to jointly as the hallmarks. Figure adapted from
Hanahan et. al.?

The Catalogue of Somatic Mutations in Cancer (COSMIC) provides some
perspective on the complexity of cancer. COSMIC is a database of millions of mutations
found in thousands of cancers. The Cancer Gene Census (CGC) is a resource within
COSMIC that, as of August 2018, contains summaries of 719 cancer-driving genes.
Genes in the CGC are categorized by their functional role as oncogenes: activated genes
that can drive cancer, tumor suppressor genes: genes that normally slow cell proliferation
whose loss can lead to cancer, or fusion genes: the combination products of two genes

that individually do not drive cancer but can when fused. Genes are also categorized by

their connection to the Hallmarks of Cancer.® The selection criteria for the CGC is



stringent, so it is likely that 719 is an underestimate of the number of genes that are
capable of driving cancer.

Tumors are, of course, more than the underlying mutations within each individual
cancer cell. Cancer cells interact with each other and with neighboring healthy cells.
Research is revealing how heterogenous cancer cells within a single tumor are. Most
tumors are composed of many distinct subpopulations of cells, each containing unique
mutations and aberrations.” This heterogeneity makes it difficult to define clinically useful
biomarkers of cancer. It also makes treatment challenging, given that it is often difficult to
pinpoint which mutations are driving a particular tumor, and that there could be
subpopulations of cells within a tumor that are resistant to a given treatment. Such
subpopulations could repopulate the tumor after other cells die, leading to relapse (Figure

1-2).910

Figure 1-2. Tumor repopulation after treatment. Though the tumor initially responds to
treatment, it contains a subpopulation of resistant cells (red). Over time, these cells are
able to repopulate the tumor, generating a tumor that is resistant to therapy.

Treatment

e —
(®

Cancer stem cells (CSCs) are one of the cell types within a tumor that can be most
difficult to kill. In 2006, the American Association for Cancer Research Workshop on
Cancer Stem Cells defined a CSC as “a cell within a tumor that possess the capacity to
self-renew and to cause the heterogeneous lineages of cancer cells that comprise the
tumor.”" CSCs are more resistant to radiation therapy than other cells, possibly because
of decreased susceptibility to the DNA damage radiation inflicts due to increased ability

3



to cope with reactive oxygen species (ROS, discussed further later in this chapter),'? or
because of increased DNA repair ability.’> CSCs also appear to be more resistant to
traditional chemotherapeutics such as 5-fluorouracil and etoposide,'*'® partially due to
expression of ATP-binding cassette (ABC) transporters such as P-glycoprotein (P-gp)
that are able pump drugs out of the cell.’® Evidence suggests that if CSCs survive
treatment, they are able to repopulate the tumor, leading to disease relapse.'>'” It has
even been shown that other cancer cells can de-differentiate and replace lost CSCs.'®
This de-differentiation depends upon signals from the tumor microenvironment.

The microenvironment of a tumor is a complex system composed of many tissue
types, including blood vessels, fibroblasts, and immune cells, and other materials
including the extracellular matrix and many signaling molecules (Figure 1-3)."® Various
immune cells can be found within tumors, some attacking the tumor and others promoting
its survival. Cytotoxic T cells (T¢) and T helper cells (TH) work together to attack malignant
cells; high counts of these cells within a tumor are associated with a good prognosis for
the patient.'® Regulatory T cells (Tregs), on the other hand, secrete immunosuppressive
signals that inhibit the function of other immune cells that could otherwise kill the tumor.'®
High numbers of these cells are associated with a poor prognosis for the patient in many
types of cancer.?%2" Tumor-associated macrophages (TAMs) can also be associated with
a poor prognosis.?> TAMs are associated with invasion and metastasis,?® as well as
angiogenesis.?* The tumor microenvironment contains many chemokines secreted by
TAMs and other cells that stimulate angiogenesis. The vasculature that grows to support
the tumor is very irregular; the vessels are chaotic and leaky, leading to high interstitial

fluid pressure and uneven blood flow.?® This poor blood supply to tumors often leads to



necrotic centers, and it can also make delivering anticancer drugs into tumors
problematic. Cancer associated fibroblasts (CAFs) are another part of the tumor
microenvironment that can promote tumor growth. These cells secrete growth factors?®
and immunosuppressive signals.?” They can also promote metastasis.?” The complexity
of the tumor microenvironment increases the difficulty of both understanding and treating

cancer.
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Figure 1-3. Tumor microenvironment. The tumor microenvironment is very complex and
is composed of not only cancer cells, but also immune cells, fibroblasts, and endothelial
cells. Figure adapted from Hanahan et. al. 3

The complexity of cancer makes it a challenging group of diseases to treat. When
new data suggests the promise of a new treatment, the application of that new treatment

generally reveals shortcomings. This search for effective ways to treat cancer is not a

new one, and it is a search that will continue for the foreseeable future.

1-2. Identifying exploitable differences between healthy and cancer cells
Cancer has been plaguing humans and people have been searching for cures for

all of recorded history. Descriptions of cancer and its treatments have been found in



ancient documents such as the Ebers Papyrus, an Egyptian medical document dating to
about 1550 BCE. Mastectomy was described by Roman encyclopedist Aulus Cornelius
Celsus in the 15t century CE.?® German neurologist Heinrich Lissauer’s use of a solution
of potassium arsenite, known as Fowler's solution, to treat a patient with chronic
myelogenous leukemia (CML) in 1865 is considered by some to be the first effective use
of chemotherapy to treat cancer,?® though others argue that arsenic has been used to
treat cancer since ancient times.?® It wasn’t until the 1960s, though, that there was
evidence that it was possible to cure cancer using drugs.*° During this period, combination
therapies combining agents such as tubulin binders, antimetabolites, nitrogen mustards,
and steroids were shown to be able to cure 50% of children with acute lymphocytic
leukemia®® and 60% of adults with Hodgkin’s lymphoma.3! Until this time surgery and
radiation therapy were the mainstays of cancer treatment.?8-3

Such successes were only possible due to advances in cancer research. The early
1900s saw the development of improved mouse models of cancer and more standardized
and higher throughput screening of potential anticancer agents.?®3° Observations that
mustard gas depleted the bone marrow and lymph nodes of men exposed to the agent
during World War | led to the development of the first real class of chemotherapeutics,
the nitrogen mustards?®3° (Figure 1-4). These molecules readily react with many
biological molecules including DNA and proteins, and cellular susceptibility to these drugs
is directly related to proliferative activity. Nitrogen mustards effectively treated Hodgkin’s
lymphoma, but caused many side effects, and remissions did not last.3? Around the same
time, it was observed that folic acid was necessary for bone marrow function, though the

mechanism was not fully understood. Analogues of folic acid (Figure 1-5) were



synthesized and tested, and it was discovered that aminopterin and amethopterin (now
methotrexate), the first antimetabolites used to treat cancer, could inhibit the production
of folic acid and be used to treat leukemia in children.30-3% However, the remissions caused
by monotherapy with aminopterin were temporary, and treatment was accompanied by
many dose-limiting side effects.3® These discoveries were generally based more on
chance observations than on a thorough understanding of cancer biology. In order to
develop drugs that are truly selective for cancer cells, a deeper understanding of the

disease is needed.
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Figure 1-4. Nitrogen mustards are electrophiles that alkylate DNA, with the DNA base
guanine most commonly acting as the nucleophile. Mechlorethamine, the original nitrogen
mustard, and cyclophosphamide, a less toxic analogue, are shown.
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Figure 1-5. The antimetabolite methotrexate is structurally very similar to folic acid
(differences are highlighted in red). Methotrexate binds competitively to dihydrofolate
reductase, preventing the synthesis of folic acid, which is needed for the synthesis of DNA
and RNA.

German physician Paul Ehrlich is credited with developing the concept of targeted
therapies for treating human diseases. He coined the phrase “magic bullet” in the early

1900s to refer to molecules designed to act on their targets within a pathogen without

harming healthy tissues. This concept was quickly applied to treating many diseases,



including cancer.?* Early anticancer agents such as the DNA alkylating agent
cyclophosphamide are targeted in the sense that they kill rapidly dividing cells to a greater
extent than quiescent cells. However, healthy cells such as blood cells in the bone marrow
and the lining of the digestive tract also divide rapidly, whereas some cancers are slow
growing, leading to side effects and lack of efficacy. Dose-limiting side effects can include
leukopenia and vomiting, in addition to an increased future risk of cancer.

Advances in cancer genetics and biology in the 1970s and 1980s were essential
for the development of truly targeted therapies directed at specific mutations that make
cancer cells unique. During this time, studies on retroviruses lead to the discovery of the
first oncogenes. Studies on the Rous sarcoma virus, a virus that causes cancer in
chickens, found that one of its genes, v-src, was a chicken gene that had been hijacked
by the virus and used to drive cancer formation.3536 When it was discovered that this gene
was present in mammals including humans,®” the possibility that human cancers could
be driven by corrupted genes that otherwise serve essential purposes arose.®3° The
discovery of many other oncogenes such as myc, erbB, and ras from avian and murine
tumor viruses followed quickly.3® This deeper understanding of the drivers of cancer made
it possible to develop therapies that more specifically target cancer cells.

In the 1980s, the BCR-ABL oncogene was discovered as the driver behind many
cases of chronic myelogenous leukemia.*%4! This discovery allowed for the development
of imatinib (Gleevec, Figure 1-6)*? to treat this disease. BCR-ABL is the result of a
reciprocal chromosomal translocation that fuses a portion of the BCR gene to ABL, a
gene encoding a tyrosine kinase.*° This fusion leads to the constitutive activation of Abl,

favoring its dimerization and autophosphorylation. It also disrupts the normal cycling of



Abl between the cytoplasm and nucleus because Bcr-Abl localizes to the cytosol. The
increased phosphorylation and cytosolic location of Ber-Abl allows it to interact with many
signaling pathways, enhancing cellular proliferation and survival.#* Ber-Abl has been
shown to be sufficient and necessary to maintain the leukemia phenotype of CML.4445
Gleevec binds in the ATP binding site of Abl, blocking its tyrosine kinase activity and
stopping cell proliferation. Abl does not appear to be necessary for normal cell
proliferation, thanks at least in part to the redundancy of signaling pathways, and Gleevec
is relatively selective for Abl, although it also binds to the platelet derived growth factor
receptor.*? Consequently, the side effects associated with Gleevec are relatively minor,
even over 5 years of treatment, with the most common being edema (60%), muscle
cramps (49%), and diarrhea/nausea (50%). Grade 3 or 4 adverse events were relatively
rare, with the most common being neutropenia (17%) and thrombocytopenia (9%).4¢ After

5 years, 83% of patients can expect event-free survival.*®
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Figure 1-6. Inhibitors of Bcr-Abl. Gleevec was the first inhibitor of Becr-Abl available to
treat CML. Sprycel followed as a next generation drug that is more potent and less
selective than Gleevec.
Unfortunately, 15-20% of patients develop resistance to Gleevec, a common issue
for targeted therapies.*” Several mechanisms have been found for this resistance,
including point mutations that directly block the binding of Gleevec, or that change the

conformation of Ber-Abl, and different splice variants of Ber-Abl that are not susceptible

to Gleevec therapy.*”#® This resistance can be overcome to some extent using next



generation Bcr-Abl inhibitors such as dasatinib (Sprycel, Figure 1-6) and combination
therapy.*® Though Gleevec is not a perfect drug, it exemplifies that targeting specific
differences between cancer cells can generate effective treatments with improved side
effects compared to traditional chemotherapy.

Other advances in the 1970s and 1980s allowed for the development of
therapeutic antibodies to treat cancer. These advances include the development of
monoclonal antibodies (mAbs) in 1975%° and the discovery of cell surface receptors that
are overexpressed on malignant cells and expressed by few healthy cell types.
Therapeutic antibodies function by binding to specific antigens on targeted cells (Figure
1-7). They elicit therapeutic effects through many mechanisms including recruiting

immune cells to kill the targeted cell and blocking proliferative signaling. They are

Antigen binding
/\ site

Light chain

discussed further in Chapter II.
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Figure 1-7. lllustration of an immunoglobulin G (IgG) antibody. Each IgG consists of two
identical light chains and two identical heavy chains stabilized into a Y-shaped molecule
by disulfide bonds between cysteine residues. The Fc region binds to Fc receptors on
immune and other cell types, enhancing activation of immune responses and increasing
residence time in vivo. The antigen binding site of an IgG recognizes and binds a single
antigen, giving these macromolecules selectivity that makes them attractive therapeutics.
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In 1997, the first targeted therapeutic antibody, chimeric CD20-targeted rituximab
(Rituxan) for the treatment of non-Hodgkin lymphomas, was approved by the United
States Food and Drug Administration (FDA). CD20 was discovered as a specific B-cell
marker in 1980, and it has since been shown to be expressed on malignant B-cells,
normal B-cells, and developing B-cells, but not on hematopoietic stem cells or
differentiated antibody-secreting plasma cells.' This expression pattern means that
therapies targeting CD20 should have minimal effects on non-targeted cells, should not
disrupt humoral immunity, and should allow for the repopulation of B-cells after treatment.

The function of CD20 is not fully understood, but it is a membrane protein that
appears to modulate calcium release.?' The mechanisms of action of Rituxan are not fully
elucidated, but its binding to CD20 triggers antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent phagocytosis, complement-dependent cytotoxicity (CDC),
and possible direct initiation of apoptosis involving reactive oxygen species (ROS)
generation.5?53 The outcomes for patients treated with Rituxan vary depending on the
disease being treated, but an overall response rate of 38-47% is typically seen in clinical
trials of patients on monotherapy with non-Hodgkin's lymphoma. Combination with
chemotherapy is also effective at treating other related cancers.5? The most common side
effects seen with Rituxan are infusion-related reactions such as flushing and low blood
pressure. These are usually managed well using slow infusion rates and antihistamines.
Other side effects include infections as a result of a compromised immune system and
hematological events such as neutropenia and leukopenia, which are generally mild and
reversible.5? The success of Rituxan paved the way for the development of many other

therapeutic antibodies.
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In 1998, trastuzumab (Herceptin), a humanized monoclonal antibody targeting
human epidermal growth factor receptor 2 (HERZ2), was approved by the FDA for the
treatment of HER2+ breast cancer. This is very quick turnaround, given that HER2 was
first identified as an oncogene in 1981.% The gene was then cloned and expressed, and
found to be related to the epidermal growth factor receptor (EGFR).5%%6 HER2 was quickly
linked to human breast cancer, was found to be overexpressed in 25-30% of cases, and
its expression is associated with a poor prognosis.5”-%8 Treatment of patients with
Herceptin in combination with chemotherapy is relatively well tolerated and increases
overall survival by 5 months as compared to treatment with chemotherapy alone.>® Side
effects and resistance to Herceptin are discussed further in Chapter II.

After the 1980s, advances in cancer research have led to the identification of
multiple exploitable differences between cancer cells and normal cells, leading to new
classes of targeted cancer therapies. Such therapies include inhibitors of signaling
cascades, inhibitors of angiogenesis, hormone therapies, modifiers of gene expression,
and antibody drug conjugates (ADCs). These therapies target specific proteins and/or
pathways that are more likely to disrupt the function of cancer cells than that of normal
cells.

Many of these therapies, including therapeutic antibodies, work by inhibiting cell
signaling cascades that promote cellular proliferation and survival. One example is
everolimus (Zortress, Figure 1-8), which is used to treat certain brain, breast, and kidney
cancers. Zortress, an analogue of the natural product rapamycin, selectively targets the
mechanistic target of rapamycin complex 1 (mTORC1), a protein kinase that regulates

many cellular processes including protein translation and autophagy.®® mTORCH1 is part
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of several signaling pathways, including the phosphatidylinositol-3-kinase (PI3K) pathway
and the Ras-mitogen activated protein kinase (Ras-MAPK) pathway. Aberrant activity of
mTORC1 is associated with several diseases including cancer.®! Lapatinib (Tykerb,
Figure 1-8) is a tyrosine kinase inhibitor similar to Gleevec that is used to treat HER2-
positive breast cancer. Tykerb selectively inhibits EGFR and HER2,%? which are both
overexpressed in a variety of cancers. As mentioned above, both proteins are members
of the epidermal growth factor (EGF) receptor family, a family of transmembrane proteins
that dimerize upon ligand binding, transphosphorylate, and initiate signaling cascades
that play key roles in cell survival and proliferation. One of the mechanisms of action of

Herceptin is blocking these signaling cascades by binding to HER2 on cell surfaces.

HO ™0,

Zortress Tykerb

Figure 1-8. Examples of anticancer therapies that target signaling cascades involved in
cellular proliferation and survival.

Other targeted therapies engage other aspects of cancer. Therapies such as the
antibody bevacizumab (Avastin) and the tyrosine kinase inhibitor sorafenib (Nexavar,
Figure 1-9) inhibit angiogenesis by blocking signaling through the vascular endothelial
growth factor (VEGF) pathway.®® Angiogenesis is turned off in most adult tissues, but is
activated by many tumors to fuel their growth,® making this process an ideal one to target.
Such therapies are complicated, though, by their own mechanism of action: decreasing

blood flow to a tumor makes it more difficult to deliver drugs into the tumor and potentially
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leads to resistance and even increased metastasis due to increased hypoxia.®® Side
effects of these drugs tend to be related to the circulatory system and include
hypertension, an increased risk of bleeding, and slower wound healing.

Other therapies target cancers that use hormones to drive their growth. These
therapies either block the production of hormones or interfere with hormonal signaling.
An example of the former is anastrazole (Arimidex, Figure 1-9), which reversibly binds to
aromatase and inhibits the conversion of androgens to estrogens.®* Tamoxifen
(Nolvadex, Figure 1-9) is an example of the latter. It binds to the estrogen receptor after
being activated by cytochrome P450 and prevents estrogen from binding. Nolvadex is a
selective estrogen receptor modulator, meaning that it has different effects in different
tissues.®® Both hormone therapies, like many therapies in this class, have side effects
that are hormonal in nature, such as hot flashes and altered moods, along with

cardiovascular effects.84.6°
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Figure 1-9. Examples of therapies targeting angiogenesis and hormone pathways.

Antibody drug conjugates (ADCs), another class of targeted therapies, use the
targeting power of monoclonal antibodies to deliver potent toxins into cells. As of April
2019, there are four FDA approved ADCs: gemtuzumab ozogamicin (Mylotarg),
brentuximab vedotin (Adcetris), trastuzumab emtansine (Kadcyla), and inotuzumab
ozogamicin (Besponsa) (Figure 1-10). Each ADC consists of three distinct parts that must

each be optimized: the mAb, linker, and toxin. The mAb itself must be human or
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humanized to avoid immunogenicity and should target a protein expressed to a greater
degree on the targeted cells as compared to healthy cells to avoid side effects. The
targeted protein also must have an extracellular domain amenable to antibody binding
and, in most cases, be internalized so the toxin can be delivered to the cell. The
internalization method and the fate of the target after internalization are also important
factors.%%67 The linker needs to be stable in the plasma as to not release the toxin too
early, but able to efficiently release the toxin within cells.®® Of the FDA approved ADCs,
one (Kadcyla) has a non-cleavable linker and requires lysosomal degradation of the
antibody for toxin release.®® The other three ADCs use cleavable linkers, two (Mylotarg”®
and Besponsa’') use an acid-labile hydrazone, while one (Adcetris’?) employs a
cathepsin-cleavable linker. Only a small fraction of the dosed toxin of an ADC ever
reaches its targeted cells, so these toxins must be very potent, usually with sub-
nanomolar ICso values. In the FDA approved ADCs, the toxins target DNA (the
calicheamicin derivative found on Mylotarg and Besponsa) and tubulin (the maytansine
derivative found on Kadcyla and the auristatin found on Adcetris).®® These therapies will

be further discussed in Chapters Il and IV.
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Figure 1-10. Structures of FDA approved antibody drug conjugates. Each ADC consists
of an antibody (blue for humanized, orange for chimeric), a linker (red), and a toxin (black).
Mylotarg and Besponsa have the same linker and toxin but different targets.

As our understanding of cancer and carcinogenesis have improved, so has our
ability to develop therapies that selectively kill cancer cells. These therapies target
proteins and pathways that cancer cells rely on, but that are less essential to the majority
of normal cells. Targeted therapies cause side effects that are distinct and typically less
severe from those caused by traditional chemotherapies.

1-3. Relevance of redox to cancer biology and targeted drug delivery

In healthy cells, oxidants and reductants are balanced. Reactive oxygen species
(ROS) are generated and eliminated continuously to maintain this homeostasis. The
disruption of this balance in favor of oxidants, known as oxidative stress, is related to
cancer, heart disease, and neurodegeneration. Redox homeostasis is a complicated,

multi-component system that is still being explored.
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ROS are generated continuously in cells. The majority of ROS generated in most
cell types is generated in mitochondria as part of normal metabolism.”>"4 During ATP
generation, electrons are passed down the electron transport chain, eventually
culminating in the reduction of molecular oxygen to water. One-electron reduction of
oxygen generates the ROS superoxide.” Stimulation of cells by cytokines such as
epidermal growth factor,”® tumor necrosis factor o,”” and platelet-derived growth factor’®
can activate NADPH oxidase, causing further generation of superoxide. Phagocytosis by
immune cells can also activate NADPH oxidase and other ROS generating enzymes to
combat invading pathogens, as will be further discussed in Chapter Ill. Other enzymes
such as nitric oxide synthase, xanthine oxidase, and cytochrome P450s generate other
ROS such as nitric oxide and hydrogen peroxide.”®>’® ROS such as hydrogen peroxide
and peroxynitrite can decompose through various processes to yield secondary oxidants
such as the hydroxyl radical and nitrogen dioxide.808

In order to maintain redox homeostasis, cells have many ways of eliminating ROS.
These include enzymatic and non-enzymatic antioxidants. Humans, for example, have
three different forms of superoxide dismutase (SOD) found in the cytoplasm,
mitochondria, and extracellular space.”* SOD catalyzes the dismutation of superoxide
into hydrogen peroxide and oxygen.8? Hydrogen peroxide produced by SOD or other
methods is reduced to water by catalase®® and glutathione peroxidase.®* Other
antioxidant enzymes include peroxiredoxin and thioredoxin.”* Humans also use many
non-enzymatic antioxidants. These include vitamins such as vitamins C and E, f-
carotene, glutathione, and uric acid (Figure 1-11).7485 For example, vitamin C, also known

as ascorbic acid, is able to donate electrons to many reactive species such superoxide,
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hydroxyl radical, and hypochlorite, rendering them much less reactive. It also acts as an
electron donor for several enzymes.887 Antioxidant defenses also include those enzymes

and systems that repair the damage of oxidants, such as DNA repair machinery and the

proteasome.
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Figure 1-11. Structures of biologically relevant antioxidants.

When oxidants overwhelm the system’s ability to neutralize them, widespread
damage can occur. Hydroxyl and peroxyl radicals can abstract a hydrogen from
polyunsaturated fatty acids, generating a lipid radical and beginning cascades of radical
reactions that can damage lipid membranes by altering membrane permeability and
fluidity.®® These radical cascades can also generate side products such as aldehydes that
can damage other biomolecules including proteins and DNA.88° Such damage is related
to many diseases, including neurodegenerative disorders and atherosclerosis.

Oxidants, especially the hydroxyl radical, can also cause extensive DNA damage.
Damage occurs through addition to double bonds of DNA bases and abstraction of
hydrogen atoms from DNA bases and backbone sugars. Damage to DNA bases can lead
to point mutations in DNA and to DNA crosslinks. For example, oxidation of guanine
generates 8-oxoguanine, a common DNA lesion that can result in pairing with adenine
instead of cytosine. Damage to the backbone can lead to strand breaks. DNA oxidation

is linked to diseases such as cancer, Parkinson’s, and psoriasis.*®
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Biological oxidants are also able to damage proteins, causing widespread effects
throughout cells. Electrophilic radicals such as the hydroxyl radical can abstract hydrogen
atoms from the o-carbon of peptide backbones, potentially leading to protein
fragmentation.®'.92 Many amino acid side chains, such as those of methionine, cysteine,
and aromatic amino acids such as tyrosine can be oxidized, leading to inactivation or
modification of the activity of enzymes.®’ An example is the formation of 3-nitrotyrosine
from the reaction of tyrosine with nitrogen dioxide, which can be generated from other
oxidants such as peroxynitrite.® Such aberrant protein activity is linked to many
diseases, including cancer.%

Oxidants do more than cause damage within cells; they also play vital roles in
normal cell function. Evidence has been emerging since the 1990s supporting the
existence of redox dependent signaling and the important roles that oxidants such as
hydrogen peroxide play. Early studies noted the necessity of ROS for signal transduction
induced by cytokines such as platelet derived growth factor and determined that ROS
were able to inactivate protein tyrosine phosphatases (PTPs).”7® Later studies have
since expanded on this mechanism of action (Figure 1-12). As mentioned above, the
binding of various cytokines to their cognate receptors leads to the activation of NADPH
oxidases and thus the generation of superoxide.”® Superoxide can dismutate to hydrogen
peroxide, either spontaneously or through catalysis by SOD. Hydrogen peroxide then
reversibly oxidizes the catalytic cysteine of PTPs to sulfenic acid, inactivating these
enzymes® % and tipping the balance between the activity of tyrosine kinases and
phosphatases towards the kinases. This increase in tyrosine phosphorylation is the basis

of many cell signaling cascades. Reduction of the sulfenic acid form of PTPs by various,
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not fully understood systems restores catalytic activity and the balance between
phosphatases and kinases and terminates the signal. Cysteine residues act as a redox-
controlled switch in other types of proteins such as transcription factors as well, controlling
many cellular systems. The oxidation and reduction of methionine can also be used as a
switch in various redox signaling pathways.®”®® New roles of oxidants as signaling
molecules are constantly emerging, and they have already been shown to control cell

proliferation, differentiation, and apoptosis.
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Figure 1-12. Example of redox signaling. The binding of a growth factor to its cognate
receptor (1) stimulates the production of superoxide by NADPH oxidase (2). Superoxide
is dismutated to hydrogen peroxide (3) which moves into the cell. Inside the cell, hydrogen
peroxide oxidizes the active site cysteine of protein tyrosine phosphatases, leading to
inactivation (4). This tips the equilibrium (5) between kinases and phosphatases in favor
of kinases, leading to an increase of phosphorylation of many proteins (6) and signal
transduction (7).
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As we learn more about the complex roles redox homeostasis and ROS play in the
function of healthy cells, it becomes clear that the roles of redox in cancer are equally
complex. It has long been known that elevated levels of ROS are linked to and probably
causal in cancer initiation and progression. As discussed above, many oxidants are able
to cause widespread damage to DNA, resulting in mutations and strand breakage. Many
cancers develop in areas of chronic inflammation, which contain elevated levels of ROS,%°
while other cancers can be initiated in part by mutations that lead to increased ROS
generation. In this way, ROS contribute to the genetic instability'?%1%1 that is recognized
as an enabling characteristic necessary for the initiation and progression of cancer.?

The contribution of redox to cancer is more complex than simple genetic instability.
As mentioned above, many oxidants reversibly effect enzyme activity and act as signaling
molecules. Cancer cells generate higher levels of oxidants than healthy cells through
mechanisms involving altered signaling pathways, particularly those involved in
metabolism.'®2 This increases redox signaling through pathways such as hypoxia
inducible factors (HIFs), phosphoinositide 3-kinase (PI3K), and extracellular signal-
regulated kinase (ERK), leading to angiogenesis, improved survival, and growth.'03.104
Because excessive levels of oxidants can lead to cell death, cancer cells must balance
increased oxidant levels by generating more antioxidants such as peroxiredoxin and
superoxide dismutase.'%2 By maintaining levels of oxidants that are high enough to initiate
beneficial signaling but not high enough to trigger apoptosis, cancer cells can use redox

to thrive (Figure 1-13).
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Figure 1-13. Redox homeostasis in cancer cells. Cancer cells use inducers of ROS
production and antioxidants to maintain a rate of ROS production that is high enough to
promote tumor growth but not so high as to trigger apoptosis. Figure adapted from
Glasauer et. al. 1%2

Researchers are attempting to alter redox homeostasis in order to target cancer
cells. The altered redox state of cancer cells is linked to multidrug resistance through
several mechanisms, making redox a tempting target. These mechanisms include
modulating the expression and function of multidrug resistance proteins such as P-
glycoprotein (P-gp)'%1% and an increased ability to overcome oxidative stress generated
by anticancer drugs such as paclitaxel (Taxol) and etoposide (Etopophos).'05.107
Additionally, the fine balance cancer cells maintain between high enough oxidant levels
to maintain beneficial signaling but low enough to not induce apoptosis is believed to
make them more susceptible than healthy cells to changes in redox.

To selectively kill cancer cells, attempts have been made to reduce ROS levels.
This could block the increased redox signaling that cancer cells require. Alternatively,
increasing ROS levels could force cancer cells into apoptosis, whereas reducing

antioxidant levels could have the same effect. Dosing with antioxidants or disrupting ROS
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production has potential for preventing or treating cancer.'92'% However, these
experiments have had little success, and in some cases treatment with antioxidants
actually increased tumor growth or metastasis in mouse models,'%%'"° or increased the
risk of certain cancers among certain human subpopulations.'"-1"3 More success has
been achieved by increasing ROS in cancer cells, although selectivity and resistance can
still be an issue when using this strategy.'"> Several FDA approved drugs such as
procarbazine (Matulane, Figure 1-14),'* doxorubicin (Adriamycin, Figure 1-14),""® Taxol
(Figure 1-14),"% and Rituxan®® all use ROS generation as part of their mechanism of
action. Many molecules are being investigated to eliminate or inhibit antioxidants such as
GSH, thioredoxin, and SOD, but as of 2017 no such drugs have been approved by the
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Figure 1-14. Structures of FDA approved drugs that generate ROS.

There is a continual search for more selective and potent anticancer therapeutics.
As researchers learn more about cancer biology, they better understand why drugs fail
and gain insight into how to improve future therapeutics. This is a circular process: a new

understanding of cancer biology allows for improved therapeutics, and the shortcomings

of improved therapeutics lead to a deeper understanding of cancer biology.

1-4. Outline of this dissertation
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Cancer is a very complex, multi-faceted group of diseases. My research has
focused on two main areas: 1) developing systems to improve antibody drug conjugates
in the hope of reducing the side effects of cancer treatment, and 2) investigating tools to
detect a biological oxidant that is linked to immunology and cancer. In this dissertation,
Chapter |l focuses on the synergistic use of antibody drug conjugates and endosome
disruptive peptides to target and kill cancer cells. Advances in the design of endosome
disruptive peptides are discussed, along with the optimization of an antibody-based
system we termed synthetic lethal targeting. Chapter Ill describes novel fluorescent
sensors of the biological oxidant peroxynitrite. These sensors become localized in the
endoplasmic reticulum, which contributes to their ability to detect endogenous
peroxynitrite generated by macrophages upon phagocytosis. Finally, Chapter IV
discusses attempts at using proximity driven bioconjugation to generate more

homogenous antibody drug conjugates.
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Chapter 2

Synthetic Lethal Targeting: A New Anticancer Strategy

2-1. Introduction

Many traditional anticancer agents lack selectivity, leading to side effects for
patients. Studies tracking side effects self-reported by cancer patients receiving
chemotherapy in Australia' and the United States? indicate that more than 85% of cancer
patients receiving chemotherapy experience at least one side effect, with 67%
experiencing six or more and 62% experiencing at least one serious (grade Il or IV) side
effect.” The most common side effect reported is fatigue, followed by pain and nausea
and/or vomiting."? Surveys of patients reveal that these side effects greatly reduce the
quality of life of patients, and that even seemingly minor side effects such as hair loss and
fatigue are big detractors.>®

These side effects have spurred a constant search for more selective cancer
therapies. Early anticancer agents such as the DNA alkylating agent cyclophosphamide
are targeted in the sense that they kill rapidly dividing cells. Healthy cells such as blood
cells in the bone marrow and the lining of the digestive tract also divide rapidly, and some
types of cancer do not, leading to side effects and lack of efficacy. These side effects
include leukopenia and vomiting, in addition to an increased future risk of cancer.

Advances in cancer biology have identified exploitable differences between cancer
cells and healthy cells, as discussed in Chapter 1. These discoveries have allowed for

the development of more targeted cancer therapies including both small molecules and
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biologics. One promising class of cancer therapeutics are monoclonal antibodies (mAbs).
Therapeutic mAbs selectively bind to receptors that are overexpressed on the surface of
cancer cells. They Kkill targeted cells through many different mechanisms including
receptor downregulation, antibody-dependent cell-mediated cytotoxicity, complement-
dependent immunocytotoxicity, and/or inhibition of receptor-linked signaling pathways
(Figure 2-1).” These newer therapies still cause side effects, but they are typically of a
different sort and tend to be more manageable than those caused by traditional cancer

therapeutics.

Antibody-dependent cell-

Blockage of proliferative mediated cytotoxicity (ADCC)

signaling cascade

Ligand ¢

Receptor mediated
endocytosis

Ligand
dependent
firing
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Figure 2-1. Representative mechanisms of action of therapeutic antibodies.
The side effects of FDA approved therapeutic antibodies are different than those
associated with more traditional chemotherapies. The most common of these side effects

are caused by the infusion of large amounts of antibody into the body and are relatively
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minor, for example fever and chills.®'% These infusions can cause more serious side
effects such as cytokine release syndrome and anaphylaxis, but these can generally be
avoided by using slow infusion rates and prophylactic treatment with other agents to treat
the anticipated side effects.® Other side effects of therapeutic antibodies are on-target in
that they arise from a mAb binding to its targeted receptor on a non-targeted cell. For
example, cardiac dysfunction has been seen in up to 4% of women treated with
trastuzumab (Herceptin), a therapeutic antibody used to treat HER2+ breast cancer."
This side effect, which is commonly reversible and asymptomatic, is caused by Herceptin
blocking HER2 signaling on cardiac muscle cells.®'" Such on-target side effects can be
difficult to predict, but they are frequently reversible and less severe than side effects
seen with traditional chemotherapeutics.

Though therapeutic antibodies offer improvements compared to traditional
chemotherapeutics for treating cancer as far as side effects go, they do have limitations.
As with all cancer therapeutics, resistance is a major concern for therapeutic antibodies.
Many patients do not respond to mAbs at all, and of those that do, many develop
resistance. For example, less than 35% of HER2+ breast cancer patients respond to
Herceptin, and of those, 70% develop resistance within one year.'?> The mechanisms
behind this primary and acquired resistance are not fully understood, but they seem to
include signaling compensation through other receptors, constitutive amplification of the
signaling pathway without HER2 activation, and HER2 mutation.'?'® Similar resistance
mechanisms are seen for other therapeutic antibodies.

The linkage of cytotoxins to therapeutic antibodies to form antibody-drug

conjugates (ADCs) is one method to overcome this resistance. Trastuzumab emtansine
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(Kadcyla), for example, is a conjugate of the HER2-targeted antibody trastuzumab
(Herceptin) and the tubulin binding agent emtansine (DM1), a derivative of the natural
product maytansine (Figure 2-2). DM1 is more potent in vitro than the anticancer drug
Taxol, but has dose-limiting toxicities that limit its use in vivo.'* Kadcyla can overcome
some of the resistance observed in patients treated with Herceptin.’>'® Unfortunately,
severe side effects are seen in about 40% of patients, with fatigue being the most
common and thrombocytopenia and elevation of liver transaminases being of greatest
concern."” The causes of these side effects are not fully understood, but a mechanism
has been proposed for the thrombocytopenia. Kadcyla binds to FcyRlla receptors on
megakaryocyte (MK) progenitors. This allows for the intracellular release of DM1,
resulting in inhibition of MK differentiation and decreased platelet production.® In general,
the toxicities of ADCs can be caused by the antibody and/or the toxin. On-target toxicities
can be observed when the ADC binds to its target receptor on non-target cells or is taken
up by non-target cells expressing Fc receptors. Alternatively, toxins can be released

prematurely from ADCs or toxins can diffuse from targeted cells into neighboring cells.'®

Herceptin

1
Kadcyla
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Figure 2-2. Model of the antibody drug conjugate Kadcyla. Model based on PDBs 1N8Z
and 1HZH. Lysines are highlighted as CPK models. Carbohydrates are shown as balls
and sticks. The highly mobile hinge region connecting the Fab and Fc fragments is
represented as a chain of circles.

Premature release of toxins from ADCs is of greatest concern when the toxin is
highly cell permeable. Cell permeable toxins can diffuse into nearby cells, damaging
healthy tissues and potentially causing side effects. Alternatively, cell impermeable toxins
may exhibit fewer side effects,?°-?2 but these toxins are unlikely to reach cytoplasmic or
nuclear targets due to the mechanism of uptake of therapeutic antibodies like Kadcyla
(Figure 2-3). After a therapeutic antibody binds to its targeted receptor, it is internalized
with the receptor through receptor mediated endocytosis. Small portions of the plasma
membrane bud off to form small vesicles that fuse with each other to form early
endosomes. Once delivered to early endosomes, receptor-bound antibodies are either
recycled back to the cell surface or delivered to lysosomes for degradation.?? If a toxin is
cellimpermeable, it may not be able to escape the endocytic system and reach the cytosol
even after it is released from the antibody, since the compartments of this system are
enclosed by membranes. Even-cell permeable toxins are not always efficiently released
into the cell cytosol. A recent publication from Genentech?* highlights this downfall. In that
study, antibodies targeting HER2 and tomoregulin were linked to DM1 payloads similar
to that of Kadcyla. The presence of fluorophores on the payload allowed for its tracking

and revealed that much of the payload remained in intracellular vesicles of cancer cell

lines even after 15 h of treatment.
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Figure 2-3. Mechanisms of action of antibody drug conjugates. ADCs add the mechanism
of their toxins to those of therapeutic antibodies. Toxins can be released prematurely,
which can lead to side effects if the toxins are cell permeable and able to reach non-
targeted cells. If the toxins are cell impermeable, it is likely that they will become trapped
within the endocytic system and be degraded in lysosomes.

One method to circumvent this issue could be the disruption of the endosomal
membrane to allow for the release of cell impermeable toxins. Many viruses and bacteria
disrupt endosomes to gain access to the cell cytosol, inspiring researchers to develop
methods to do the same. Our lab has previously reported?® the use of peptides anchored
to cholesterol derivatives to selectively disrupt the membranes of early endosomes and
a fluorescence-based assay to detect this disruption (Figure 2-4). Endosome disruption
to improve cellular delivery of bioactive molecules has been reviewed.?® Various methods

of endosome disruption have been developed to release nucleic acids,?”%8

fluorophores,?® and toxins®® into the cytosol. Toxin release from early endosomes could
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be advantageous since some potential targets of ADCs, such as HER2, are mostly
recycled back to the cell surface and do not reach the lysosome to a great extent.3!
Additionally, the ability to use cell impermeable toxins could reduce side effects by
preventing unwanted diffusion into non-targeted cells, and could potentially allow toxins

to accumulate to a greater extent within targeted cells.
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Figure 2-4. Fluorescence-based assay to detect endosome disruption. As previously
reported,?® the assay is based on a cholesterylamine-anchored fluorescent disulfide
probe (1). This probe inserts into the cell membrane and then cycles between the cell
surface and early endosomes, generating localized green fluorescence at these locations.
Both the extracellular space and the early endosomes are reported to be oxidizing
environments, suggesting that the disulfide will be cleaved slowly. Additionally, even
when the disulfide is cleaved, the fluorescein thiol (3) is cell impermeable and trapped
within endosomes. Upon addition of an endosome disruptor, the integrity of the
endosomal membrane is lost, and reducing agents such as glutathione may enter
endosomes to accelerate cleavage of the disulfide bond. The fluorescein thiol (3) can
pass through compromised endosomal membranes, generating dispersed fluorescence
throughout the cytosol and nucleus.

The Peterson Lab has synthesized and tested many endosome disruptive
peptides. The exact mechanism of disruption of endosomes by these peptidomimetics is

not completely understood, but we have found that the most efficacious of these
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endosome disruptors contain a cholesterol mimic. Previous studies of structurally related
fluorescent cholesteryl carbamates®? and the endosome disruptive peptide
cholesterylamine-PC42% support the hypothesis that the insertion of the cholesterol mimic
of these compounds into plasma membranes allows them to engage an endocytic
trafficking pathway that leads to their accumulation in early and recycling endosomes. We
hypothesize that the hydrophobic peptide portion of the endosome disruptor then inserts
into the endosomal membranes to form pores that allow small molecules to cross the
membrane. This hypothesis and the experiments supporting it are discussed in greater
detail in the PhD dissertation of Dr. David Hymel (University of Kansas, 2014).

One goal of this research was to attempt to improve the selectivity of ADCs using
a two-component system. Each component is designed to be non-toxic and uses a
commercially available antibody to target a distinct growth factor receptor that drives the
proliferation of cancer. The components are designed to act synergistically and only Kkill
cancer cells that express both targeted receptors, while sparing normal cells. We termed
this approach synthetic lethal targeting, borrowing the term from the genetic concept of
synthetic lethality.

Synthetic lethality arises when the loss of function of two genes through mutation
or lack of expression leads to cell death, but the loss of the function of either gene alone
is not lethal.3® This concept has been applied to cancer treatment, with researchers
searching for differences between cancer cells and healthy cells that make the cancer
cells uniquely susceptible to a particular treatment. A well-known example is the use of
poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors to treat cancers

deficient in breast-cancer-associated protein 1 or 2 (BRCA1/2). PARP is a family of
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enzymes involved in repairing single stranded breaks (SSBs) in DNA. In the presence of
a PARP inhibitor, these SSBs progress to double stranded breaks (DSBs), which are
normally repaired by homologous recombination aided by BRCA1/2. In cancer cells that
lack active BRCA1/2, the DSBs are not repaired and the cells are forced into apoptosis
(Figure 2-5).3334 Thus, neither the PARP inhibitor nor the BRCA1/2 deficiency is lethal on
its own, but the combination of these two situations is lethal. There are currently several
PARP inhibitors in clinical trials, and three have been approved by the FDA for the
treatment of ovarian cancer by the FDA. The first to reach the clinic was Olaparib

(Lynparza),® which was approved in 2014.

SSB 5
oWy | —> W, J"afd' — (DY
Y Q/ *
Normal cell Non-toxic

PARP inhibitor

Active BRCA1/2
SSB DSB
NIV | —> (VIR | —> (DO
Active HR
® Q/ %= \_O
Normal cell Non-toxic

PARP inhibitor

J_ BRCA1-/2-
0, A E— 0 a R —
Inactive HR

CJ

Tumor cell Lethal
Mutated BRCA1/2

o

Figure 2-5. Synthetic lethality applied to cancer treatment. When a normal cell is treated
with a PARP inhibitor, single stranded breaks (SSBs) progress to double stranded breaks
(DSBs), but BRCA1/2 is able to repair the damage. In cells that lack active BRCA1/2,
treatment with PARP inhibitors can be lethal. Figure adapted from Polyak et. al.3
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Our approach was to create pairs of antibodies that synergistically target growth
factor receptors and selectively kill targeted cancer cells (Figure 2-6). To enable this
cytotoxic synergy, one targeting antibody was proposed to be linked via a disulfide linker
to a cell-impermeable cytotoxin that is incapable of unaided passage across cellular
membranes. When this first antibody binds a specific growth factor receptor on the cell
surface, and is internalized by endocytosis, we hypothesize that the stability of the
disulfide, in conjunction with the cell-impermeability of the cytotoxin, would cause
entrapment in membrane-sealed endosomes. This entrapment would prevent toxicity
unless membranes of these endosomes are disrupted by co-administration with a
secondary agent. To synergistically kill cancer cells, this antibody conjugate would be co-
administered with a second anti-growth factor antibody linked to a non-toxic endosome
disruptive peptide. Release of this peptide from the second antibody could form pores in
endosomal membranes. These pores might enable cytosolic reducing agents to enter
endosomes, speed the breakage of the disulfide bond linking the toxin to the first antibody,
and activate toxicity by enabling escape of the cytotoxin into the cytoplasm. These unique
antibody conjugates were designed to provide high selectivity for killing specific cancer
cells that express two distinct cell surface receptors without affecting normal cells that
express one of these two target proteins. This chapter describes research progress

toward this goal.
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Figure 2-6. Synthetic lethal targeting. Cells expressing Receptor A or Receptor B would
only take up one of the components of the system, both of which are non-toxic on their
own. Only cells expressing both targeted receptors would take up both components,
allowing the trigger to initiate the toxicity of the warhead, killing the cell. The insert shows
an enlarged view of what might occur within endosomes of targeted cells.
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2-2. Endosome disruption strategies and recent developments

We have made many advances in endosome disruption since the publication of
our first paper on the subject in 2008.2° Dr. Chamani Perera and Dr. David Hymel, both
previous Peterson Lab members, worked together to synthesize and test many of these
analogues, and some of this research is described in the PhD dissertation of Dr. Hymel.
One of the outcomes of these studies was the development of endosome disruptors that
are more efficacious and less toxic than the compounds reported in 2008.2° In the 2014
dissertation of David Hymel, structure-activity studies are described that modify our
previously published?® cholesterylamine derivative of the membrane-lytic peptide PC-4
peptide originally identified by Weber and co-workers using a phage display library.36
Alanine scanning and rational modifications designed to increase the helicity of these
peptides were used to identify endosome disruptive peptides that are more potent and
less toxic than the originally published cholesterylamine-PC4 peptide. Dr. Hymel showed
that, in general, endosome disruptors that contain the cholesterol membrane anchor are
50 to 200-fold more potent than parent peptide alone. Molecular modeling revealed that
the endosome disruptors likely adopt a 310-helix conformation, prompting the addition of
3 amino acids to the peptide sequence to extend the helix by one full turn and possibly
provide more stability. All of these advances led to the development of 4, an endosome
disruptor that has become the gold standard for studies of effects on adherent cell lines
in our laboratory (Figure 2-7). The related acetylated peptide 5, lacking the membrane
anchor, is capable of disrupting endosomes of suspension cell lines such as Jurkat and
THP-1 but does not appear to be active in most adherent cell lines for reasons that are

not clear.
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Figure 2-7. Structures of optimized endosome disruptors 4 and 5 compared to the
previously reported cholesterylamine-PC4.2° The short peptide 5 is active in suspension
cell lines such as Jurkat and THP1, but the cholesteryl-derived membrane anchor is
needed for activity in most adherent cell lines.

More recently, additional studies of the SAR of endosome disruptors have been
conducted. Peptides 6 and 7 were synthesized to test the necessity of the four
aminoisobutyric acid (Aib) residues, which promote helix formation,?” by replacing them
with alanine. Endosome disruptors without these residues would be simpler and more
economical to synthesize. These studies demonstrated that the Aib residues are
necessary for the activity of simple endosome disruptive peptides that lack the cholesterol

anchor. However, they can be replaced by alanine in the cholesterol derivative 7 (Figure

2-8).
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(A) Structures of fluorescent probe 1 and endosome disruptors
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Figure 2-8. Structures and activity of 6 and 7, as compared to their AIB containing
counterparts, 5 and 4. (A) Structures of fluorescent probe 1 and endosome disruptors
(EDs). (B) Efficacy of release of disulfide probe 1 in Jurkats after treatment for 14 h. The
Aib residues are needed for activity in the simpler ED (6), but these residues can be
replaced by alanine without loss of activity in the cholesteryl carbamate derivative. The
green fluorescence intensity of cells was measured then normalized to the activity of the
published cholesterylamine-PC4.25

Analogues of the short peptide 5 were also synthesized to facilitate future structural
studies of potential pore assemblies that might form in endosomal membranes. Dr.
Chamani Perera synthesized analogues where a single hydroxyl group of each tyrosine

residue was replaced by either fluorine (8-10) or an amino group (11-13) (Figure 2-9),
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potentially enabling fluorine or "N NMR for structural studies. Unfortunately, none of
these compounds showed comparable activity to 5 (Figure 2-9). The inactivity of these

analogues speaks to the relatively narrow SAR of these types of endosome disruptors.

(A) Structures of endosome disruptors
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Figure 2-9. Structures and endosome disruptive activity of 5, 8-10 and 11-13. (A)
Structures of 5 and related analogues. (B) Potency and efficacy of endosome disruptive
activity using disulfide probe 1 in Jurkat lymphocytes after treatment for 14 h. The
replacement of even a single hydroxyl group of tyrosine by fluorine or an amino group is
not well tolerated. The activity of analogues containing fluorine are plotted as solid lines,
while their amino group containing counterparts are plotted as dotted lines. The green

fluorescence intensity of cells was measured then normalized to the activity of the
published cholesterylamine-PC4.25

One analogue that replaces the Trp residues of 4 with Tyr (14) showed surprising

potency. This endosome disruptor was active at sub-nanomolar concentrations (Figure
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2-10), but further studies of this compound were not extensively pursued. The SAR data
obtained by studies of these additional analogues provided a basis for efforts to conjugate

endosome disruptive peptides to antibodies as targeted delivery systems.

(A) Structures of endosome disruptors
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Figure 2-10. Unusually high potency of the tyrosine-rich analogue 14 as an endosome
disruptive peptide. (A) Structures of 4 and 14. (B) Efficacy of release of disulfide probe 1
in Jurkat lymphocytes after treatment for 14 h.
2-3. Targeted fluorescence-based model systems that combine antibodies with
endosome disruptors

To optimize the synthetic lethal targeting system, we developed a fluorescence-
based model system based on the fluorescence-based assay developed in our previous
publication (Figure 2-11).2% In this model system, the masked toxin is replaced by the
green fluorophore fluorescein. This allows visualization and quantification of the release

of the cargo into cells using confocal microscopy and flow cytometry.
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Figure 2-11. Synthetic lethal targeting model system. Cells expressing only EGFR or
treated only with Erbitux-SS-FI would show green fluorescence localized to the cell
membranes and early endosomes. Only cells expressing both targeted receptors would
take up both components, allowing the trigger (endosome disruptor) to promote the
dispersed fluorescence.

To simplify the system for optimization, we broke it into its component parts and
studied those individually. We began by investigating the delivery of the fluorophore into
various cell lines using different antibodies to determine which combinations provided the
best delivery and release using the optimized cholesterol-linked endosome disruptor 4.

Various endosome disruptor designs were explored to identify those that are most

efficiently delivered by an antibody to release the fluorescein from the previously
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described cholesterylamine-SS-fluorescein probe (1).2° Once the individual components
were optimized, the system as a whole was evaluated.

For these studies, antibody conjugates were generated by randomly labeling
antibody lysines using N-hydroxysuccinimidyl (NHS) esters (Figure 2-12). Other methods
of labeling antibodies with small molecules will be discussed in Chapter IV. This method

provides relative simplicity of conjugation and requires only a single step.
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Figure 2-12. Preparation of antibody conjugates 16 and 17. All of the antibody conjugates
described in this chapter were generated similarly by randomly labeling lysines with NHS
esters.
2-3-1. Optimization of the delivery and release of fluorescein

We explored several different mAbs for the delivery of a fluorescein disulfide into
cancer cells followed by release of the fluorophore from endosomes with 4. A summary
of these trials is shown in Table 2-1, and the use of Herceptin for this delivery in SkBr3
breast cancer cells is shown in Figure 2-13. We found that 4 is an effective endosome
disruptor in most of the cell lines tested. Interestingly, 4 is less efficacious in certain cell
lines, such as the breast cancer line MDA-MB-231 and the gastric cancer cell line NCI-
N87. The reasons for this are unknown, but they could be related to changes in the
trafficking of the receptor, antibody, or endosome disruptor, or relate to differences in
properties of endosomes of these cell lines. In the lymphoma cell line Raji, endosome

disruptor 4 is able to release fluorescein from the cholesterylamine-SS-fluorescein probe
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(1), but it is not able to release it from the antibody Rituximab. This may relate to the
known®® slow uptake of Rituximab by CD20-mediated endocytosis, limiting accumulation
of the antibody and the endosome disruptor together in endosomes of this cell line. It has

been shown?* that different cell lines can show differential trafficking of the same receptor.

Cell Line Antibody (Target) Released by 4?
Herceptin (HER2) Yes
SkBr3
Erbitux (EGFR) Yes
Erbitux (EGFR) Minimal
MDA-MB-231
Anti-CD44 No
MDA-MB-468 Erbitux (EGFR) Yes
Herceptin (HER2) No*
NCI-N87
Erbitux (EGFR) No*
Mia-Paca-2 Erbitux (EGFR) Yes
Raji Rituxan (CD20) No
Ramos Rituxan (CD20) Yes

Table 2-1. Summary of release of fluorescein into cancer cell lines using antibody-
fluorescein disulfides and the endosome disruptor 4. Asterisks (*) indicate that 4 was also
unable to release fluorescein-SH (3) from the cholesterylamine-SS-fluorescein probe (1)
in this cell line.
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Figure 2-13. Delivery and release of fluorescein into SkBr3 breast cancer cells. (A)
Structures of the antibody-delivered fluorescein and endosome disruptive peptide 4.
Herceptin (Her) targets HER2, which is expressed by SkBr3 cells but not by MDA-MB-
468 cells. IgG is a non-targeted control antibody from human serum. (B) Confocal
micrographs of SkBr3 and MDA-MB-468 cells treated with 16 or 17 (1 uM, 16 DOL 4.6,
17 DOL 4.5) and 4 (2 uM) for 24 h. Controls with 17 and the MDA-MB-468 cell line
establish that delivery of fluorescein by 16 requires targeting to HER2+ cells. Bright,
dispersed fluorescence is only seen in SkBr3 cells treated with 16 + 4. White scale bars
=25 um.

For continued studies we chose to focus on Herceptin and Erbitux. These
antibodies are both commercially available, extensively studied, and target two different
receptors, HER2 and EGFR, that are overexpressed on the breast cancer cell line SkBr3.

These receptors exhibit different intracellular trafficking routes after internalization. HER2

mostly recycles to the cell surface,?**' whereas EGFR is mostly trafficked to the lysosome
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for degradation.®® Despite the low extent of lysosomal trafficking of HER2, the ADC
Kadcyla' undergoes lysosomal degradation to release an active toxin.*® Studies of
FRET-based analogues of Kadcyla showed that HER2-targeted ADCs containing either
cathepsin-cleavable or poly-L-alanine linkers (not recognized by cathepsins) are ~40%
cleaved after incubation for 20 h in SkBr3 cells.?*

These differences in receptor trafficking could have profound effects on our
system, so it is interesting to note that the targeting of both receptors by antibody-
delivered fluorophores can lead to release of the fluorophore into the cytosol by
endosome disruptors directed to early endosomes with a mimic of cholesterol. This could

be of potential interest for future studies.

2-3-2. Optimization of endosome disruptors for delivery by antibodies

The optimization of the antibody-delivered endosome disruptor proved to be
challenging. Antibody-delivered endosome disruptors tested were synthesized as NHS
esters for random labeling of lysines of antibodies. The fluorophore Pacific Blue (PB) was
incorporated into these conjugates to allow estimation of the degree of labeling (DOL) of
the antibody. These calculations compared the absorbance of PB at 425 nm to that of the
antibody at 280 nm to determine their respective concentrations. Herceptin was chosen
for most of these studies in part because it was supplied as a powder and could be readily
reconstituted at the desired concentration. In contrast, Erbitux was supplied as a 2 mg /
mL (~13 pM) solution that required concentration before conjugation. Additionally, when
both antibodies were used to deliver the same ED in the experiments described below,

the Herceptin conjugates performed as well if not better than the Erbitux conjugates.
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Since the tyrosine-rich peptide 14 had shown potent activity, this all tyrosine design
was applied to antibody-delivered endosomes in a series of analogues containing linkers
of increasing length (Figure 2-14). It was hoped that these linkers would provide sufficient
distance of the endosome disruptor from the antibody to allow activity. 22 was found to
be the most active of these compounds (Figure 2-13), supporting this hypothesis. The
mini-PEG linker also enhances solubility of the endosome disruptors. This was important
because conjugation of some analogues caused precipitation of the antibody-endosome
disruptor conjugate. However, none of these endosome disruptors were considered

sufficiently active, and alternative designs were pursued to improve their activity.
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Figure 2-14. Structures and activities of antibody-endosome disruptor conjugates. (A)
Comparison of the structure of cholesterol-derivative 14, NHS esters used for antibody
conjugation, and two antibody conjugates. Antibodies 23 and 24, derived from 22 with the
longest linker segment, showed the most activity. (B) Confocal micrographs of SkBr3
breast cancer cells treated with fluorescent probes and conjugates for 24 h. The results
of endosome disruption by 22 conjugates are subtle compared to 4, but some green
fluorescence was observed to be dispersed throughout the cytosol and nucleus of cells
treated with these conjugates, but not in cells treated with only fluorescent disulfide 1.
White arrows indicate cell nuclei where the dispersed fluorescence is especially clear.
White scale bars = 25 ym. 23 DOL 3.7, 24 DOL 3.6.

We hypothesized that these endosome disruptors (EDs) were not efficiently
inserting into the membranes. As previously discussed, cholesterol mimics such as N-
alkyl-33-cholesterylamines and cholesteryl carbamates were found to improve the activity
of endosome disruptors in adherent cell lines. We hypothesized that such a membrane
anchor might also improve the activity of our antibody-delivered endosome disruptors.
Consequently, Dr. Chamani Perera synthesized 25 and provided this material for
evaluation. This endosome disruptor contains the PEG-derived linkers previously shown
to improve activity as well as a cholesteryl carbamate membrane anchor (Figure 2-15).
This endosome disruptor conjugate proved more challenging to purify than previous
analogues. Superfine Sephadex G50 was used to purify previous analogues by size
exclusion chromatography, but free 25 was found to pass through the Sephadex with the
antibody-ED conjugate. To overcome this issue, m-aminopentyl agarose was used to
purify these conjugates. The hydrocarbon side chain of the resin was hypothesized to
interact with the peptide through hydrophobic interactions and retain the free peptide,
whereas IgG has previously been shown to not bind to this resin.*' This method was

successful for purification, and as shown in Figure 2-15, the HER2-targeted conjugate 26

was able to extensively release fluorescein into HER2 positive SkBr3 cells. Unfortunately,
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the non-targeted control conjugate 27 was active as well, even using a much lower DOL
than 26. Concentrations as low as 0.1 yM of antibody conjugate were tested, but no
concentration was identified where 26 was active and 27 was not. For this reason, we
concluded that this conjugate was active but not targeted. We believe the cholesteryl
carbamate provides such a strong membrane anchor that it binds cells despite the

absence of interactions of the antigen with the antibody.
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(A) Structures of 4 and 25
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Figure 2-15. Structures and activities of cholesterol-linked endosome disruptors and
conjugates. (A) Comparison of the structures of 4 and 25. The cholesteryl carbamate was
hypothesized to assist with insertion of the endosome disruptive peptide into cellular
membrane. (B) Confocal micrographs of SkBr3 cells treated as indicated for 24 h.
Release of fluorescence from endosomes is observed with both the targeted (26) and the
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non-targeted (27) conjugates. Fluorescence from the 405 nm channel indicates that both
conjugates are taken up by cells. The cholesteryl carbamate appears to be active enough
to drive uptake into cells irrespective of the antibody used. White scale bars = 25 ym. 26
DOL 0.9, 27 DOL 1.1.

As an approach to overcome this lack of targeted endosome disruption, Dr. Perera
synthesized 28 (Figure 2-16) and provided this compound for evaluation. This analogue
contains palmitic acid in place of the cholesteryl carbamate of 25. We hypothesized that
this less hydrophobic hydrocarbon chain might interact with cellular membranes to
increase the activity of this conjugate but not severely interfere with the targeting of the
antibody. As can be seen in Figure 2-15, this hypothesis was supported by microscopy.
The HERZ targeted conjugate (29) is able to release fluorescein into the cytosol of the
targeted SkBr3 cells, but the non-targeted control 30 is not. The DOL of 29 was higher
than that of 30 (1.7 vs 0.9) but based on the data in Figure 2-17, where the DOLs are
more similar (0.8 vs 0.9), we do not believe that this difference fully accounts for the
difference in activity. However, 29 was not as active as 26 or the non-targeted EDs.
Additionally, this ED proved to be difficult to conjugate to antibodies. Under the conditions
used to prepare the other antibody-ED conjugates, a maximum DOL of 0.5 was obtained.
In order to improve this DOL to 1.0 or higher, it was necessary to add 0.4% Triton X-100

detergent to the labeling reaction, requiring purification of the conjugate with both

Detergent Removal Spin Columns (Pierce) and Sephadex G50.
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(A) Structures of 4 and 28
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Figure 2-16. Structures and activities of palmitic acid-linked endosome disruptors and
conjugates. (A) Comparison of structures of 4 and 28. The cholesteryl carbamate of 25
was replaced with palmitic acid in 28 to aid the insertion into cellular membranes but not
disrupt targeting by the antibody. (B) Confocal micrographs of SkBr3 cells treated for 24
h. Release of fluorescence is observed with the targeted conjugate 29 but not with the
non-targeted 30. Fluorescence from the 405 nm channel indicates that the targeted
conjugate is taken up to a greater extent than the non-targeted conjugate. White scale
bars = 25 ym. 29 DOL (degree of labeling) 1.7, 30 DOL 0.9.
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2-3-3. Studies of combinations of antibodies bearing fluorescein and endosome
disruptors

After optimizing the antibody-delivered fluorophores and EDs separately, we
investigated a full two-antibody system. To do this, we used Erbitux to deliver fluorescein
into cells and Herceptin to deliver the ED in most cases. When this labeling was reversed,
activity was not improved (data is not shown).

As expected, antibody-ED conjugates that did not effectively release cholesterol-
delivered fluorescein did not release antibody-delivered fluorescein. Conjugate 23 (Her-
22) appears to cause some release of fluorescein from 31, but the results were not

impressive (Figure 2-17).
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(A) Structures of 14, 23, 24, and 31
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Figure 2-17. Structures and activities of conjugates used in a dual antibody system
targeting both HER2 and EGFR in SkBr3 cells. (A) Structures of 14, 28, and 31. (B)
Confocal micrographs of SkBr3 cells treated for 24 h. Erbitux effectively delivers
fluorescein into these cells, as evidenced by the accumulation of green fluorescence.
Conjugate 23 is taken into cells much more than 24, as indicated by the blue fluorescence.
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White arrows indicate apparent release of some fluorescein into the nucleus. White scale
bars = 25 ym. 31 DOL 3.9, 23 DOL 3.7, 24 DOL 3.9.

The HER2-targeted cholesteryl-derived conjugate 26, was found to clearly release
fluorescein from Erbitux-Fl into the cytosol and nucleus of SkBr3 cells (Figure 2-18).
However, the non-targeted 27 was similarly active, indicating that the cellular uptake of
this conjugate is not under the control of the antibody. The palmitic acid-derived conjugate
29 releases fluorescein into the cytosol and nucleus to a lesser extent than 26, but its

activity appears to be at least partially targeted (Figure 2-18).
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(A) Structures of 26, 27, 29, and 30
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Figure 2-18. Structures and activities of lipid-linked conjugates used in a dual antibody
system targeting both HER2 and EGFR in SkBr3 cells. (A) Structures of 26, 27, 29 and
30. (B) Confocal micrographs of SkBr3 cells treated for 24 h. Erbitux effectively delivers
fluorescein to these cells upon treatment with 31, as indicated by the accumulation of
green fluorescence. The difference in release of fluorescein with 30 compared to 29
indicates that this conjugate is targeted, whereas the conjugates of 25 are not. White
arrows indicate some apparent release of fluorescein. White scale bars =25 um. 31 DOL
3.8,27 DOL 1.4, 26 DOL 0.7, 30 DOL 0.9, 29 DOL 0.8.
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The images shown in Figure 2-18 indicate that it is possible to use an endosome
disruptor delivered by an antibody to release a fluorophore delivered by a second
antibody into the cytosol and nucleus of cells. This fluorescence-based model of the
synthetic lethal targeting system suggests that this approach has merit. Additionally, the
optimization revealed that 29 is the most promising conjugate for future studies. However,
29 appears to be less efficacious than the simpler cholesterol-delivered EDs. More
optimization will be necessary to generate a targeted antibody-ED conjugate with activity

comparable to simpler lipopeptides such as 4.

2-4. Synthetic lethal targeting in cancer cell lines

Studies of a fluorescence-based model system indicated that synthetic lethal
targeting is likely to be possible. These studies also identified useful cell lines and
antibodies to investigate this strategy. To further investigate effects on an antibody-
delivered toxin, cholesterol-derived EDs were explored. The antibody-delivered toxins
were generated by randomly labeling the lysines of the antibody with an NHS ester of the
toxin (Figure 2-19). The toxin used was colchinol methyl ether (CME), an analogue of the
natural product colchicine. This natural product inhibits mitosis by binding tubulin.*? In
CME, the tropone ring of colchicine is contracted to form a benzene, resulting in greater

affinity for tubulin and decreased off-target effects.*344
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Figure 2-19. Labeling of antibodies with the CME derivative 32.
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2-4-1. Synergistic cytotoxicity of cholesterol-delivered endosome disruptors and
antibody-delivered toxins

We investigated combinations of the optimized cholesterol-linked ED 4 and the
targeted ADC 33 (Figure 2-20). The NHS ester 32 was synthesized by Dr. Chamani
Perera and Zhe Gao of the Peterson Lab and provided for evaluation. As controls, we
included non-targeted human IgG labeled with the toxin (34) at a degree of labeling (DOL)
similar to that of the targeted conjugate (33). Additionally, we ran the same toxicity assay
using the same conjugates in the HER2-negative breast cancer cell line MDA-MB-468.
The lack of expression of HER2 was expected to result in uptake of similar amounts of
the non-targeted IgG conjugates and the targeted Herceptin conjugates. We
hypothesized that the ED 4 and the antibody-toxin conjugates would be relatively non-
toxic individually towards these cell lines, but that the combination of 4 and 33 would
synergistically kill HER2+ SkBr3 cells without affecting HER2— MDA-MB-468 cells. As
shown in Figure 2-20, this pattern of activity was observed. The CME-cholesterylamine
derivative 35 was used as a control for delivery of the toxin in a non-targeted manner to

all cells.
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(A) Structures of compounds
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Figure 2-20. Structures of conjugates and controls and synergistic cytotoxicity of 4 and
33 towards SkBr3 cells (A) Structures of conjugates and controls. (B) Toxicity assays run
after treatment of HER2+ SkBr3 cells and HER2- MDA-MB-468 cells for 72 h. The
controls are shown in the graphs on the top. CME (36) and the cholesterol derivative 35
+ 4 is toxic towards both cell lines. ED 4 and the targeted conjugate 33 synergistically kill
only HER2+ SkBr3 breast cancer cells with high potency and selectivity. 34 DOL 6.3, 33
DOL 6.1.
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A similar assay is shown in Figure 2-21. The difference here is that the toxin that
would be released by the cleavage of the disulfide bond of 33 and 34 is used without and
with 4 as a control. As expected, compound 37 showed little toxicity in either cell line
because 37 should be poorly cell permeable and only small amounts would be expected
to reach tubulin within the cell cytosol. This lack of toxicity indicates that premature
cleavage of the linker of the ADC should spare non-targeted cells, which would be
beneficial for the synthetic lethal targeting strategy. As expected, the non-targeted 1gG
conjugate 34 exhibited relatively low toxicity alone (ICso (SkBr3) > 1 uM) towards either
cell line. When combined with the essentially non-toxic ED 4 (ICso (SkBr3) > 10 uM) held
at a fixed concentration of 2 yM, this combination was also of relatively low toxicity (ICso
(SkBr3) ~ 0.7 uM). The HER2-targeted Herceptin conjugate 33 also exhibited relatively
low toxicity alone (ICso (SkBr3) > 1 uM, (MDA-MB-468) > 10 uM). In contrast, when SkBr3
cells were treated with a combination of the HER2-targeted conjugate 33 and ED 4, this
combination synergistically killed more than 90% of cells with sub-nanomolar potency
(ICs0 (SkBr3) =0.12 £ 0.01 nM), while maintaining low toxicity towards MDA-MB-468 cells
(ICs0 (MDA-MB-468) > 1 uM). Consequently, ED 4 enhanced the toxicity of 33 towards
HER2+ SkBr3 cells by more than 5,000-fold, but it did not appreciably enhance the toxicity

of 33 towards HER2- MDA-MB-468 cells.
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(A) Structures of compounds
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Figure 2-21. Structures of conjugates and controls and synergistic toxicity of 4 and 33,
including the released toxin (37) as a control. (A) Structures of conjugates and controls.
(B) Toxicity assays in both HER2+ cells (SkBr3) and HER2- cells (MDA-MB-468) after
treatment for 72 h. The controls are shown in the graphs on the top. CME (36) is toxic
towards both cell lines. The more polar derivative 37 shows little toxicity even when co-
treated with 4. ED 4 and the targeted conjugate 33 synergistically kill only HER2+ SkBr3
breast cancer cells with high potency and selectivity. 34 DOL 5.7, 33 DOL 5.9.
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Although the cholesterol-delivered ED was used in this assay, these results are
very promising. The system is targeted in that the Herceptin conjugate is toxic only when
cells are co-treated with 4, and only when cells overexpress HER2. It is possible that this
system would offer advantages over current ADCs given that it would be possible to use
cell impermeable toxins and avoid toxicities related to premature release of the toxin.
Additionally, the cell impermeability of the toxins prevents diffusion of the delivered toxins
back out of the cell, potentially allowing the toxin to accumulate to a greater extent within
the cytoplasm and nucleus. A pre-targeting strategy might also be applied to this system
to further decrease off target effects. In this approach, animals would first be treated with
the antibody-delivered toxin, which would then be given time to clear from the
bloodstream and non-targeted tissues before the ED was added. Such strategies have
been used for radioimmunodetection and radioimmunotherapy in preclinical and clinical
trials, but these methods have not yet been approved by the FDA.%547 Further studies

beginning with animal models will be needed to test this hypothesis.

2-4-2. Study of the toxicity of antibody-delivered endosome disruptor and toxin
The toxicity of the Herceptin-delivered ED 29 and the Herceptin-delivered toxin 33
were evaluated individually and combined (Figure 2-22). We hypothesized that this
combination was likely to be less toxic than that of 33 and 4 given that conjugate 29 is
less effective at releasing fluorescein into the cytosol of SkBr3 cells than 4. This
supposition proved to be correct, and the combination of 29 and 33 was found to be non-
toxic to cells (Figure 2-22). However, this assay would have been better controlled if a

treatment of 33 with 4 was included for comparison. We conclude that a more active
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antibody-ED conjugate than 29 is needed for a dual-antibody synthetic lethal targeting

system to show synergistic cytotoxicity.

(A) Structures of compounds
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Figure 2-22. Structures of conjugates and controls and cytotoxicity of conjugates 29 and
33. (A) Structures of conjugates and controls. (B) Toxicity towards SkBr3 cells after
treatment for 72 h. No cytotoxic synergy was observed between these two antibody

conjugates. 33 DOL 4.9, 29 DOL 1.8.

2-5. Studies of a FRET probe as a mimic of an antibody-delivered toxin

We showed that 4 exhibited cytotoxic synergy with the Herceptin conjugate 32. To

investigate whether 4 increased the rate of the cleavage of the disulfide linker of 32, we

synthesized the Forster Resonance Energy Transfer (FRET) probe 38 (Figure 2-23) with
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the assistance of Zhe Gao. This probe was designed to mimic 32 as closely as possible
in terms of clogP and size by replacing the toxin of 32 with the fluorophore Pennsylvania
Green.*84% The combination of two fluorophores was designed to allow simultaneous
visualization and quantification of both the antibody tethered fragment and the released
probe in cells. Other related coumarin-fluorescein pairs have previously been shown to

undergo FRET.%05
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Figure 2-23. Structure of Herceptin-PB-SS-PG (39) compared to Herceptin-PB-SS-CME
(33). 39 was designed to be as structurally similar to 3e as possible. 40 is generated by
cleaving the linker of 39 using DTT. It is used as a control for complete cleavage of 39.
As predicted, FRET was seen between the Pacific Blue and Pennsylvania Green
of 39 (Figure 2-24, C). When 39 is incubated in aqueous buffer in the presence of the
reducing agent dithiothreitol (DTT), an increase in blue fluorescence signal is seen over
time as the disulfide bond cleaves and the FRET signal and quenching caused by

Pennsylvania Green are lost. An increase in green fluorescence intensity was also

observed over time as FRET was lost. An increase in blue fluorescence intensity was
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also seen for the Herceptin-SS-CME conjugate 33 as its disulfide was cleaved and Pacific
Blue was no longer quenched by CME (Figure 2-24, C). This phenomenon was used to
determine the in vitro half-times of the cleavage of each probe (Figure 2-24). The values
were very similar (307 £ 24 s for 39 and 274 + 26 s for 33), validating 39 as a mimic of

the cleavage of 33.
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(A\) Kinetics of cleavage of disulfides of Herceptin-PB-SS (B) Data used to generate A
-CME (33) and Herceptin-PB-SS-PG (39) by DTT in PBS
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(E) Binding of Herceptin-PB to HER2 on living SKBR3 cells before and after reduction with DTT
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Figure 2-24. Cleavage of disulfides of Herceptin-SS-CME (33, 25 nM), Herceptin-PB-SS-
PG (39, 25 nM), and Herceptin-PB by DTT (1 mM). (A) Conjugates 33 and 39 were treated
with DTT in PBS (pH 7.4, 37 °C) under pseudo-first-order conditions, and fluorescence
(Ex. 405 nm) was measured as a function of time on a 96-well plate. (B) Data used to
generate A. The differences in intensity can be explained by differences in degree of
labeling. (C-D) Emission spectra of 33 and 39 over time. For 33, cleavage of the disulfide
resulted in increased blue fluorescence due to reduced quenching by CME. For 39,
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cleavage of the disulfide resulted in increased blue (Ex. 405 nm, solid lines) and green
(Ex. 488 nm, dashed lines) fluorescence from loss of FRET and reduced fluorescence
quenching. (E) Binding of trastuzumab-PB to HER2 on SKBR3 cells before and after
reduction with DTT and purification by SEC under conditions used to generate
trastuzumab-PB-SH. DOL(degree of labeling, 33) = 5.2; DOL(39) = 1.6. DOL(Herceptin-
PB) = 1.8.

SkBr3 cells were incubated with 39 without and with 4 and analyzed over time by
both flow cytometry and confocal microscopy. 40 (Figure 2-23), used as a control for
complete cleavage of 39, was generated by incubating 39 with DTT and then purifying
using size exclusion chromatography and the loss of green fluorescence and increased
blue fluorescence was confirmed by fluorescence spectroscopy (data not shown).
Analysis of a related trastuzumab-PB conjugate by flow cytometry under the same
conditions demonstrated that this treatment did not adversely affect potency for HER2 on
SKBR3 cells, but binding efficacy was reduced by 17% (Figure 2-24, E), and this
difference was factored into the analysis of the kinetics of disulfide cleavage in cells.

The blue fluorescence signal of SkBr3 cells treated with 39 was compared to that
of cells treated with 40 at various time points without and with endosome disruptor 4 to
determine the half-life of the cleavage reaction in cells (Figure 2-25 A). No significant
difference was found between the half-times of 39 without (8 £ 2 h) and with (7 £ 2 h) 4,
indicating that 4 is not needed for the cleavage of 39 and does not significantly contribute
to the rate of cleavage. The data also indicate that probe was not fully cleaved during the
course of the assay, with a maximum cleavage of about 30%. Similar results were seen
when cells were pretreated for 24 h with 4 before addition of 39 (data not shown). These

results agree with previous studies reported by others. Yang et. al. found that a FRET-

based probe with a disulfide linker targeted to the folate receptor has a 6 h half-life in KB
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cells.%? Lee et. al. showed that FRET-based antibody conjugates targeted at HER2 were
only cleaved ~40% after incubation for 20 h in SKBR3 cells, though the linker in this report
was cathepsin-cleavable rather than a reducible disulfide.?* A report by Erickson et. al.
found that after an incubation of 20 h in HER2 positive breast cancer cells, a trastuzumab

emtansine analogue with a disulfide linker was less than 50% processed.%?
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Figure 2-25. (A—C) Confocal micrographs of living SKBR3 cells treated with Herceptin-
PB-SS-PG (39, 1 uM). In panel A, cells were treated at 4 °C for 0.5 h prior to washing and
imaging. Panels B—C: Cells were treated at 4 °C for 0.5 h prior to washing and incubation
at 37 °C for 56 h in the absence (B) and presence (C) of ED (4, 2 yM). In panel C, white
arrows illustrate cells with dispersed green fluorescence resulting from endosome
disruption and increased localization of blue and green fluorescence in
endosomes/lysosomes. Scale bar = 25 ym. (D) Analysis of the kinetics of cleavage of the
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disulfide of 39 by flow cytometry. The half-time of cleavage of the disulfide of 39 (+ SEM)
is not significantly altered by co-administration with 4.

Confocal micrographs of SkBr3 cells treated with 39 without and with endosome
disruptor 4 revealed more about the mechanism of synergy (Figure 2-25). At t = 0 the
conjugates were located entirely at the cell membrane. Over time, more fluorescence
was found within endosomes as the conjugates were endocytosed and cycled through
the cells. The micrographs show that the green fluorescence was only released into cells
that were treated with 39 and 4; cells only treated with 39 show the localized green
fluorescence expected of cells with intact endosomal membranes. This phenomenon is
less obvious than the release of more polar fluorescein derivatives that are better retained
within the cell, but it is still clear. Additionally, 4 appears to alter the trafficking of 39.
Without 4, 39 is located mostly at the cell surface with minimal accumulation within
internal vesicles. This correlates well with the previously reported extensive endosomal
recycling of HER2 back to the cell membrane.?*3! Cotreatment of 39 with 4 leads to more
accumulation within vesicles of the endolysosomal system based on colocalization
studies with LysoTracker Red DND-99 (Figure 2-26). The mechanism of the change in
trafficking is unknown but could be beneficial for the release of the cargo of the antibody

conjugate.
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(A) Confocal and DIC micrographs of SKBR3 cells treated with 39 (1 uM)
for 72 h followed by Lysotracker Red DND-99 (1 uM)

Ex. 405 nm.. " . Ex. 532 nm Ex. 488 nm
Em. 425-500 hm~* ? Em. 600-650 nm Em. 500-550 nm

(B) Confocal and DIC micrographs of SKBR3 cells treated with 39 (1 uM)
and 4 (2 pM) for 72 h followed by Lysotracker Red DND-99 (1 uM)
‘Ex.405n0m ...~ FEx.532nm Ex.488nm .
Em. 425-500 nM Em. 600-650 nm Em. 500-550 nm

Figure 2-26. (A, B) Confocal and DIC micrographs of SkBr3 cells treated with Herceptin-
PB-SS-PG (39, 1 pM) for 72 h followed LysoTracker Red DND-99 (1 uM) for 0.5 h. In
panel B, cells were co-treated with 4 (2 uM) for 72 h prior to imaging. The blue and green
fluorescence of 39 co-localizes with LysoTracker to a greater extent in the presence of 4.
Scale bar = 25 pym.
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Together, these data reveal much about the mechanism of the synergy between
ED 4 and the Herceptin-delivered toxin 33. Endosome disruptor 4 is not needed for the
cleavage of the disulfide linker of 33. This leaves the exact mechanism of cleavage of the
linker in the oxidizing environment of the endosome® undetermined, though we
hypothesize that cellular thiol reductases such as gamma-interferon-inducible lysosomal
thiol reductase (GILT)* could be responsible. Reduction could also occur in the
lysosome, though this compartment has also been found to be oxidizing.5* Release of the
cargo from the antibody could also be caused by proteolysis. The products of both
proteolytic cleavage and disulfide reduction have been previously seen in cells treated
with an antibody conjugate with a disulfide linker.5® Regardless, endosome disruptor 4 is
necessary for appreciable amounts of the cell impermeable cargo to escape from the
endocytic pathway.

This new information requires a revision to our hypothesized method of cargo
release proposed in the Introduction of this chapter (Figure 2-4). We hypothesized that
an endosome disruptive peptide would form pores in the endosomal membrane and allow
reducing agents such as glutathione to enter the endosome and speed the rate of
cleavage of a disulfide linker within the endosome. The new evidence indicates that
addition of the endosome disruptor does not change the rate or extent of cleavage, but it
is necessary for cargo release into the cytosol. For this reason, we have removed
glutathione from the mechanism graphic. As discussed previously, other methods of
reduction are more likely. Given the relatively high hydrophobicity of the peptide moiety

of EDs such as 4, and the very high polarity of GSH, the high energetic cost of desolvation
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of GSH may limit its ability to pass through relatively hydrophobic pores in endosomal
membranes. The new hypothesized mechanism is illustrated in Figure 2-27.

(A) Structures of compounds

Membrane anchor Fluorescein
L j l—‘—\ 0,0- o .
Y LTI N 2ngs . onJdo M °
Me - Me ”:/HKS(N s wN ® ‘ —_— \N\WNVN N, ANS~sH H.O |
Me eMe 00 o 4 Me o/ Me Hz H (OH oy
Me Me 0*o 5
Fluorescent disulfide probe (1) 2 3

(B) Hypothesized mechanism of release
Extracellular

(oxidizing) Endosme

0@ ®

Mammalian Cell Cytosol Early endosome
(reducing) (oxidizing)
(C) Revised mechanism of release
Extracellular

(oxidizing) Endosme

Q j i ;dlsrupto‘

Mammalian Cell Cytosol Early endosome
(reducing) (oxidizing)

Figure 2-27. Revised hypothesis of the mechanism of release. The data presented in this
chapter indicates that addition of an ED has no effect on the cleavage of a disulfide linker
in the endosome. For this reason, we no longer believe that addition of an ED allows
glutathione to enter the endosome and speed the cleavage of the disulfide. Instead, we
hypothesize that the disulfide is cleaved by mechanisms independent of the ED, but that
the ED is necessary for the release of the cleaved cargo into the cytosol.
2-6. Conclusions and future directions

In this chapter, we have presented an update on the progress that has been made
in the development of endosome disruptive peptides. Since the dissertation of Dr. David

Hymel (University of Kansas, 2014), cholesterol-delivered endosome disruptors have

been optimized to yield 4, an ED that works well in many adherent cell lines. Additionally,
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a fluorescence-based model system has been developed to optimize the delivery of
fluorophores and endosome disruptors into cells using antibodies. This system was used
to optimize the structure and properties of each component individually and then to
demonstrate that it is possible to release antibody-delivered cargo into the cytosol of a
cell using an antibody-delivered endosome disruptor. The optimized components of this
system were then used to deliver and release toxins into HER2+ breast cancer cells.
Targeted, synergistic toxicity was observed between ED 4 and the Herceptin-CME
conjugate (33), which together exhibited more than a 5,000-fold enhancement in toxicity
compared to conjugate 33 alone. Unfortunately, even the most active Herceptin-
endosome disruptor conjugate (29) was not active enough to cause similar synergy.

The FRET probe conjugate (39) was used to better understand the synergy of
endosome disruptors and ADCs. It revealed that though EDs do not contribute to the rate
of release of the cargo from the ADC, they are necessary for entry of the cell impermeable
cargo into the cell cytosol. Additionally, EDs alter the trafficking of at least Herceptin-
based ADCs, causing them to localize more heavily to endosomes and lysosomes.

Due to the lack of necessary activity and the complexity of the antibody-endosome
disruptors conjugates, we are unlikely to continue attempting to optimize that component
of the system. Instead, we will focus on using cholesterol-delivered EDs such as 4 to
release the antibody-delivered toxin. Therefore, in the future, we plan to perform animal
studies to explore the hypothesis that HER2+ tumors in mice treated with Herceptin-SS-
FI (16) and 4 would be more fluorescent than those of mice treated with only Herceptin-
Fl. We would also expect the HER2+ tumors to be more fluorescent than HER2- tissues

in the mice, given that the fluorophore is expected to be taken up to a greater extent by
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HER2+ cells. If these hypotheses prove to be valid, we would move on to studying the
synergy between an antibody-delivered toxin and an ED in a mouse model, possibly
exploring the benefits of pre-targeting. It is our hope that this system could provide
improvements in selectivity and efficacy over current ADCs for cancer treatment.
2-7. Experimental
2-7-1. General experimental section

Chemical reagents were purchased from Aapptec, Acros, Aldrich, Alfa Aesar, EMD
Biosciences, or TClI America, and were used without further purification. Solvents were
from Aldrich or Fisher Scientific. The fluorescent disulfide probe (1),%° 36 and CME,3657
Fmoc-protected  3-((2-aminoethyl)disulfanyl)propanoic  acid,?®>  3-((((Cholester-3-
yl)oxy)carbonyl)amino)propanoic acid,?® and Pacific Blue NHS ester®® were prepared as
previously described. Chol-SS-CME (35) was synthesized by Zhe Gao but was originally
made by Ning Yang. Its synthesis and characterization are provided in Mr. Yang’s
Master’s thesis. All endosome disruptor compounds and toxins were synthesized by Dr.
Chamani Perera and Zhe Gao and provided with >90% purity based on analytical HPLC
profiling. Column chromatography employed Silica Gel (SiliCycle, 40-63 uym). Preparative
HPLC employed an Agilent 1200 Series preparative pump / gradient extension with a
Hamilton PRP-1 (polystyrene-divinylbenzene) reverse-phase preparative column (10-12
um particle size, 21.5 mm x 25 cm) with a flow rate of 25.0 mL/min. HPLC fractions
containing water were dried using a Labconco FreeZone 4.5 lyophilizer. Compounds
containing basic amines were isolated as TFA salts. Analytical HPLC traces were
acquired using an Agilent 1220 Series binary pump and an Agilent PLRP-S reverse phase

analytical column (8 ym particle size, 4 mm x 25 cm) with diode-array detection at 254
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nm. Chromatograms were acquired at RT or 45 °C for peptides containing proline
residues to minimize rotational isomers and employed a gradient elution of H2O:CH3CN
(90:10 to 0:100) with added TFA (0.1%) over 20 min and a 100% CH3CN wash for an
additional 5 min. Purity was determined by integration of the chromatogram. Low-
resolution mass spectra (LRMS) were obtained using a Waters Micromass ZQ instrument
with ESI+ or ESI-. Peaks are reported as m/z.
2-7-2. Synthetic procedures and compound characterization data
General procedure for solid phase peptide synthesis (SPPS).

SPPS was performed on a Mettler Toledo MiniBlock reactor (Model No: Bohdan
2080; 12-well block with glass reaction vessels, 600 rpm) utilizing standard Fmoc
chemistry employing Rink amide MBHA resin (0.05 mmol). The resin was swelled in DMF
for 2 h and the Fmoc group removed by agitating with deblocking solution (20% piperidine
in DMF (2 mL), 2 x, for 4 minutes each). The resin was washed 4x with DMF (2 mL) to
remove any traces of piperidine, and treated with Fmoc-amino acids (4 eq.), HATU
coupling reagents (3.8 eq.), and DIEA (8 eq.) in 2 ml of DMF with agitation until coupling
was completed by Kaiser Test (3, 6, 12, or 16 h). Once the coupling was complete, the
reaction solution was drained, and resin was washed four times with DMF (2 mL). This
coupling protocol was repeated for each additional Fmoc-amino acid. The hindered 2-
aminoisobutyric acid (Aib) was coupled via acid fluoride chemistry. Fmoc-Aib-F was
synthesized using DAST chemistry.®° Fmoc-Aib-F (4 eq.) was dissolved in 0.5 mL of DMF,
added to the resin, and agitated for 6 h. For acetylated peptides, the final amine was
capped by agitating with acetic anhydride/DIEA/DMF (1:2:7) for 1 h. Cleavage from Rink

amide MBHA resin was done using a mixture of TFA/H20/TIPS (95/2.5/2.5) with agitation
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for 2 h. 2-Chlorotrityl resin (0.1 mmol) was swelled in DCM for 10 min and then loaded
with the first Fmoc amino acid (4 eq) in the presence of DIEA (8 eq) as a base in dry DCM
(4 mL) overnight on the MiniBlock. After washing with DCM (4 mL, 4x), MeOH (4 mL) was
added and stirred for 10 min to cap unreacted 2-CTC resin. Then solvent was filtered
through, and the resin was washed with DMF (4 mL, 4x). Further couplings were
performed as for Rink amide resin. Cleavage from 2-Chlorotrityl resin was done by
treatment with a mixture of DCM/TFE/acetic acid (7:2:1) with shaking for 2 h. The resin
was removed by filtration and washed with DCM (2 mL, 3x) or DMF (2 mL, 3x). The
filtrates were combined and concentrated under vacuum to give crude products.
Purification was done using preparative reverse-phase HPLC (gradient: 90/10 H.O/MeCN

to 100% MeCN over 20 min with 0.1% TFA added).

OH
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((3B-Cholest-5-en-3-yl)carbonyl)-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-
mPEG-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-Tryptophyl-
L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-
Prolyl-LProlyl-L-Valyl-L-Valinamide (4). Using the general SPPS procedure, 0.05
mmole Rink amide resin was used to produce 4 as a white solid (35.2 mg, 21%). LRMS

(ESI+) m/z calcd for C,z4H,5,N,605, [M+H]*: 3159.8, found: [(M+2Na)/2]*: 1601.9.
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Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-
Tyrosyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (5). Using the general SPPS
procedure, Rink amide resin was used to produce 5 as a white solid. LRMS (ESI-) m/z

calcd for C,g,H,5,N,,0,, [M-H]': 1982.3, found: 1982.0.
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N-(Acetyl)-L-Alanyl-L-Alanyl-L-Alanyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-
Valinamide (6). Using the general SPPS procedure, Rink amide resin was used to

produce 6 as a white solid. LRMS (ESI+) m/z calcd for C,,,H,,,N,,0,, [M+Na]*: 1949.1,

found: 1948.9.
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((3B-Cholest-5-en-3-yl)carbonyl)-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-
mPEG-L-Alanyl-L-Alanyl-L-Alanyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-
Valinamide (7). Using the general SPPS procedure, Rink amide resin was used to

produce 7 as a white solid. LRMS (ESI-) m/z calcd for C,5,H,,,N,O5, [(M-H)/2]: 1550.8,

found: [(M-H)/2]: 1550.4.
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N-(Acetyl)-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-p-
Fluoro-L-Phenylalanyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (8). Using
the general SPPS procedure, Rink amide resin was used to produce 8 as a white solid.

LRMS (ESI+) m/z calcd for C,o,H, 5,FN,,0, [M+Na]*: 2006.0, found: [M+Na]*: 2006.2.
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OH OH
N-(Acetyl)-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-p-Fluoro-L-Phenylalanyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (9). Using the
general SPPS procedure, Rink amide resin was used to produce 9 as a white solid. LRMS

(ESI+) m/z calcd for C,y,H,5,FN,,O, o [M+Na]*: 2006.0, found: [M+Na]*: 2006.5.
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N-(Acetyl)-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-
Tryptophyl-p-Fluoro-L-Phenylalanyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (10). Using
the general SPPS procedure, Rink amide resin was used to produce 10 as a white solid.

LRMS (ESI+) m/z calcd for C,g,H, 5,FN,,0, [M+Na]*: 2006.0, found: [M+Na]*: 2006.6.
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Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-p-
Amino-L-Phenylalanyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (11). Using
the general SPPS procedure, Rink amide resin was used to produce 11 as a white solid.

LRMS (ESI+) m/z calcd for C,g,H,45N,,0., [M+Na]*: 2003.1, found: [M+Na]*: 2003.7.
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N-(Acetyl)-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-p-Amino-L-Phenylalanyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (12). Using
the general SPPS procedure, Rink amide resin was used to produce 12 as a white solid.

LRMS (ESI+) m/z calcd for C,,H,4,N,,0,4 [M+H]*: 1981.3, found: 1981.4.
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N-(Acetyl)-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-
Tryptophyl-p-Amino-L-Phenylalanyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-
Tryptophyl-L-Tyrosyl-L-Alanyl-L-Prolyl-L-Prolyl-L-Valyl-L-Valinamide (13). Using
the general SPPS procedure, Rink amide resin was used to produce 13 as a white solid.

LRMS (ESI+) m/z calcd for C,,H,4,N,,0,4 [M+H]*: 1981.3, found: 1981.1.
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((3B-Cholest-5-en-3-yl)carbonyl)-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-
mPEG-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-L-Tyrosyl-L-
Tyrosyl-L-Alanyl-L-Tyrosyl-L-Tyrosyl-L-Alanyl-L-Tyrosyl-L-Tyrosyl-L-Prolyl-
LProlyl-L-Valyl-L-Valinamide (14). Using the general SPPS procedure, Rink amide

resin was used to produce 14 as a white solid. LRMS (ESI+) m/z calcd for C,.,H,,4N,.O,,

[(M+Na)/2]*: 1549.8, found: [(M+Na)/2]*: 1549.8.
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General procedure for the synthesis of endosome disruptors for antibody
conjugation

The procedure outlined in General procedure for solid phase peptide synthesis
was used to generate each peptide. Fmoc-Pacific Blue-L-Lysine was used to incorporate
this fluorophore into the structures. As illustrated in Scheme 2-1, after cleavage from the
resin and purification by HPLC, each peptide was dissolved in 20% diethylamine in DMF
(1 mL) and stirred at room temperature for 1 h. Solvent was removed by vacuum, and the
product was dissolved in DMF (1 mL). Disuccinimidyl glutarate (10 eq) and DIEA (10 eq)
were added, and the reaction was stirred overnight. The next morning, the solvent was
removed by vacuum, and the product was purified by HPLC and lyophilized to give the
desired product. The NHS ester of these compounds is prone to hydrolysis, so many of
these compounds contain a small amount of the cleaved product, which can be seen as
a small peak just before that of the desired product in the analytical HPLC trace. These
byproducts would be removed from the antibody-endosome disruptor conjugates by the
size exclusion chromatography used to purify the conjugates, so these impurities were
not concerning.

(0] (0]
::NOMOI;lb
Diethylamine o O (0N'e) [e]

H
Fmoc-Peptide ———— NH;—Peptde ———— 3 [ NO N-Peptide
DMF DMF, DIEA % L

Scheme 2-1. Synthesis of endosome disruptors for antibody conjugation.
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5-((2-((3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-oxopropyl)disulfanyl)ethyl)carbamoyl)-2-
(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (15). Fmoc-3-((2-
aminoethyl)disulfanyl)propanoic acid (28 mg, 0.070 mmol) was dissolved in DMF (1 mL)
containing 20% piperidine and stirred at 22 °C for 30 min. The solvent was removed under
vacuum to provide the primary amine. 5-carboxy fluorescein (17 mg, 0.035 mmol) was
dissolved in dry DMF (2 mL) and added to the primary amine along with DIEA (0.2 mL).
The reaction was stirred at 22 °C for 16 h. Following completion, the solvent was removed
under vacuum, the residue was re-dissolved in DCM containing 5% methanol, applied to
a short silica plug, and eluted with 90/10 DCM/MeOH. The solvent was removed to give
the crude carboxylic acid product. This product (~15 mg) was dissolved in DMF (2 mL)
and EDC (11 mg, 0.06 mmol) and N-hydroxysuccinimide (NHS, 7 mg, 0.06 mmol) were
added. The reaction was allowed to stir at 22 °C for 16 h. The solvent was removed under
vacuum, and the residue was dissolved in DMSO (2 mL) and purified by preparative RP-
HPLC (Gradient: H2O:CH3CN (9:1) to (0:100) with added TFA (0.1%) over 20 min). Pure
fractions were collected, combined, and dried under vacuum to give 15 (9 mg, 0.014
mmol, 39% overall yield) as a yellow solid. '"H NMR (500 MHz, DMSO-ds) 8 9.01 (t, J =
5.5 Hz, 1H), 8.46 (s, 1H), 8.25 (d, J=7.9, 1.6 Hz, 1H), 7.38 (d, J = 8.0 Hz, 1H), 6.69 (d,
J =1.9 Hz, 2H), 6.59 (d, J = 8.6 Hz, 2H), 6.56 — 6.53 (m, 2H), 3.62 (q, J = 6.3 Hz, 2H),
3.13 (t, J= 6.5 Hz, 2H), 3.05 (t, J = 6.9 Hz, 2H), 2.98 (t, J = 6.6 Hz, 2H), 2.54 (s, 4H). '*C
NMR (126 MHz, DMSO-des) 6 170.1, 168.2, 167.5, 164.8, 159.6, 154.7, 151.8, 136.0,
134.7, 129.2, 126.5, 124.3, 123.3, 112.7, 109.1, 102.3, 40.4, 36.9, 31.9, 30.4, 254.

HRMS (ESI+) m/z calcd for C30H24N2010S2 [M+Na]*: 659.0765, found: 659.0740.
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N2?-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N¢-(6,8-difluoro-7-hydroxy-2-oxo-

2Hchromene-3-carbonyl)-L-lysine (41). As reported in the thesis of Dr. Molly Lee, to a
solution of Fmoc-L-Lys-OH (1.76 g, 4.78 mmol) and DIEA (3.3 mL, 18.45 mmol) in DMF
(20 mL) was added Pacific Blue NHS ester (1.25 g, 3.69 mmol, synthesized as previously
reported®®). The reaction mixture was stirred at 22 °C overnight. The reaction mixture was
added dropwise to cold ag. HCI (1 N, 200 mL). The precipitate formed was filtered,
washed with cold ag. HCI (1 N, 25 mL), and dried under vacuum to give 41 as a yellow
solid (2.14 g, 98%). 1H NMR (500 MHz, DMSO-d6) 6 8.76 (d, J = 1.4 Hz, 1H), 8.61 (t, J
= 5.8 Hz, 1H), 7.86 (dd, J = 7.5, 3.4 Hz, 2H), 7.74-7.64 (m, 3H), 7.39 (tdd, J = 7.6, 3.9,
1.1 Hz, 2H), 7.31 (qd, J = 7.4, 1.2 Hz, 2H), 4.42-4.11 (m, 3H), 3.93 (ddd, J = 10.0, 8.1,
4.5 Hz, 1H), 3.31 (qd, J = 6.9, 2.9 Hz, 2H), 1.89-1.24 (m, 6H). 13C NMR (126 MHz,
DMSO-d6) 6 174.0, 161.0, 159.6, 156.2, 148.8 (d, J = 239.9 Hz), 147.1 (d, J = 3.7 Hz),
143.8, 143.8, 140.7, 140.7, 140.5 (d, J = 8.5 Hz), 140.0 (dd, J = 5.1, 2.4 Hz), 138.7 (dd,

J=2453, 6.5 Hz), 127.6, 127.6, 127.1, 1271, 127.1, 127.0, 125.3, 125.3, 120.1, 120.1,
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116.4, 110.5 (dd, J = 21.2, 2.4 Hz), 109.6 (d, J = 10.2 Hz), 65.6, 53.7, 46.7, 38.9, 30.4,

28.6, 23.1; HRMS (ESI-) m/z calcd for C31H25F2N20s [M-H]: 591.1579, found: 591.1568.
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2,5-dioxopyrrolidin-1-yl (2S,5S,8S,11S,145,17S,20S,23R,46R)-1-((S)-2-((S)-2-(((S)-1-
(((S)-1-amino-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-46-(4-(6,8-difluoro-7-hydroxy-
2-o0x0-2H-chromene-3-carboxamido)butyl)-2,5,11,14,20,23-hexakis(4-
hydroxybenzyl)-8,17,26,26,29,29,32,32,35,35-decamethyl-
1,4,7,10,13,16,19,25,28,31,34,37,45,48-tetradecaoxo-22-oxa-40,41-dithia-
3,6,9,12,15,18,21,24,27,30,33,36,44-tridecaazadopentacontan-52-oate (18). Using the
General procedure for the synthesis of endosome disruptors for antibody conjugation,
Rink amide resin was used to produce 18 as a yellow solid. LRMS (ESI-) m/z calcd for

C.p6H160F Ny, 05582 [M-H]': 2583.9, found: 2583.3.
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2,5-dioxopyrrolidin-1-yl (2S,5S,8S,11S,14S5,17S,20S,23R,50S)-1-((S)-2-((S)-2-(((S)-1-
(((S)-1-amino-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-50-(4-(6,8-difluoro-7-hydroxy-
2-o0x0-2H-chromene-3-carboxamido)butyl)-2,5,11,14,20,23-hexakis(4-
hydroxybenzyl)-8,17,26,26,29,29,32,32,35,35-decamethyl-
1,4,7,10,13,16,19,25,28,31,34,37,41,49,52-pentadecaoxo-22-oxa-44,45-dithia-
3,6,9,12,15,18,21,24,27,30,33,36,40,48,51-pentadecaazahexapentacontan-56-oate
(19). Using the General procedure for the synthesis of endosome disruptors for antibody
conjugation, Rink amide resin was used to produce 19 as a yellow solid. LRMS (ESI-)

m/z calcd for C,,gH 5,F,N,,05,S, [(M+2Na)/2]: 1351.5, found: [(M+2Na)/2]": 1351.2.
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2,5-dioxopyrrolidin-1-yl (2S,5S,8S,11S,14S5,17S,20S,23R,53S)-1-((S)-2-((S)-2-(((S)-1-
(((S)-1-amino-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-53-(4-(6,8-difluoro-7-hydroxy-
2-0x0-2H-chromene-3-carboxamido)butyl)-2,5,11,14,20,23-hexakis(4-
hydroxybenzyl)-8,17,26,26,29,29,32,32,35,35-decamethyl-
1,4,7,10,13,16,19,25,28,31,34,37,44,52,55-pentadecaoxo-22-oxa-47,48-dithia-
3,6,9,12,15,18,21,24,27,30,33,36,43,51,54-pentadecaazanonapentacontan-59-oate
(20). Using the General procedure for the synthesis of endosome disruptors for antibody
conjugation, Rink amide resin was used to produce 20 as a yellow solid. LRMS (ESI-)

m/z calcd for C 3 H,7oF ,;N,,04,S, [(M-H)/2]: 1348.6, found: [(M-H)/2]": 1348.9.
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2,5-dioxopyrrolidin-1-yl (2S,5S,8S,11S,14S5,17S,20S,23R,59S)-1-((S)-2-((S)-2-(((S)-1-
(((S)-1-amino-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-59-(4-(6,8-difluoro-7-hydroxy-
2-0x0-2H-chromene-3-carboxamido)butyl)-2,5,11,14,20,23-hexakis(4-
hydroxybenzyl)-8,17,26,26,29,29,32,32,35,35-decamethyl-
1,4,7,10,13,16,19,25,28,31,34,37,50,58,61-pentadecaoxo-22,40,43,46-tetraoxa-53,54-
dithia-3,6,9,12,15,18,21,24,27,30,33,36,49,57,60-pentadecaazapentahexacontan-65-
oate (21). Using the General procedure for the synthesis of endosome disruptors for
antibody conjugation, Rink amide resin was used to produce 21 as a yellow solid. LRMS
(ESI-) m/z caled for C,;,H,;,4F,N,,05,S, [(M+2Na)/2]: 1417.6, found: [(M+2Na)/2]:

1417 .2.
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2,5-dioxopyrrolidin-1-yl (2S,5S,8S,11S,14S5,17S,20S,23R,72S)-1-((S)-2-((S)-2-(((S)-1-
(((S)-1-amino-3-methyl-1-oxobutan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-72-(4-(6,8-difluoro-7-hydroxy-
2-0x0-2H-chromene-3-carboxamido)butyl)-2,5,11,14,20,23-hexakis(4-
hydroxybenzyl)-8,17,26,26,29,29,32,32,35,35-decamethyl-
1,4,7,10,13,16,19,25,28,31,34,37,50,63,71,74-hexadecaoxo-22,40,43,46,53,56,59-
heptaoxa-66,67-dithia-3,6,9,12,15,18,21,24,27,30,33,36,49,62,70,73-
hexadecaazaoctaheptacontan-78-oate (22). Using the General procedure for the
synthesis of endosome disruptors for antibody conjugation, Rink amide resin was used

to produce 22 as a yellow solid. LRMS (ESI+) m/z caled for C,,;H,4,F,N,,0,,S,

[(M+Na)/2]*: 1506.7, found: [(M+2Na)/2]*: 1507.1.
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General procedure for the synthesis of membrane anchored endosome disruptors
for antibody conjugation

The procedure outlined in General procedure for solid phase peptide synthesis
was used to generate each peptide. Fmoc-Pacific Blue-L-Lysine (41) was used to
incorporate this fluorophore into the structures. As illustrated in Scheme 2-2, after
cleavage from the resin and purification by HPLC, each peptide was dissolved in ethanol
(1 mL). 2,5-dioxopyrrolidin-1-yl 3-(pyridin-2-yldisulfaneyl)propanoate (10 eq) was added,
and the reaction was stirred for 16 h. The solution was then concentrated in vacuo and

purified by preparative HPLC.
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Scheme 2-2. Synthesis of membrane anchored endosome disruptors for antibody
conjugation. Synthesis is shown for 25, but the same method is also used for 28.
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((3B-Cholest-5-en-3-yl)carbonyl)-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-
6-N-Pacific-Blue-Lysl-L-Cysteinyl-mPEG-Aminoisobutyl-Aminoisobutyl-
Aminoisobutyl-Aminoisobutyl-L-Tyrosyl-L-Tyrosyl-L-Alanyl-L-Tyrosyl-L-Tyrosyl-
L-Alanyl-L-Tyrosyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-Valinamide (42). 42 was
synthesized using standard SPPS conditions employing Rink amide MBHA resin (EMD
or Aapptech, 0.5 mmol/g, 100 mg, 0.05 mmol). The peptide was cleaved from the resin
with concurrent removal of t-Bu side chain protecting groups by treatment with
TFA/TIPS/H20 (90:8:2) with shaking for 2 h. The solution, and the eluent from an
additional wash with CH2Cl2, was collected. The solution was concentrated in vacuo and
purified by preparative HPLC to afford 42 as a yellow solid (15 mg, 8% yield). LRMS

(ESI+) m/z calcd for C177H248F2N26046S [(M+H)/2]*: 1773.6, found: 1773.1.
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((3B-Cholest-5-en-3-yl)carbonyl)-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-
6-N-Pacific-Blue-Lysl-2,5-dioxopyrrolidin-1-yl-(R)-3-((2-(A%>-azaneyl)-3-
oxopropyl)disulfaneyl)propanoate-mPEG-Aminoisobutyl-Aminoisobutyl-
Aminoisobutyl-Aminoisobutyl-L-Tyrosyl-L-Tyrosyl-L-Alanyl-L-Tyrosyl-L-Tyrosyl-
L-Alanyl-L-Tyrosyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-Valinamide (25). Using 42
and the General procedure for the synthesis of membrane anchored endosome disruptors
for antibody conjugation, 25 was produced as a yellow solid (1.5 mg, 10% yield). LRMS

(ESI+) m/z calcd for C,gyH,ssF,N,,050S, [(M+H)/2]*: 1872.4, found: [(M+H)/2]*: 1872.7.
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Palmitic-acid-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-6-N-Pacific-Blue-
Lysl-L-Cysteinyl-mPEG-Aminoisobutyl-Aminoisobutyl-Aminoisobutyl-
Aminoisobutyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-
L-Tryptophyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-Valinamide (43). The same
procedure used to synthesize 42 was used to generate 43 as a yellow solid. LRMS (ESI+)

m/z calcd for C ;. Hy F,N,0,,S [(M+H)Y/2]: 1719.4, found: [(M+H)/2]*: 1718.8.

N
Qo
o OH
OgOH 3 %\JH ? “NH
O O Og¢HO Ho (H oyHoOy HO OyHO(HO H O
/\/\/\/\/\/\/\/“N\)‘N\/"NgNJ‘N\,OwO\,O/\"NJNj\,,NwO\,OwO\)‘N NANSNAN N:)N’\anN Ny N“"l(lj\vNJ'N\(nNJ‘NHZ
H H HOj\H 0] H O H O H O HO\HOXNHO [N
O”OH S @ NH
HN O OH OH
O
(@)
FPF

Palmitic-acid-B-Alanyl-B-Alanyl-L-Glutamyl-L-Glutamyl-mPEG-6-N-Pacific-Blue-
Lysl-2,5-dioxopyrrolidin-1-yl-(R)-3-((2-(A?-azaneyl)-3-

oxopropyl)disulfaneyl)propanoate-mPEG-Aminoisobutyl-Aminoisobutyl-
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Aminoisobutyl-Aminoisobutyl-L-Tryptophyl-L-Tyrosyl-L-Alanyl-L-TryptophyI-L-

Tyrosyl-L-Alanyl-L-Tryptophyl-L-Tyrosyl-L-Prolyl-LProlyl-L-Valyl-L-Valinamide

(28). The same procedure used to synthesize 25 was used to generate 28 as a yellow

solid (1.0 mg, 8% yield). LRMS (ESI-) m/z calcd for C.,gH,,,F,N4,0,6S,[(M-H)/2]: 1821.1,

found: 1821.0.

€
c 120
=
~ 1004
X
80
S
[T
© 60
=
[} -
@ 40
c
8 204
[
2
o 0 - T —g T T
< 0 5 10 15 20 25
Time (min)
. 36
OMe
3.0 HZN, \go
NH \tl)/o " o’ ouae NH \('3’ °
Q« — H H oyH H © o8 H H H om
ooy N~ N~sS™ N8N8 8™ HATU, DIEA FmOCN{H,\"H,Sst NN NI
HO O DVF NE B HO o o oyyo
44 45 MeO
£ OH L oH
O
0’5/ o2 ,;
1) 25% TFA/DCM o e G 1) 20% Diethylamine/DMF HN"0 HO,0
T ——— OMe
2) PB-NHS, DIEA, DMF R R s~ INSN AN~ N - - 0905 odu oNH H H om
) Fmoo (N~ ~gs™ N OMOeMe 2) DIEA, DMF :NOWH ON“\"ON”SSVH ON/\"ON,/\,,ON,OM:
46 MeO C«OO O°+:> MeO OMe
ONOWONO 32

%o
v
¥ *
H H Q
FmOCN N/\N/‘SS\)
H O (0]

Disuccinimidyl glutarate

111



(10S,25S)-10-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-25-(3-(tert-butoxy)-3-
oxopropyl)-2,2-dimethyl-4,11,15,23,26,30-hexaoxo-3-oxa-19,20-dithia-
5,12,16,24,27,31-hexaazatetratriacontan-34-oic acid (44). 2-Chlorotrityl chloride resin
(Aapptec, RTZ001, 0.1 mmol) was loaded with Fmoc--Ala-OH (124 mg, 0.4 mmol) under
DIEA (143 pL, 0.8 mmol) as a base in DCM/DMF (2 mL/2 mL) overnight on a MiniBlock
(600 rpm). After washing with DCM (4 mL, 4x), MeOH (4 mL) was added and stirred for
10 min to cap unreacted 2-CTC resin. Then solvent was drained from the vessel, and the
resin was washed with DMF (4 mL, 4x). Cleavage of Fmoc was performed in 20%
piperidine/DMF (4 mL) for 4 min twice. After washing with DMF (4 mL, 4x), a solution of
HATU (152 mg, 0.4 mmol), Fmoc protected amino acid (0.4 mmol) and DIEA (143 pL, 0.8
mmol) in DMF (4 mL) was added to resin and stirred for 6 hours. The remaining amino
acids were coupled on to resin in the same way with the exception of the disulfide linker,
which was coupled as the acyl fluoride. Briefly, Fmoc-S-S-COOH (161 mg, 0.4 mmol)
was dissolved in dry DCM (2 mL) in a 15 mL plastic conical tube. Drops of dry DMF were
added until the solution was clear, followed by addition of DAST (63 uL, 0.48 mmol). The
reaction was stirred for 30 min at 0 °C and quenched by ice water. The organic layer was
washed with brine and dried over Na:SO4. The crude solution was concentrated by
rotovap and redissolved in DMF. The resulting solution was added immediately to the
resin for conjugation overnight. After all amino acid and linker were successfully installed
on the resin, a solution of AcOH/ TFE/DCM (1:2:7, 4 mL) was added to the resin and
shaken for 3 hours to cleave the compound. After concentration under rotavap, the crude
mixture was purified by HPLC and lyophilized to yield desired compound 44 as white solid

(50 mg, 49% yield). "H NMR (500 MHz, DMSO-ds) 12.20 (brs, 1H), 8.15-8.00 (m, 2H),
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7.96-7.84 (m, 5H), 7.73 (t, J = 6.5 Hz, 2H), 7.42 (t, J = 7.3 Hz, 3H), 7.33 (t, J = 7.7 Hz,
2H), 6.76 (t, J = 5.9 Hz, 1H), 4.34-4.13 (m, 5H), 3.97-3.81 (m,2H), 3.47-3.11 (m, 8H),
3.00-2.81 (m, 4H), 2.75 (t, J = 6.9 Hz, 2H), 2.56-2.51 (m, 2H), 2.36 (t, J = 7.1 Hz, 2H),
2.30-2.11 (m, 6H), 1.93-1.76 (m, 1H), 1.76-1.62 (m, 1H), 1.62-1.43 (m, 2H), 1.37 (s, 9H),
1.36 (s, 9H), 1.29-1.15 (m, 2H). *C NMR (126 MHz, DMSO-ds) & 172.9, 171.9, 171.6,
170.9, 170.4, 170.3, 170.1, 155.9, 155.5, 143.9, 143.8, 140.7, 127.6, 127.0, 125.3, 120.1,
79.6,77.3,65.6, 54.7,51.8, 46.7, 37.9, 37.1, 35.3, 35.2, 35.2, 35.0, 34.9, 34.7, 33.9, 33.8,
31.7,31.3,29.2,28.3,27.7, 27.5, 22.8. LRMS (ESI+) m/z calcd for CagH71N7013S, [M+H]*:

1030.5, found: 1030.5.
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tert-butyl-(10S,25S)-10-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2,2-dimethyl-
4,11,15,23-tetraoxo-25-((3-oxo0-3-((3-oxo0-3-(((5R)-3,9,10,11-tetramethoxy-6,7-

dihydro-5H-dibenzo[a,c][7]annulen-5-yl)amino)propyl)amino)propyl)carbamoyl)-3-
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oxa-19,20-dithia-5,12,16,24-tetraazaoctacosan-28-oate (45). To a solution of 44 (40
mg, 0.039 mmol) in dry DMF (2 mL) was added HATU (30 mg, 0.078 mmol), DIEA (35
uL, 0.19 mmol) and 36 (26 mg, 0.078 mmol). The mixture was stirred overnight and
concentrated under rotavap. The crude was purified by HPLC and lyophilized to give
desired compound 45 as a white solid (38 mg, 73% yield). '"H NMR (500 MHz, DMSO-ds)
8.39 (d, J = 8.4 Hz, 1H), 8.13-8.00 (m, 2H), 7.94-7.84 (m, 5H), 7.72 (t, J = 6.6 Hz, 2H),
7.45-7.36 (m, 3H), 7.32 (t, J = 7.5 Hz, 2H), 7.24 (d, J = 8.1 Hz, 1H), 6.90-6.83 (m, 2H),
6.81-6.69 (m, 2H), 4.52 (dt, J = 11.9, 7.6 Hz, 1H), 4.35-4.15 (m, 5H), 3.95-3.84 (m, 2H),
3.82 (s, 3H), 3.77 (s, 3H), 3.77 (s, 3H), 3.47 (s, 3H), 3.34-3.15 (m, 8H), 2.88 (it, J = 6.9,
4.4 Hz, 4H), 2.75 (t, J = 7.0 Hz, 2H), 2.59-2.52 (m, 2H), 2.48-2.45 (m, 1H), 2.39-2.27 (m,
2H), 2.27-2.09 (m, 7H), 2.09-1.98 (m, 1H), 1.91-1.76 (m, 2H), 1.72-1.62 (m, 1H), 1.61-
1.43 (m, 2H), 1.36 (s, 9H), 1.36 (s, 9H), 1.29-1.14 (m, 2H). 3C NMR (126 MHz, DMSO-
ds) 6 171.9, 171.3, 170.9, 170.4, 170.2, 170.1, 169.6, 158.4, 155.9, 152.1, 150.3, 143.9,
143.8, 141.8, 140.7, 140.6, 134.7, 130.5, 127.6, 127.1, 126.1, 125.3, 124.3, 120.1, 110.8,
109.3, 108.1, 79.7, 77.3, 65.6, 60.5, 55.8, 54.9, 54.7, 51.8, 48.2, 46.7, 38.3, 37.9, 37.1,
35.4,35.3,35.3,35.2,35.2,35.1, 34.9, 33.9, 31.7, 31.3, 30.1, 29.2, 28.3, 27.7, 27.5, 22.9.

LRMS (ESI+) m/z calcd for CesHo2NgO16S2 [M+H]*: 1341.6, found: 1341.7.
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(5S,20S)-5-(4-(6,8-difluoro-7-hydroxy-2-oxo-2H-chromene-3-carboxamido)butyl)-1-
(9H-fluoren-9-yl)-3,6,10,18-tetraoxo-20-((3-oxo-3-((3-ox0-3-(((5R)-3,9,10,11-
tetramethoxy-6,7-dihydro-5H-dibenzo[a,c][7]annulen-5-
yl)amino)propyl)amino)propyl)carbamoyl)-2-oxa-14,15-dithia-4,7,11,19-
tetraazatricosan-23-oic acid (46). 45 (30 mg, 0.022 mmol) was dissolved in 25%
TFA/DCM (2 mL) and stirred for 2 hours. The solvent was removed by rotavap and the
solid was dissolved in dry DMF (2 mL). Pacific Blue-NHS (11 mg, 0.034 mmol) and DIEA
(8 pL, 0.045 mmol) were then added. The solution was stirred overnight. After completion
of the reaction, the solvent was removed by rotavap. The crude material was purified by
HPLC and lyophilized to give the desired compound 46 as a yellow solid (21 mg, 67%
yield). '"H NMR (500 MHz, DMSO-ds) 12.08 (brs, 1H), 8.75 (s, 1H), 8.59 (t, J = 5.8 Hz,

1H), 8.39 (d, J = 8.4 Hz, 1H), 8.09 (d, J = 8.1 Hz, 1H), 8.04 (t, J = 5.7 Hz, 1H), 7.97-7.88
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(m, 3H), 7.85 (dd, J = 7.6, 3.8 Hz, 2H), 7.70 (t, J = 7.8 Hz, 3H), 7.45 (d, J = 8.3 Hz, 1H),
7.42-7.36 (m, 2H), 7.35-7.27 (m, 2H), 7.24 (d, J = 8.2 Hz, 1H), 6.90-6.83 (m, 2H), 6.76 (s,
1H), 4.57-4.48 (m, 1H), 4.35-4.26 (m, 1H), 4.23-4.12 (m, 4H), 3.96-3.89 (m, 1H), 3.82 (s,
3H), 3.77 (s, 3H), 3.76 (s, 3H), 3.47 (s, 3H), 3.34-3.14 (m, 10H), 2.94-2.81 (m, 2H), 2.79-
2.70 (m, 2H), 2.56-2.51 (m, 2H), 2.48-2.43 (m, 1H), 2.39-2.28 (m, 2H), 2.27-2.10 (m, 7H),
2.09-1.98 (m, 1H), 1.92-1.80 (m, 2H), 1.74-1.58 (m, 2H), 1.58-1.44 (m, 3H), 1.40-1.25 (m,
2H). 13C NMR (126 MHz, DMSO-ds) & 173.9, 171.9, 171.0, 170.4, 170.3, 170.1, 169.6,
160.9, 159.6, 158.4, 158.3, 158.0, 157.77, 157.5, 155.9, 152.1, 150.3, 147.9, 147.1,
143.8, 141.8, 140.7, 140.6, 140.5, 134.7, 130.5, 127.6, 127.6, 127.0, 126.1, 125.34,
125.3, 124.3, 120.1, 117.7, 116.4, 110.8, 110.5, 110.4, 109.6, 109.4, 109.3, 108.1, 65.6,
60.5, 55.8, 54.9, 54.5, 51.9, 48.2, 46.7, 38.3, 37.9, 37.1, 35.4, 35.3, 35.3, 35.2, 35.1, 34.9,
33.9, 31.7, 30.2, 30.1, 28.7, 27.5, 23.0. LRMS (ESI+) m/z calcd for CeoHzsF2NsO18S2

[M+H]*: 1409.5, found: 1409.5.
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(7S,22S)-1-(6,8-difluoro-7-hydroxy-2-oxo-2H-chromen-3-yl)-7-(5-((2,5-
dioxopyrrolidin-1-yl)oxy)-5-oxopentanamido)-1,8,12,20-tetraoxo-22-((3-oxo0-3-((3-
oxo-3-(((5R)-3,9,10,11-tetramethoxy-6,7-dihydro-5H-dibenzo[a,c][7]annulen-5-
yl)amino)propyl)amino)propyl)carbamoyl)-16,17-dithia-2,9,13,21-
tetraazapentacosan-25-oic acid (32). 46 (15 mg, 0.011mmol) was dissolved in 20%
Diethylamine in DMF (1 mL) and stirred for 1 hour. After MS confirmed full cleavage of
the Fmoc protecting group, the solvent was removed by rotavap. The crude material was
then dissolved in DMF and disuccinimidyl glutarate (35 mg, 0.11 mmol) and DIEA (19 pL,
0.11 mmol) were added. The solution was stirred overnight and concentrated. The crude
material was purified by HPLC and lyophilized to give desired product 32 as light yellow
solid (7 mg, 47% yield). '"H NMR (500 MHz, DMSO-ds) 12.07 (brs, 1H), 8.78 (d, J = 1.3
Hz, 1H), 8.58 (t, J = 5.8 Hz, 1H), 8.39 (d, J = 8.4 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 8.04
(t, J = 5.7 Hz, 1H), 7.99-7.83 (m, 4H), 7.75 (dd, J = 10.4, 2.0 Hz, 1H), 7.24 (d, J = 8.1 Hz,
1H), 6.86 (d, J = 8.5 Hz, 2H), 6.76 (s, 1H), 4.60-4.46 (m, 1H), 4.29-4.10 (m, 3H), 3.82 (s,
3H), 3.78 (s, 3H), 3.77 (s, 3H), 3.47 (s, 3H), 3.35-3.14 (m, 11H), 2.92-2.84 (m, 2H), 2.80
(s, 2H), 2.75 (t, J = 6.9 Hz, 2H), 2.67 (t, J = 7.5 Hz, 1H), 2.54 (s, 4H), 2.49-2.44 (m, 1H),
2.39-2.29 (m, 2H), 2.27-2.10 (m, 8H), 2.07-1.99 (m, 1H), 1.92-1.78 (m, 3H), 1.74-1.57 (m
2H), 1.56-1.43 (m, 3H), 1.37-1.19 (m, 2H). *C NMR (126 MHz, DMSO-ds) 6 173.9, 171.7,

171.1,170.9,170.4, 170.2,170.2,170.2, 170.1, 169.6, 168.7, 160.9, 159.6, 158.4, 158.1,
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157.8,152.1, 150.3, 147.1, 141.8, 140.5, 134.7, 130.5, 126.1, 124.3, 117.5, 116.5, 110.8,
108.1, 99.5, 60.5, 55.8, 54.9, 52.4, 51.9, 48.2, 40.4, 38.3, 37.9, 37.1, 35.4, 35.3, 35.3,
35.2, 35.1, 34.90, 33.8, 33.5, 31.7, 31.4, 30.1, 30.07, 29.6, 28.7, 27.5, 25.4, 22.9, 20.4.

LRMS (ESI+) m/z calcd for CesH77F2N9O21S2 [M+H]*: 1398.5, found: 1398.5.
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(4S)-4-(3-mercaptopropanamido)-5-oxo-5-((3-oxo-3-((3-oxo0-3-(((5R)-3,9,10,11-
tetramethoxy-6,7-dihydro-5H-dibenzo[a,c][7]annulen-5-
yl)amino)propyl)amino)propyl)amino)pentanoic acid (37). 46 (6 mg, 0.004 mmol) was
dissolved in DMSO (0.4 mL). DL-Dithiothreitol (DTT, 13 mg, 0.085 mmol) was added and
the solution was stirred overnight. The next morning, the crude mixture was purified by
HPLC and lyophilized to yield 37 as a white solid (2 mg, 68% yield). '"H NMR (500 MHz,
DMSO-ds) 6 8.39 (d, J = 8.4 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 8.1 Hz, 1H),
7.89 (dt, J=10.9, 5.8 Hz, 2H), 7.24 (d, J = 8.1 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.77 (s,

1H), 4.57 — 4.48 (m, 1H), 4.0 (td, J = 8.4, 5.4 Hz, 1H), 3.82 (s, 3H), 3.78 (s, 3H), 3.77 (s,
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3H), 3.47, (s, 3H), 3.30 — 3.12 (m, 4H), 2.95 — 2.85 (m, 1H), 2.78 — 2.68 (m, 1H), 2.68 —

2.60 (m, 1H), 2.49 — 2.41 (m, 2H), 2.37 — 2.28 (m, 2H), 2.24 — 2.13 (m, 4H), 2.10 — 1.99

(m, 1H), 1.88 (d, J = 6.1 Hz, 2H), 1.77 — 1.63 (m, 2H), 1.30 — 1.21 (m, 1H). ®C NMR (126

MHz, DMSO) & 173.9, 171.2, 170.4, 170.3, 169.6, 158.4, 152.1, 150.3, 141.8, 140.6,

134.8, 130.5, 126.1, 124.3, 110.8, 109.3 108.0, 60.5, 55.8, 54.9, 51.9, 48.2, 40.0, 39.9,

39.7, 39.5, 39.3, 39.2, 39.0, 38.3, 35.4, 35.3, 35.3, 35.1, 30.2, 30.2, 27.4, 25.2, 19.9.

HRMS (ESI+) m/z calcd for C,,H,,N,O,,S [M+H]*: 689.2856, found: 689.2849.
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Scheme 2-4. Synthesis of 38.
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(10S,25S)-10-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-25-(3-(tert-butoxy)-3-
oxopropyl)-2,2-dimethyl-4,11,15,23,26-pentaoxo-3-oxa-19,20-dithia-5,12,16,24,27-
pentaazatriacontan-30-oic acid (47). 2-Chlorotrityl resin (0.1 mmol) was swelled for 10
min in dry DCM then loaded with Fmoc-B-Ala-OH (124 mg, 0.4 mmol) under DIEA (143
pL, 0.8 mmol) as a base in dry DCM/DMF (2 mL/2 mL) overnight on a MiniBlock (600
rpm). After washing with DCM (4 mL, 4x), MeOH (4 mL) was added and stirred for 10 min
to cap unreacted 2-CTC resin. Then solvent was drained, and the resin was washed with
DMF (4 mL, 4x). Cleavage of Fmoc was done in 20% piperidine/DMF (4 mL) for 4 min
twice. After washing with DMF (4 mL, 4x), a solution of HATU (152 mg, 0.4 mmol), Fmoc
protected amino acid (0.4 mmol) and DIEA (143 pL, 0.8 mmol) in DMF (4 mL) was added
to resin and stirred for 6 hours. The rest of the amino acids were coupled on to resin in
the same way except conjugation of the disulfide linker starts from synthesis of disulfide
acyl fluoride. Briefly, Fmoc-S-S-COOH (80 mg, 0.2 mmol) is dissolved in dry DCM (2 mL)
in a 15 mL plastic conical tube. Drops of dry DMF were added until the solution cleared,
followed by addition of DAST (63 uL, 0.48 mmol). The reaction was stirred for 30 min at
0 °C and quenched by ice water. The organic layer was washed with brine then dried over
Na2S0O4. The crude was concentrated by rotovap and re-dissolved in DMF. The resulting
solution was added immediately to the resin for conjugation overnight. After all amino
acids were successfully installed on the resin, a solution of AcOH/ TFE/DCM (1:2:7, 4

mL) was added to the resin and shaken for 3 hours to cleave the compound. After
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concentration under rotovap, the crude product was purified by HPLC and lyophilized to
yield desired compound 47 as white solid (34 mg, 35% yield). '"H NMR (500 MHz, DMSO-
ds) 12.23 (brs, 1H), 8.09 (d, J = 8.1 Hz, 1H), 8.05 (t, J = 5.7 Hz, 1H), 7.94 (t, J = 5.6 Hz,
1H), 7.89 (d, J=7.4 Hz, 3H), 7.72 (t, J= 6.5 Hz, 2H), 7.42 (t, J= 7.4 Hz, 3H), 7.33 (t, J =
7.5 Hz, 2H), 6.75 (t, J = 5.9 Hz, 1H), 4.31-4.18 (m, 5H), 3.93-3.84 (m, 2H), 3.35-3.17 (m,
6H), 2.93-2.83 (m, 4H), 2.75 (t, J = 6.9 Hz, 2H), 2.54 (q, J = 4.0, 3.1 Hz, 2H), 2.37 (t, J =
6.9 Hz, 2H), 2.24 (t, J = 7.0 Hz, 2H), 2.22-2.15 (m, 2H), 1.88-1.80 (m, 1H), 1.72-1.63 (m,
1H), 1.61 — 1.52 (m, 2H), 1.37 (s, 9H), 1.36 (s, 9H), 1.27-1.16 (m, 1H). '*C NMR (126
MHz, DMSO) &6 172.8, 171.9, 171.6, 171.0, 170.4, 170.1, 155.9, 155.6, 143.9, 143.8,
140.7, 127.6, 127.1, 125.3, 120.1, 79.7, 77.3, 65.6, 54.7, 51.7, 46.7, 40.0, 39.8, 39.7,
39.5,39.3, 39.2,39.0, 37.9, 37.1, 35.2, 35.2, 34.9, 34.8, 33.9, 33.7, 31.7, 31.3, 29.2, 283,

27.7,27.4522.9. HRMS (ESI+) m/z calcd for C4gHe6N6012S2 [M+H]*: 959.4258, found:

959.4267.
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tert-Butyl (2-(4-(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-3-
methylbenzamido)ethyl)carbamate (48). As reported in the thesis of Dr. Molly Lee, to
a solution of 4-Carboxy Pennsylvania Green succinimidyl ester (95 mg, 0.2 mmol),
prepared as previously reported,*® in DMF (1 mL) was added DIEA (125 uL, 0.5 mmol)
and N-Boc-ethylenediamine (47 pL, 0.3 mmol). The reaction mixture was stirred at 22 °C
for 4 h. The reaction was dried by rotovap followed by purification by column
chromatography on silica gel (eluent: DCM/MeOH (15:1) with 1% acetic acid) to afford 48
(78 mg, 75%) as an orange solid. '"H NMR (500 MHz, DMSO-ds) & 8.60 (t, J = 5.7 Hz,
1H), 7.96 (s, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 7.9 Hz, 1H), 6.92 (t, J = 5.8 Hz,
1H), 6.84 (d, J = 6.6 Hz, 2H), 6.61 (d, J = 11.1 Hz, 2H), 3.34 (q, J = 6.2 Hz, 2H), 3.15 (q,
J = 6.3 Hz, 2H), 2.08 (s, 3H), 1.38 (s, 9H). °C NMR (126 MHz, DMSO-ds) & 165.83,
155.78, 149.38, 149.33, 149.28, 135.93, 135.75, 134.27, 129.53, 129.02, 125.13, 111.35,
105.15, 105.12, 77.69, 40.42, 28.22, 19.08. HRMS (ESI-) m/z calcd for C2gH25F2N206 [M-

H]: 523.1618, found: 523.1668.
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tert-butyl (10S,25S)-10-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-25-((3-((2-(4-
(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-3-methylbenzamido)ethyl)amino)-
3-oxopropyl)carbamoyl)-2,2-dimethyl-4,11,15,23-tetraoxo-3-oxa-19,20-dithia-
5,12,16,24-tetraazaoctacosan-28-oate (49). To a solution of 47 (34 mg, 0.035 mmol) in
dry DMF (1 mL) was added HATU (27 mg, 0.071 mmol), and DIEA (33 pL, 0.18 mmol).
Separately, 48 (37 mg, 0.071 mmol) was treated with a solution of TFA / DCM (0.5 mL,
50:50) for 30 min. The mixture was concentrated under vacuum and washed with DCM
(2 mL, 4x) to remove excess TFA. Following deprotection, the amine was dissolved in dry
DMF (0.5 mL) and added to the activated acid solution. The mixture was stirred overnight
and dried using a Biotage V-10 Touch. The crude product was purified by HPLC and
lyophilized to give desired compound 49 as an orange solid (17 mg, 36% yield). '"H NMR
(500 MHz, DMSO-ds) 6 8.67 (t, J = 5.7 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.07 — 8.00 (m,
3H), 7.98 - 7.86 (m, 7H), 7.72 (t, J = 6.5 Hz, 2H), 7.45 - 7.35 (m, 4H), 7.32 (t, J= 7.7 Hz,
2H), 6.85 (d, J = 7.0 Hz, 2H), 6.75 (t, J = 5.2 Hz, 1H), 6.61 (d, J = 11.1 Hz, 2H), 4.31 -
4.13 (m, 5H), 3.89 (p, J = 7.2 Hz, 1H), 3.40 — 3.17 (m, 10H), 2.93 — 2.82 (m, 4H), 2.74 (t,
J=6.9 Hz, 1H), 2.59 — 2.51 (m, 1H), 2.34 — 2.12 (m, 6H), 2.08 (s, 3H), 1.88 — 1.79 (m,
1H), 1.75 — 1.64 (m, 1H), 1.62 — 1.47 (m, 2H), 1.36 (s, 9H), 1.35 (s, 9H), 1.27-1.21 (m,
2H). 3C NMR (126 MHz, DMSO-ds)  171.9, 171.6, 171.1, 171.0, 170.6, 170.6, 170.4,
170.2, 165.9, 158.4, 158.1, 157.8, 155.9, 155.6, 143.9, 143.8, 140.7, 136.0, 135.7, 134.3,

129.6, 129.1, 127.6, 127.1, 125.3, 125.1, 120.1, 116.6, 114.3, 105.1, 79.6, 77.3, 65.6,
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54.7,51.8,46.7, 40.0, 39.8, 39.7, 39.5, 39.3, 39.2, 39.0, 38.3, 37.9, 37.1, 35.4, 35.3, 35.2,
34.9, 33.9, 33.3, 31.7, 31.3, 31.3, 29.2, 28.3, 27.7, 27.5, 22.9, 19.10. LRMS (ESI+) m/z

calcd for CugHegNgO12S, [M+H]*: 1365.5, found: 1365.5.
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(5S,20S)-20-((3-((2-(4-(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-3-
methylbenzamido)ethyl)amino)-3-oxopropyl)carbamoyl)-5-(4-(6,8-difluoro-7-
hydroxy-2-oxo-2H-chromene-3-carboxamido)butyl)-1-(9H-fluoren-9-yl)-3,6,10,18-
tetraoxo-2-oxa-14,15-dithia-4,7,11,19-tetraazatricosan-23-oic acid (50). 49 (17 mg,
0.012 mmol) was dissolved in 25% TFA/DCM (2 mL) and stirred for 2 hours. The solvent
was removed by rotavap, and the compound was washed with DCM to remove all acid
(2 ml, 3x). The product was dissolved in dry DMF (1.5 mL). PB-NHS (9 mg, 0.029 mmol)

and DIEA (14 pL, 0.080 mmol) were then added. The solution was stirred overnight. After

completion of the reaction, the solvent was removed using a Biotage V-10 Touch. The
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crude product was purified by HPLC and lyophilized to give the desired compound 50 as
a yellow solid (6 mg, 34% vyield). '"H NMR (500 MHz, DMSO-ds) & 8.74 (s, 1H), 8.67 (t, J
= 5.6 Hz, 1H), 8.58 (t, J = 5.8, 5.3 Hz, 1H), 8.11 (d, J = 8.0 Hz, 1H), 8.04 (q, J = 6.0 Hz,
2H), 7.98 — 7.90 (m, 3H), 7.89 (d, J = 8.1 Hz, 1H), 7.86 — 7.82 (m, 2H), 7.73 — 7.66 (m,
3H), 7.44 (d, J = 8.2 Hz, 1H), 7.41 — 7.35 (m, 3H), 7.30 (q, J = 6.9 Hz, 2H), 6.84 (s, 1H),
6.61 (d, J = 11.1 Hz, 2H), 4.33 — 4.25 (m, 1H), 4.24 — 4.12 (m, 4H), 3.96 — 3.88 (m, 2H),
3.36 (q, J = 6.3 Hz, 2H), 3.32 — 3.28 (m, 4H), 3.26 — 3.20 (m, 4H), 2.90 — 2.84 (m, 4H),
2.74 (t, J = 6.5 Hz, 2H), 2.56 — 2.52 (m, 2H), 2.29 — 2.17 (m, 6H), 2.08 (s, 3H), 1.93 -
1.79 (m, 1H), 1.78 — 1.66 (m, 1H), 1.65 — 1.58 (m, 1H), 1.57 — 1.45 (m, 3H), 1.39 — 1.20

(m, 3H). LRMS (ESI+) m/z calcd for C,HgF,NgO,,S, [M+H]*: 1433.4, found: 1433 4.
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(7S,22S)-22-((3-((2-(4-(2,7-difluoro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-3-
methylbenzamido)ethyl)amino)-3-oxopropyl)carbamoyl)-1-(6,8-difluoro-7-hydroxy-
2-0x0-2H-chromen-3-yl)-7-(5-((2,5-dioxopyrrolidin-1-yl)oxy)-5-oxopentanamido)-
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1,8,12,20-tetraoxo-16,17-dithia-2,9,13,21-tetraazapentacosan-25-oic acid (38). 50 (6
mg, 0.004 mmole) was dissolved in 20% Diethylamine in DMF (1 mL) and stirred for 1
hour. After MS confirmed full cleavage of the Fmoc protecting group, the solvent was
removed by Biotage V-10. The crude material was then dissolved in DMF (0.45 mL) and
disuccinimidyl glutarate (14 mg, 0.04 mmol) and DIEA (7 uL, 0.04 mmol) were added.
The solution was stirred overnight and diluted with DMSO (0.45 mL). The crude material
was purified by HPLC and lyophilized to give desired product 38 as yellow solid (4 mg,
67% yield). '"H NMR (500 MHz, DMSO-ds) & 12.07 (brs, 1H), 8.77 (s, 1H), 8.67 (t, J=6.3
Hz, 1H), 8.57 (t, J = 5.6 Hz, 1H), 8.11 (d, J = 8.1 Hz, 1H), 8.04 (q, J = 5.2 Hz, 2H), 7.98 —
7.86 (m, 4H), 7.74 (dd, J=10.6, 2.1 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 6.85 (brs, 1H), 6.61
(d, J=11.0 Hz, 2H), 4.25 - 4.12 (m, 2H), 3.33 — 3.15 (m, 12H), 2.88 (t, J = 7.3 Hz, 2H),
2.81 (d, J=4.3 Hz, 4H), 2.77 - 2.72 (m, 2H), 2.71 — 2.64 (m, 1H), 2.59 (s, 2H), 2.54 (s,
2H), 2.40 (t, J = 7.3 Hz, 2H), 2.30 — 2.17 (m, 8H), 2.14 (t, J = 7.4 Hz, 1H), 2.08 (s, 3H),
1.89—-1.77 (m, 2H), 1.74 — 1.65 (m, 2H), 1.52 — 1.45 (m, 2H), 1.31 - 1.21 (m, 3H). LRMS

(ESI+) m/z calcd for Cy,Hg,F,N,O,,S, [M+Na]*: 1444.4, found: 1444.4.
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2-7-3. Biological assays and protocols

Cell culture: Jurkat lymphocytes (ATCC TI1I1B-152), Raji (ATCC CCL-86), Ramos (ATCC
CRL-1596), and NCI-N87 cells (ATCC CRL-5822, gift of Dr. Liang Xiu) were cultured in
complete media comprising RPMI-1640 (Sigma Aldrich, R8758) supplemented with fetal
bovine serum (10%, Hyclone-characterized FBS, SH3039603), penicillin (100 units/mL,
Sigma Aldrich P4333), and streptomycin (100 ug/mL, Sigma Aldrich P4333). SkBr3 breast
cancer cells (ATCC HTB-30) were cultured in complete media comprising DMEM Nutrient
Mixture F-12 Ham (Sigma Aldrich, D8437) supplemented with fetal bovine serum (10%,
Hyclone-characterized FBS, SH3039603), penicillin (100 units/mL, Sigma Aldrich
P4333), and streptomycin (100 pyg/mL, Sigma Aldrich P4333). MDA-MB-468 breast
cancer cells (ATCC HTB-132, gift of Dr. Liang Xiu), MDA-MB-231 (ATCC HTB-26), and
Mia-Paca-2 (ATCC CRL-1420) were cultured in complete media comprising DMEM
(Sigma Aldrich, D6429) supplemented with fetal bovine serum (10%, Hyclone-
characterized FBS, SH3039603), penicillin (100 units/mL, Sigma Aldrich P4333), and
streptomycin (100 pg/mL, Sigma Aldrich P4333). All cells were grown in T75 flasks

(CytoOne CC7682-4875) and incubated at 37 °C with 5% CO..

Flow cytometry: A Beckman Coulter Cytoflex S (B2-R0-V2-Y2) flow cytometer or an
Accuri C6 flow cytometer were used for cellular analysis. On the Cytoflex, cells were
excited with 405 nm and / or 488 nm diode lasers and emitted photons were collected
through 450/45 BP (Pacific Blue), 525/40 BP (Fluorescein and Pennsylvania Green), or
690/50 nm BP (PI) filters. FSC threshold was set to 500,000, flow speed was fast, mixing

and backflush times were 5 s, and cells were collected until 10,000 cells were collected,
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unless otherwise specified. On the Accuri, cells were excited with a 488 nm diode laser
and emitted photons were collected through 533/30 BP (Fluorescein and Pennsylvania
Green) or 585/40 BP (PI) filters. FSC threshold was set to 500,000, flow speed was fast,

and cells were collected until 10,000 cells were collected, unless otherwise specified.

Endosome disruption assays in Jurkat lymphocytes: These assays were performed
as reported in the thesis of Dr. David Hymel. Jurkat lymphocytes were suspended at
350,000 cells per mL in media. The fluorescent probe (1) was added at 2.5 yM (diluted
from a 10 mM DMSO stock). Endosome disruptor was added at various concentrations
from 10 nM to 10 uM (diluted from a 1000x DMSO stock). The samples were split into 2
500 pL aliquots in 1.5 mL microcentrifuge tubes (USA Scientific, 1615-5500) to provide
replicates and incubated for 14 h in a Big Shot Il Hybridization Oven at 37 °C with gentle
rotation to maintain cell suspension. Following incubation, the cells were pelleted by
centrifugation at 2,000 rpm for 2 minutes, re-suspended in 500 yL media, and incubated
at 22 °C for 0.5 h to allow efflux of excess fluorescent probe from the plasma membrane.
The cells were washed once more in media and analyzed for cellular fluorescence by flow
cytometry using an Accuri C6 flow cytometer. Cells that were treated with 1 but not with
endosome disruptor were measured for background fluorescence and subtracted from
subsequent fluorescence values. Fluorescence values were normalized to the activity of
the published cholesterylamine-PC4 peptide?® (structure shown in Figure 2-7) and plotted
versus concentration. Analysis by non-linear regression in GraphPad Prism 6 provided

potency and efficacy values.

128



Labeling of antibodies with NHS esters: Herceptin (trastuzumab), Erbitux (cetuximab),
and Rituxan (rituximab) were all purchased from a pharmacy. Anti-CD44 was provided by
Dr. Liang Xiu. Human IgG was purchased as a lyophilized powder (Sigma, 14506).
Herceptin was provided as a lyophilized powder mixed 1:1 with stabilizers (a,a-trehalose
dihydrate, L-histidine, and polysorbate 20). Erbitux and Rituxan were provided as
aqueous solutions, Erbitux at 2 mg/mL in solution with sodium chloride, sodium
phosphate dibasic heptahydrate, and sodium phosphate monobasic monohydrate and
Rituxan at 10 mg/mL in solution with sodium chloride, sodium citrate dihydrate, and
polysorbate 80. Anti-CD44 was provided as an aqueous solution at various
concentrations.

Herceptin was reconstituted in sterile PBS (pH 7.4) and passed through a spin
column packed with Sephadex G25 to remove the stabilizers. Briefly, Sephadex G-25
resin (Superfine, Sigma, S5772) was suspended in PBS (pH 7.4). The resulting slurry
(950 pL) was added to a minispin column (USA Scientific, 1415-0600) and centrifuged
(16,000 x g, 20 s) to remove the buffer and pack the resin. The antibody solution (no more
than 75 pL per column) was loaded onto the packed resin and centrifuged (16,000 x g,
30 s) to separate the protein from the stabilizers. The concentration of Herceptin was then
determined by absorbance at 280 nm using the presets for IgG in a Nanodrop 1000 (g1%
(1o mgim) + 13.7 Lg'em™). The concentration was adjusted to 100 uM using sterile PBS.
Erbitux, Rituxan, and Anti-CD44 were all concentrated to 100 uM using Amicon Ultra-0.5
Centrifugal Filter Units with MWCO 100K (Millipore, UFC5100) according to the provided
manual. IgG was simply reconstituted in sterile PBS (pH 7.4) at 100 uM. Concentrations

were all determined using the method described above.
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The same basic procedure was used to label all antibodies with all NHS esters.
Antibody in PBS (100 puM, 25-300 uL) was aliquoted into a 1.5 mL microcentrifuge tube.
1 M NaHCO3 was added (2.5-30 uL) to achieve a final concentration of 0.1 M. NHS esters
were added as DMSO stocks (typically 10 mM, various volumes) to achieve 5-10x excess
over the antibody concentration. Many of the endosome disruptors required 10% DMSO
to aid solubility. Solutions were incubated for 0.5 h (37 °C) in a Big Shot Ill Hybridization
Oven. To purify the conjugates, Sephadex G25 (small molecules) or G50 (endosome
disruptors, centrifuged 1 min to pack) resin was packed into columns as described above
for Sephadex G25. The antibody solution was loaded onto the packed resin (no more
than 75 pL per column) and centrifuged (16,000 x g, 30 s) to separate the protein from
the unconjugated small molecules. This was done twice to ensure full removal of free
endosome disruptors and toxins; once was sufficient for small molecule fluorophores.
Conjugates being used for toxicity assays or other 72 h assays were sterilized by being
passed through 0.22 pm Ultra-MC centrifugal filters (Millipore, UFC30GV0S) by
centrifugation (13,000 x g, 3 min).

To purify conjugates of 25, it was necessary to use m-Aminopentyl-Agarose
(Sigma, A8287). 100 pL of the agarose slurry was transferred to a microspin column
(ThermoFisher, 89879), centrifuged at 10,000 x g for 1 min, then rinsed 2x with 50 pL of
10 mM NaOH. The antibody solution was added to the column, incubated at 37 °C in a
Big Shot Ill Hybridization Oven with rotation for 10 min, and then centrifuged at 10,000 x
g for 1 min to collect the antibody solution. This solution was then passed through

Sephadex G50 as described above to remove any remaining small molecules.
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In order to label antibodies with 28, it was necessary to include 0.4% Triton X-100
(Sigma, T9284) and 30% DMSO in the labeling reaction along with the other components
mentioned above. To remove the Triton after labeling, the solution was passed through a
0.5 mL Pierce Detergent Removal Spin Column (ThermoFisher, 87777), following the
provided instructions. The detergent-free solution was then passed through Sephadex
G50 1x, as described above.

After purification, the degree of labeling (DOL) of each conjugate was determined.
This was done by comparing the absorbance at 280 nm and 425 nm or 488 nm (IgG 280
nm £1% (10 mgmt) = 13.7 Lg~'em™!, Pacific Blue 425 nm ¢ = 29,500 M-'cm-!, Fluorescein 490
nm ¢ = 70,000 M-'cm!, Pennsylvania Green 490 nm ¢ = 60,000 M-'cm"), as measured
with a Nanodrop 1000 Spectrophotometer. From the absorbance of 32 at 280 nm (4:1
DMSO:PBS), CME contributes an additional 30% of the absorbance of PB at 280 nm,
and the concentrations and DOL of 33 and 34 were corrected®' to account for this

contribution.

Analysis of cytotoxicity of antibody-delivered toxins: SkBr3 (HER2+) and MDA-MB-
468 (HER2-) cells were used to analyze the toxicity of antibody-toxin conjugates. Cells
were plated in the appropriate complete media into CytoOne 96-well tissue culture plates
(USA Scientific, CC7682-7596) at 50,000 cells / mL and 200 pL / well and incubated
overnight. On the same day, IgG and Herceptin (50 yL each) were labeled with 32 (10x
excess), as described above, to yield the IgG conjugate 34 at 57 uM, DOL 5.2 and the
Herceptin conjugate 33 at 59 yM and DOL 4.9. The next day, DMSO stocks of N-acetyl

colchinol methyl ether (CME, 36, 1 mM, ¢ = 20,000 M-'cm™" at 262 nm in EtOH), 4 (10
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mM, £ = 20,970 M-'cm™" at 280 nm in 4:1 DMSO:PBS), and Chol-SS-CME (35, 10 mM,
use ¢ of CME) or 37 (10 mM, use ¢ of CME) were prepared and normalized using an
Agilent 8453 UV-Vis Spectrophotometer and the extinction coefficients listed above.
These compounds were serially diluted at a 1:3 ratio to yield 1000x DMSO stocks (0.3-
300 uM for 36, 10-10,000 uM for 4, 35, and 37). These stocks were diluted 1:1000 into
the appropriate complete media and vortexed to mix to yield final concentrations of 0.3-
300 nM 36 and 10-10,000 nM 4, 35, and 37, all with 0.1% DMSO. Each sample of 35 or
37 diluted in media was prepared at double the volume and split into 2 equal aliquots to
yield 2 sets of this compound. 2 yM 4 (2 mM DMSO stock) was added to all tubes of one
set. Media was aspirated from each well and replaced with 150 uL of the above treated
media in triplicate. Antibody conjugates were serially diluted in the appropriate complete
media to yield solutions ranging from 0.03-1,000 nM. Each sample was split into 2 equal
aliquots, yielding 2 sets of samples for each conjugate. 2 yM 4 (2 mM DMSO stock) was
added to one set of each conjugate. Media was aspirated from each well and replaced
with 150 uL treated media in triplicate.

After 72 h incubation, cells were trypsinized and analyzed. Media was aspirated
from each well, and each well was washed with 100 yL PBS. 50 pL of trypsin was added
to each well, and plates were incubated at 37 °C for 10 min. Trypsin was quenched with
150 yL media containing 3 pM propidium iodide (Pl, 3 mM PBS stock, ThermoFisher
Scientific, P1304MP), and cells were pipetted up and down to break up clumps. Plates
were immediately analyzed using a Beckman Coulter Cytoflex S (B2-R0-V2-Y2) flow
cytometer. Cells were collected for 20 s per well. Other settings are described above in

Flow cytometry. Staining with Pl was used to identify populations of live cells. Counts of
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viable cells for each treatment, determined in triplicate, were used to generate dose-
response curves. These curves were fitted by non-linear regression with an inhibitor vs.

response variable 4-parameter model (GraphPad Prism 7) to determine 1Cso values.

Confocal microscopy: Imaging was performed using an inverted Leica TCS SPE
confocal laser-scanning microscope fitted with a Leica 63x oil-immersion objective.
Fluorescent probes were excited with either a 405 nm or 488 nm solid-state laser and
emitted photons were collected from 425-500 nm or 500-600 nm. Unless otherwise noted,
laser power and PMT gain settings were identical for all images acquired within a given

experiment to allow accurate comparisons of cellular fluorescence.

Endosome disruption assays analyzed by confocal microscopy: Cells were seeded
in the appropriate complete media into 8 Well y-Slides (lbidi, 80826, 100,000 cells/mL,
300 pL/well) and allowed to adhere overnight. Each well was washed 1x with media, and
then the media was replaced with 150 pL of complete media containing the indicated
treatment of vehicle control (0.1% DMSO), cholesterol or antibody-delivered fluorophore,
and / or cholesterol or antibody-delivered endosome disruptor at the indicated
concentration. Antibodies were labeled as described above. All DMSO stocks were
normalized using extinction coefficients and UV-Vis spectroscopy. Cells were incubated
for 24 h, washed 1x with media, and then imaged by confocal microscopy as described

above.
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Fluorescence spectroscopy: Fluorescence spectra were recorded using a Perkin Elmer
LS-55 fluorescence spectrometer. Samples were excited at 405 nm or 488 nm and
emission was recorded from 425-700 nm or 515-700 nm with a scan speed of 500 nm/min

and slit widths of 10 nm.

Kinetic analysis of cleavage of disulfide: Herceptin was labeled with 32 and 38
following the general procedure described above. 10x excess of 32 was used and 4x
excess of 38 was used. Conjugates were diluted 1:1000 into 1.5 mL PBS in a 2.0 mL
centrifuge tube to yield 25 nM and vortexed to mix. 200 pL of each conjugate was added
to each of 6 wells of a black fluorescence Microfluor 1 Flat-Bottom 96-well Plate (Fisher
Scientific, 7605). Freshly made dithiothreitol (DTT, 2 pyL, 100 mM aqueous stock, Sigma,
D0632) was added to 3 wells of each conjugate for a final concentration of 1 mM DTT.
The plate was analyzed immediately using a Packard Fusion Universal Microplate
Analyzer using a Pacific Blue 405 excitation filter, a Pacific Blue 450 emission filter, top
fluorescence with light intensity set to 1, 0.1 s integration, high intensity orbital shaking
for 10 s before every reading, and 30 s intervals between readings at 37 °C. Background-
subtracted values were curve fitted by non-linear regression with a one-phase association
model (GraphPad Prism 6) to determine half-times.

To obtain spectra of the conjugates over time during disulfide cleavage, conjugates
were diluted 1:1000 into 0.5 mL PBS in a 1.5 mL centrifuge tube to yield 25 nM and
pipetted to mix. The solution was transferred by pipet to a quartz SUPRASIL macro/semi-
micro cell (PerkinElmer, B0631132). After preliminary spectra were recorded, DTT (5 pL,

100 mM) was added to the cuvette to yield a final concentration of 1 mM. The solution
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was mixed by pipette, and the cap was added to the cuvette to prevent evaporation. The
cuvette was then incubated for the indicated amount of time at 37 °C. The solution was
mixed before and after each spectrum was recorded. Fluorescence spectra were

recorded as described in Fluorescence spectroscopy.

Flow cytometry analysis of 39 in SKBR3 over time: SKBRS3 cells were plated in
complete media into CytoOne 96-well tissue culture plates (USA Scientific, CC7682-
7596) at 75,000 cells / mL and 200 uL / well and incubated overnight. On the same day,
trastuzumab (300 pL) was labeled with 38 (4x excess) as described above to yield 39 at
62 uM and DOL 2.6. 40 was prepared from 7 by adding 1 mM of DTT to 7 and incubating
(37 °C) in a Big Shot Il Hybridization Oven for 2 h. Fluorescence emission was monitored
over time and the reaction was considered complete when the fluorescent signal stopped
increasing (Figure S3). The solution was then purified using Sephadex G25 and filter
sterilized as described above to yield 40 at 58 yM and DOL 2.0. 40 was stored at 4 °C
overnight before use to give the intra-chain disulfide bonds that were likely cleaved by
DTT time to re-form. Trastuzumab (75 pL each) was also singly labeled with Pennsylvania
Green NHS and Pacific Blue NHS (2x excess each) to produce trastuzumab-PG (70 uM,
DOL 1.5) and trastuzumab-PB (62 yM, DOL 1.7) as controls to check for signal bleed-
through for both confocal microscopy and flow cytometry (data not shown).

For analysis with pre-incubation of 4 (data not shown), media in the appropriate wells
was replaced with 200 yL complete media containing 2 uM 4 (from a 2 mM DMSO stock).
For analysis without pre-incubation, this step was skipped, and cells were treated with all

compounds the day after being plated. The next day, sufficient media was prepared of 1
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MM of each antibody conjugate with and without 2 uM 4 to dose wells in triplicate with 100
pL for 8 time points. Media was also prepared with 250 nM 1 with and without 2 yM 4 to
act as a positive control of endosomal disruption by 4 (data not shown). Media was
aspirated from the wells and replaced with 100 uL of the above dosed media in triplicate.
Cells were incubated at 4 °C for 0.5 h. Cells were then washed 1x with media, and the
media was replaced with 200 uL media, containing 2 yM 4 where appropriate. Wells
corresponding to time point t=0 were immediately trypsinized as described in Analysis of
cytotoxicity of antibody delivered toxins, except without the addition of PI. Cells were
analyzed by flow cytometry as described in Flow cytometry. Cells were then incubated at
37 °C until the next time point.

To determine the half-life of the release of Pennsylvania Green from the 39, median
blue fluorescent values from each well were collected. The values of 39 with and without
4 were multiplied by 0.83 to correct for the lower efficacy of binding of trastuzumab-PB
for HERZ2 after treatment with DTT. These values divided by the corresponding values of
40 with and without 4 (as a control for complete cleavage of 39). These ratios were then
normalized using the value at t=0 as 0% cleavage and 1 as 100% cleavage. The half-life
was determined by curve fitting using the one-phase association model (analysis done in
GraphPad Prism 8). The normalized ratios of each time point with and without 4 were
compared using unpaired t tests (one per time point) with the assumption that all data
were sampled from populations with the same scatter using the Holm-Sidak method with

alpha = 5%. No statistically significant differences were found.
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Confocal microscopy analysis of 39 in SKBR3 over time: SKBR3 cells were plated in
complete media into 8 Well p-Slides (lbidi, 80826, 125,000 cells/mL, 300 uL/well) and
allowed to adhere overnight. The same batches of antibody conjugates described in
Analysis of cytotoxicity of antibody delivered toxins were used in this study. For analysis
with pre-incubation of 4, media in the appropriate wells was replaced with 300 uL
complete media containing 2 uM 4 (from a 2 mM DMSO stock). For analysis without pre-
incubation, this step was skipped, and cells were treated with all compounds the day after
being plated. Each well was washed 1x with media, and then the media was replaced
with 100 pL of complete media containing 1 uM of the appropriate antibody conjugate or
250 nM 1 with or without 2 uM 4. 1 was included as a positive control to ensure that 4
was functioning properly (data not shown). Cells were incubated at 4 °C for 0.5 h. Cells
were then washed 2x with media (with the exception of cells treated with 1, which diffuses
away over time), and the media was replaced with 300 pL media, containing 2 yM 4 where
appropriate. Cells were immediately imaged as described in Confocal microscopy for the

t=0 time point. Cells were then incubated at 37 °C until the next time point.

Colocalization of 39 with LysoTracker Red DND-99 in SKBR3: Colocalization with
LysoTracker was done as a continuation of the assay described in Confocal microscopy
analysis of 39 in SKBR3 over time. After 72 h of incubation with 39, 1 uM of Lysotracker
Red DND-99 (Molecular Probes, L7528) was added to each appropriate well. Cells were
incubated at 37 °C for 0.5 h followed by immediate imaging without washing. Wells
containing trastuzumab singly labeled with PB and PG were used to verify no bleed

through was being seen between channels (data not shown). Emission windows were

137



adjusted to achieve this. The final settings used were: Ex. 405 nm, Em. 425-500 nm
(Pacific Blue); Ex. 488 nm, Em. 500-550 nm (Pennsylvania Green); Ex. 532 nm, Em. 600-
650 nm (LysoTracker Red DND-99). Overlays of the channels were done using the Leica
SPE Software. Yellow coloring indicates an overlap of green and red. White coloring

indicates an overlap of blue and red.
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Chapter 3

Targeting Fluorescent Sensors to Endoplasmic Reticulum Membranes

Enables Detection of Peroxynitrite During Cellular Phagocytosis

3-1. Introduction

Peroxynitrite (ONOQO-), an exceptionally strong oxidant, is an inflammatory
mediator with important roles in both normal physiology and human pathology."? In
biological systems, this natural product is derived from the diffusion-limited reaction
between superoxide radical anion (O27"), generated by NADPH oxidases (NOX), and nitric
oxide free radical ("NO), produced by nitric oxide synthase (NOS) enzymes, among other
pathways. In immune cells such as macrophages, for example, the phagocytosis of
pathogens and other materials initiates phosphorylation of cytosolic subunits of NADPH
oxidase, which causes these subunits to migrate to the membrane of the phagosome to
join with other subunits to form the active enzyme complex that then generates
superoxide within the phagosome.3-% Stimulation of macrophages with molecules such as
lipopolysaccharides (LPS) and TNF-a can also lead to superoxide production.®5
Activation of macrophages by binding of ligands to pathogen recognition receptors
(PPRs) causes macrophages to secrete various cytokines to enlist the help of other
immune cells. For example, activated T-helper lymphocytes secrete cytokines such as
TNF-o, which can activate inducible nitric oxide synthase (iINOS) in the cytosol of
macrophages. This enzyme synthesizes nitric oxide from arginine and NADPH,®> and as

a neutral species, nitric oxide can readily diffuse across cell membranes, allowing it to
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move from the cytosol to the phagosome where it can react with superoxide to generate
peroxynitrite.? Peroxynitrite helps to destroy phagocytosed pathogens.

Although protonated peroxynitrous acid (ONOOH, pKa = 6.8) is highly unstable
with a half-life of ~ 1 s at pH 7.4, its conjugate anion ONOO™ is relatively stable, and it can
be synthesized® and stored at low temperatures. When generated by biological systems,
peroxynitrite crosses cell membranes and is thought to diffuse 5-20 microns in its short
lifetime." During this time, this oxidant, and its secondary reactive species, can oxidize
and damage a wide range of biomolecules, including proteins, lipids, and nucleic acids.
Whereas peroxynitrite itself directly modifies some molecules, secondary species
produced from this oxidant contribute substantially to its activity. Moieties directly
damaged by peroxynitrite include thiols” and transition metal centers® of proteins.
Secondary reactive species result from reaction of peroxynitrite with carbon dioxide,
found in millimolar concentrations in cells, to produce unstable nitrosoperoxycarbonate,
which quickly decomposes to generate nitrogen dioxide and carbonate radical.®'°
Additionally, under certain conditions, the protonated form of peroxynitrite, peroxynitrous
acid, can generate hydroxyl radical and nitrogen dioxide through homolytic cleavage.!
All of these species are highly reactive and can damage living systems.

Immune cells such as macrophages use peroxynitrite and other reactive species,
in conjunction with acidic pH and enzymes, to destroy phagocytosed pathogens, cancer
cells, and other materials. However, peroxynitrite can also damage host cells, and
elevated levels have been linked to cardiovascular and neurodegenerative diseases and

cancer.!2
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The short half-life and low concentrations of cellular peroxynitrite make it difficult
to study. Peroxynitrite can be directly monitored using electrochemical detection,'?>'¢ but
these methods do not allow for spatial analysis and require specialized equipment.
Indirect methods of detection of peroxynitrite are more commonly used. For example, 3-
nitrotyrosine (3NT) has been used as a biomarker of elevated peroxynitrite levels.!’
Although several methods have been developed to detect 3NT,'-2" other nitrating agents
can generate this modification,?>?* reducing its utility as a selective indicator of
peroxynitrite.

To study peroxynitrite in living cells, fluorescence-based methods are of
substantial interest. Fluorescent sensors have been previously reported bearing
cleavable side chains derived from p-hydroxyphenol and p-hydroxyaniline,?® p-
aminophenol,?-28 p-aminophenyl-trifluoromethylbutanone,?®3° boronates,*' indoles,3?:33
and other functional groups such as polymethines.3* Reversible fluorescent sensors have
also been reported.®> In some cases, these sensors have been targeted to
mitochondria,®-3° and lysosomes.>* However, detection of low levels of endogenous
peroxynitrite, such as those produced during phagocytosis of pathogens by
macrophages, remains a challenge. Fluorescent sensors reportedly capable of detecting
endogenous peroxynitrite during phagocytosis, such as fluorescein boronate,*® require
not only phagocytosis to function, but also additional stimulation of cells by cytokines such
as interferon-gamma (IFN-y) and lipopolysaccharide (LPS). However, some phagocytes
may kill pathogens in vivo in the absence of additional stimulants. To better understand

the chemical biology of peroxynitrite, more sensitive sensors are needed.
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We report here the development of fluorescent sensors of peroxynitrite that
accumulate in the dense tubular membranes of the endoplasmic reticulum (ER).4° We
hypothesized that targeting peroxynitrite sensors to these intracellular membranes might
afford highly sensitive sensors because they possess an extensive surface area that is
approximately 30 times greater than the plasma membrane. Additionally, the ER is a
direct target of peroxynitrite,*’ and ER stress resulting from oxidation is thought to
contribute to atherosclerotic lesions. Peroxynitrite can also deplete ER-associated
calcium and zinc.*? Additionally, through mechanisms that are not fully understood,
peroxynitrite activates the unfolded protein response (UPR) in this organelle, which is

initially cytoprotective, but can lead to apoptosis when prolonged.4?-#4

3-2. Design and synthesis of sensors

Our group has previously developed fluorinated hydrophobic rhodol fluorophores
that accumulate within the membranes of the endoplasmic reticulum.*®> The mechanism
of this pattern of subcellular localization is not fully understood, but it likely relates to the
differences in lipid composition of ER membranes compared to other cell membranes,
such as the plasma membrane, that contains substantially more cholesterol.*6 QSAR*’
and microscopy*® studies indicate that some hydrophobic, amphipathic molecules
accumulate in the ER, but this pattern of subcellular localization remains incompletely
understood. Here, we combined the design of these fluorinated hydrophobic fluorophores
with p-aminophenol, a moiety that has previously been reported to react selectively with

peroxynitrite (Figure 3-1).49:50
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Figure 3-1. Rationale for the design of fluorescent sensors. These sensors were inspired
by previous studies that demonstrated that p-aminophenol reacts selectively with
peroxynitrite.4%50 Structurally related phenols were appended to fluorinated rhodols
previously shown to accumulate in membranes of the endoplasmic reticulum.*

Dr. Digamber Rane of the Peterson laboratory synthesized a series of analogues
based on this scaffold, utilizing different substituents with different electron withdrawing
and donating properties on the phenyl ring (Figure 3-2). These analogues were designed
to react with peroxynitrite and undergo N-dearylation to yield the highly fluorescent
fluorinated rhodol (59). These compounds were synthesized from the triflate derivative
(60) of Pennsylvania Green®' via Buchwald-Hartwig cross coupling as shown in Scheme
3-1. Additional synthetic details and compound characterization were generated by Dr.

Rane and are provided in the Experimental section (3-10).
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Figure 3-2. Structures of ER-targeted fluorescent sensors and products of oxidative
cleavage by peroxynitrite.
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Scheme 3-1. Synthesis of sensors (51-58). R and R’ are defined in Figure 3.2. R"=MOM
(for 51-53 and 55-58) or Boc (for 54).

3-3. Optical spectroscopic properties of sensors

The spectral properties of these sensors make them ideal for many purposes. The
sensors can easily be excited by a 488 nm laser (Figure 3-3), which is common on many
confocal microscopes and flow cytometers. Spectra were recorded in n-octanol since it is
a mimic of a membrane environment. Consistent with prior studies of phenol-linked
xanthenes,?8:59:52 the fluorescence emission of 51-58 were quenched by up to 1800-fold

(for 53, ®=0.0004) compared to 59 ($=0.72). However, the brightness of these sensors,
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calculated as the product of their measured molar extinction coefficients and quantum

yields, varied by up to 30-fold (Figure 3-18 in the Experimental section).

Optical properties of sensor 53 and product 59 in n-octanol:
Abs. n__ (53) =526 nm; Em. A _ (53) =538 nm; ¢ = 0.0004
Abs. 2 (59)=515nm; Em. A __ (59) =536 nm; ® =0.72

—Abs. 53 (10 pM) ——-Em. 53 (4 pM)
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Figure 3-3. Photophysical properties of sensor 53 and the product of oxidative cleavage
of the phenol side-chain (59) in n-octanol.

3-4. Reactivity of sensors with peroxynitrite

To analyze the reactivity of 53 with ONOO™, fluorescence spectra were obtained
of 53 after incubation in PBS with increasing equivalents of ONOO™ at room temperature.
As seen in Figure 3-4, the fluorescence of the di-methyl sensor increases in a dose-
dependent manner after incubation with ONOO™ in PBS. The fluorescence values at 526
nm were then normalized between the minimum intensity (0 nM ONOO™, Fmin) and the
maximum intensity (500 nM ONOO~, Fmax) and plotted against the concentration of
ONOO~ to determine the limit of detection of ONOO~ by 53 (Figure 3-4 B). A 2-fold

increase in fluorescence intensity was observed upon treatment with 40 nM peroxynitrite.
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Figure 3-4. Limit of detection of ONOO~ by 53. (A) Reactivity of 53 towards pure
peroxynitrite after 5 min at 23 °C in PBS (pH 7.4) containing DMSO (0.1%). (B) The
fluorescence emission at 526 nm from A were normalized and plotted against [ONOO].
The line crosses the x-axis at ~40 nM, yielding the limit of detection.

3-5. Studies of kinetics of reaction of sensors with SIN-1

To examine the reactivity of 51-58 with peroxynitrite in aqueous buffer, we
measured kinetic half-times upon treatment with the peroxynitrite generator SIN-1 under
pseudo first order conditions (Figure 3-5). Although all of these compounds reacted
rapidly with this oxidant to generate a highly fluorescent product, the 2,6-dimethyl-
substituted sensor 53 exhibited the fastest kinetics (t12=49 s), making it of particular
interest. Further analysis by HPLC conducted by Dr. Digamber Rane demonstrated that
SIN-1 cleanly converted 53 to 59 (Figure 3-6). In Figure 3-5, differences in the brightness
achieved by each analogue were observed. This may result from side reactions of less

stable benzoquinone fragments after cleavage.
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(A) Mechanism of generation of peroxynitrite by SIN-1
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Figure 3-5. (A) Mechanism of generation of peroxynitrite by SIN-1. (B) Profiles of reaction
of 51-58 (25 nM) with the peroxynitrite generator SIN-1 (1 mM) in phosphate-buffered
saline (PBS, pH 7.4). Pseudo first-order half-times (t12, calculated after subtraction of the
background in the absence of SIN-1) are shown. Dotted lines show fits to a one-phase
association model.
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Figure 3-6. Analytical HPLC profile of 53 (5 mM) before and after treatment with SIN-1
(23 mM). Compounds were allowed to react in acetonitrile:PBS (8:2, pH 7.4) for 16 h at
23 °C. The identity of product 59 was verified by comparison with an authentic standard.

Swain-Lupton constants were used to determine if there was a correlation between
the properties of the analogues and their rates of reaction with peroxynitrite. The Swain-

Lupton constants are expansions of the Hammet constants that splits the electronic

156



contributions of each substituent into resonance (R) and field (F) effects.>® For this
analysis, an equal contribution from these two effects was assumed. Analysis of the log
of the ratio of the rate constant of each analogue compared to that of the parent
compound (51) of the mono-substituted compounds by the Swain-Lupton method>3
showed a correlation (R?=0.89, Figure 3-7) between reaction rate constants and the
electron density of the phenol, where electron donating substituents accelerate cleavage
of the side-chain. The precise mechanism of the reaction between peroxynitrite and the
sensors is not fully understood, but it likely involves an intermediate with a positive charge

on the amine (Scheme 3-2).
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Figure 3-7. Analysis of rate constants using Swain-Lupton constants. (A) A correlation
between the pseudo-first order half-times and the electron density of the phenol is
observed upon treatment of the mono-substituted sensors (25 nM) with excess SIN-1 (1
mM) in PBS (pH 7.4). Electron donating substituents accelerate cleavage of the side
chain. (B) The conventional approach of plotting these constants against log(kr/kn) shows
a similar linear relationship.

Me

Scheme 3-2. Proposed mechanism of reaction between sensors and peroxynitrite.
Electron donating substituents (R and R’) stabilize the positive charge on the amine,
accelerating the reaction.
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5-6. Analysis of the selectivity of sensor 53 towards peroxynitrite

Comparison of the reactivity of 53 with peroxynitrite, hypochlorite, hydroxyl radical,
superoxide, peroxides, and nitric oxide, confirmed that this sensor is highly selective for
peroxynitrite under biologically-relevant conditions (Figure 3-8). Upon reaction with pure
peroxynitrite, a 33-fold increase in fluorescence was observed with addition of one
equivalent, and a 140-fold increase with the addition of 10 equivalents of this oxidant. The
largest change seen after addition of other oxidants was a 10-fold increase upon the
addition of 50 equivalents of hypochlorite. It should be noted that these assays were all
done in the presence of 0.1% DMSO, which is known to quench CIO~ %45 and enhance
the selectivity of reaction of phenols with peroxynitrite.>? In all of the assays described in

this chapter, at least 0.1% (v/v) DMSO was present due to assay design.
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Figure 3-8. Reactivity of 53 towards pure peroxynitrite and other oxidants after 5 min at
23 °C in PBS (pH 7.4) containing DMSO (0.1%). **** indicates p < 0.0001. p values are
calculated for sensor alone compared to each other column using ordinary one-way
ANOVA correcting for multiple comparisons using Sidak’s multiple comparisons test with
a single pooled variance (GraphPad Prism 6).
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3-7. Detection of endogenous peroxynitrite in RAW264.7 cells

To detect peroxynitrite generated during phagocytosis, we treated living RAW
264.7 macrophage cells with amino-TentaGel microspheres (10-micron). As shown in
Figure 3-9, these beads were covalently modified with 6-(2,4-dinitrophenylamino)-
hexanoic acid (DNP) as a ligand of anti-DNP antibodies (IgG). Beads were additionally
modified with the coumarin-derived fluorophore Pacific Blue (PB) to provide a non-IgG-
bound control. We hypothesized that treatment of macrophage cells with TentaGel-DNP
bound to anti-DNP 1gG would lead to recognition of the bead-bound antibodies via Fc
receptors, phagocytosis of the beads, and trigger production of cellular peroxynitrite. The
proximity of ER-targeted peroxynitrite sensors to phagosomal membranes could facilitate
their conversion to the highly fluorescent 59. In addition, retention of this compound in

ER membranes might also enhance sensitivity (Figure 3-9).
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Figure 3-9. Approach for detection of endogenous peroxynitrite in macrophage cells.
Receptor-mediated phagocytosis of antibody-bound tentagel beads triggers production
of reactive nitrogen species that can be detected by sensors localized in membranes of
the endoplasmic reticulum.

We treated living RAW264.7 macrophages with sensors 51-58 and quantified
cellular fluorescence by flow cytometry (Figure 5-10). To trigger phagocytosis and
production of endogenous peroxynitrite, these cells were additionally treated with amino-
TentaGel beads modified with the fluorophore Pacific Blue or DNP/Anti-DNP 1gG. As a
control, fluorescence in cells treated with sensors, beads, and IgG not bound to the beads
was also quantified, revealing that the IgG must be bound to the beads to induce an

increase in fluorescence (data not shown). This was as expected, since non-opsonized
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beads would not be expected to be phagocytosed, even with IgG present in the
environment.

As shown in Figure 3-10 (panel A), sensor 53 exhibited the greatest change in
fluorescence (10-fold) upon addition of the more immunostimulatory IgG-coated beads.
We further compared ER-targeted with two known non-ER-targeted sensors of
peroxynitrite: hydroxyphenyl fluorescein (HPF)?® and fluorescein boronate (FI-B).3°
Because the fluorescence of HPF can be affected by serum proteins,®® cells were treated
with this compound in Hank’s balanced salt solution (HBSS). As shown in Figure 3-10
(panel B), both HPF and FI-B responded to the addition of SIN-1 and could increase
cellular fluorescence. However, only the ER-targeted sensor 53 could detect peroxynitrite
upon mild treatment of cells with antibody-opsonized TentaGel beads, demonstrating a
major advantage of this approach. Additional co-treatment of cells with 53, IgG-bound
beads, and the peroxynitrite decomposition catalyst FeTMPyP decreased cellular
fluorescence by over 50%, further supporting selective detection of this specific oxidant
by 53. Importantly, negligible cytotoxicity of 53 was observed at 10 uM after 48 h in culture

(Figure 3-11).
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Figure 3-10. (A-B) Analysis of fluorescence of living RAW264.7 macrophages by flow
cytometry. Cells were treated (4 h) with sensors 51-58 (10 uM) and 10-micron amino-
TentaGel beads modified either with Pacific Blue-SE (Beads-PB) or 2,4-DNP-X-SE. To
the DNP-modified beads was additionally added rabbit anti-DNP IgG (Beads/IgG),
conjugated to Pacific Blue via lysines, to stimulate phagocytosis. In Panel B, cells were
treated with 3.3 in DMEM media or HBSS and compared with treatment with
hydroxyphenyl fluorescein (HPF, 10 uM in HBSS) and fluorescein boronate (FI-B, 50 uM
in DMEM). [SIN-1] = 50 uM. [FeTMPyP] = 50 uM. * indicates 0.01 < p < 0.05; ** indicates
0.001 < p <0.01; ** indicates 0.0001 < p < 0.001; **** indicates p < 0.0001. p values are
calculated for sensor alone compared to indicated column using ordinary one-way
ANOVA correcting for multiple comparisons using Sidak’s multiple comparisons test with
a single pooled variance (Prism 6).

—©—Taxol, IC,, = 41 nM
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—&—Sensor 53, 1C,, > 10 uM
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Figure 3-11. Analysis of cytotoxicity of 53 towards RAW264.7 macrophages after 48 h
compared with paclitaxel (Taxol) and colchicine as toxic controls.

Additionally, we incubated RAW264.7 macrophages treated with 53 with varying
numbers of beads to see if the increase in fluorescence is incremental (Figure 3-12). Even
at 600,000 beads/mL, beads modified with PB caused only negligible increases in
fluorescence. The opsonized beads, on the other hand, caused incremental increases in

fluorescence from 25,000 beads/mL up to 400,000 beads/mL.
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Figure 3-12. Incremental increase in fluorescence of RAW264.7 macrophages incubated
with 63 (10 pM, 4h) and increasing numbers of 10-micron amino-TentaGel beads
modified either with Pacific Blue-SE (Beads-PB) or DNP-X-SE and bound to Anti-DNP
IgG. * indicates 0.01 < p < 0.05; ** indicates 0.001 < p < 0.01; *** indicates 0.0001 < p <
0.001; **** indicates p < 0.0001. Statistical analysis was performed using ordinary one-
way ANOVA correcting for multiple comparisons using Sidak’s multiple comparisons test
with a single pooled variance (Prism 6).

3-8. Subcellular localization of sensors

The unique ability of ER-targeted sensors to detect endogenous peroxynitrite
during phagocytosis was further investigated by confocal laser scanning microscopy. As
shown in Figure 3-13, addition of antibody-opsonized beads to cells treated with 53
resulted in a dramatic increase in localized cytosolic fluorescence. This fluorescence was
greatly reduced by co-incubation with the peroxynitrite decomposition catalyst FeTMPyP

(Figure 3-14).
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(A) Treatment of living RAW 264.7 macrophages (B) Treatment of living RAW 264.7 macrophages
with 563 (10 uM) with 53 (10 uM) followed by tentagel beads/IgG

YR =

Figure 3-13. (A-B) DIC and confocal laser scanning micrographs of RAW macrophages
treated with 53 (4 h). Panel B: Cells were additionally treated with DNP-modified amino
tentagel beads (10 microns) bound to anti-DNP IgG. White arrows point at phagocytosed
tentagel beads. Scale bar = 25 microns.

(A) Living RAW 264.7 macrophages treated
with sensor 53 (10 uM, 4 h)

204

(B) Living RAW 264.7 macrophages treated with sensor 53
(10 pM) and tentagel beads/IgG (200,000 beads/mL, 4 h)

(C) Living RAW 264.7 macrophages treated with
sensor 53 (10 uM), tentagel beads/IgG (200,000
beads/mL), and FeTMPyP (50 uM, 4 h)

DIC < Fluor.

Figure 3-14. (A-C) DIC and confocal laser scanning micrographs of RAW macrophages
treated with 53 (4 h). (B) Cells were additionally treated with DNP-modified amino tentagel
beads (10 microns) bound to anti-DNP 1gG. (C) Cells were additionally treated with DNP-
modified amino tentagel beads (10 microns) bound to anti-DNP IgG and FeTMPyP (50
MM). White arrows point at phagocytosed tentagel beads. Scale bar = 25 microns.
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As can be seen in both Figure 3-13 B and Figure 3-14 B, the enhanced
fluorescence generated upon phagocytosis of the opsonized beads was not localized to
macrophages that have phagocytosed beads, but rather was observed throughout the
macrophage population. There are several possible explanations for this phenomenon.
Perhaps most likely is the rapid exchange of the fluorescent rhodol 59 between cells. In
support of this, cellular fluorescence resulting from phagocytosis was best observed in
unwashed cells. Washing cells once with media resulted in extensive loss of fluorescence
within 10-20 min (Figure 3-15), indicating that efflux of 9 from cellular membranes readily
occurs. This dispersed effect could also be caused by the diffusion of peroxynitrite to
surrounding cells, given that it is thought to diffuse 5-20 microns within its lifetime.’
Additionally, activated macrophages release many cytokines including tumor necrosis
factor o (TNFa)®” and interferon-y (IFN-y).585% TNFa and IFN-y, along with many other
cytokines, are both able to induce iINOS to synthesize nitric oxide.® TNFa has also been
shown to enhance the activity of NADPH oxidase when it is activated, leading to increased
superoxide production.® It is possible that the phagocytosis of the beads was causing the
macrophages to release these or other cytokines, which then induced the production of

peroxynitrite in neighboring cells.
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(A) Living RAW 264.7 macrophages treated
with sensor 53 (10 uM, 4 h)

LT A

(B) Living RAW 264.7 macrophages treated with sensor 53
10 uM) and tentagel beads/IgG (200,000 beads/mL, 4 h)

(C) Living RAW 264.7 macrophages treated with sensor 53 (D) The cells shown in panel D after an additional 20
(10 uM) and tentagel beads/IgG (200,000 beads/mL), min, illustrating complete and rapid efflux of the probe
immediat

ely afte

RO

from a single wash step

k, A

Figure 3-15. (A-D) Confocal laser scanning and DIC micrographs of living RAW264.7
macrophages treated with 53 (10 uM, 4 h). (B) Cells were additionally treated with DNP-
modified amino tentagel beads (10 microns) bound to anti-DNP IgG to stimulate
phagocytosis, production of peroxynitrite, and generation of the fluorescent rhodol 59. (C-
D) Cells treated with 53 / beads/ |gG for 4 h were washed once with media. Imaging
immediately after washing (C) and the same field of cells after 20 min (D) revealed
essentially complete loss of cellular fluorescence within 10-20 min. The rapid efflux of
rhodol 59 upon washing suggests that this compound can rapidly exchange between
cells. White arrows point at phagocytosed beads. Scale bar = 25 microns.

Both the weak intrinsic fluorescence of 53 alone and its highly fluorescent product
59 were confirmed to accumulate in the ER by colocalization with ER tracker blue-white
DPX (Figure 3-16). Analysis of images of cells treated with 52, 53, and 55 demonstrated
that the ratio of cytosolic (ER-associated) to nuclear fluorescence of 53 (ratio = 6.7) is
substantially higher compared to 52 (ratio = 3.7) and 55 (ratio = 2.6). These results
suggest that the substantially increased efficacy of sensor 53 compared to the similarly

reactive sensor 52 is a consequence of the ability of 53 to extensively and selectively

accumulate in membranes of the ER.
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(A) Treatment of living RAW 267.4 macrophages with (B) Treatment of living RAW 267.4 macrophages with
sensor 53 and ER tracker blue-white DPX sensor 53 and ER tracker blue-white DPX followed by
(Power of 488 nm laser = 25%; gain = 1200; offset = -20%) stimulation with tentagel beads/IgG

(Power of 488 nm laser = 15%; gain = 850; offset = -20%)
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(C) Treatment of living RAW 267.4 macrophages with (D) Treatment of living RAW 267.4 macrophages with
sensor 52 and ER tracker blue-white DPX sensor 55 and ER tracker blue-white DPX
(Power of 488 nm laser = 25%; gain = 1200; offset = -20%) (Power of 488 nm laser = 25%; gain = 1200; offset = -20%)
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Figure 3-16. Panels A-D: Confocal laser scanning and DIC micrographs of living
RAW264.7 macrophages treated with 53, 52, and 55 (10 pM, 4 h). Panels A, C, and D:
Colocalization of the weak intrinsic fluorescence of 53, 52, and 55 with ER tracker blue-
white DPX demonstrates accumulation in the ER. Panel B: Cells were treated with 53 and
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stimulated with 1IgG-bound tentagel beads to generate 59. Imaging at lower laser power
and gain and colocalization with ER tracker blue-white confirmed that 59 remains
associated with the ER. Panel E: Quantification of cytosolic and nuclear fluorescence of
52, 53, and 55. Sensor 53 shows the greatest selectivity for ER membranes as evidenced
by the highest ratio.

This interpretation was further supported by flow cytometry after correcting for
differences in brightness. Using this method, 53 was found to accumulate 4-fold more in
ER membranes than 55 (Figure 3-17). The association of sensors 51 (cLogP=5.9), 52
(cLogP=6.4), and 53 (cLogP=6.8) with ER membranes was linearly correlated with cLogP
(Figure 3-16 B), indicating that increased hydrophobicity provides a driving force for
loading of these membranes. However, the more highly hydrophobic di-t-butyl-phenol
derivative 54 (cLogP=9.2), was less ER-associated than 52, likely due to lower affinity of
branched alkanes for straight-chain fatty acids of lipids of ER membranes. Despite its
high hydrophobicity, 58 (cLogP=6.9) showed the lowest association with the ER, likely
because its partially-ionized acidic phenol decreases association with membranes. For
comparison, the calculated pKa of the phenol of 58 is 7.4, while that of 53 is 11.1

(calculations done using ChemAxon). These trends offer guidelines for the design of other

ER-associated sensors.

(A) Analysis of accumulation of sensors (51-58) in (B) Highly structurally similar sensors (61-53)
living RAW264.7 macrophages by flow cytometry show a linear relationship between hydrophobicity
and accumulation in membranes of the ER
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Figure 3-17. Analysis of accumulation of sensors 51-58 in ER membranes by flow
cytometry. Cellular fluorescence was divided by brightness (quantum yields * molar
extinction coefficients) to correct for spectral differences. Sensor 53 shows the greatest
cellular fluorescence, resulting from extensive accumulation in membranes of the ER
(panel A). For the structurally related sensors 51-53, likely to interact similarly with lipids
of the ER, accumulation in membranes of this organelle is linearly correlated with cLogP
(panel B). The branched t-butyl side chains of 54 lead to lower cellular fluorescence, likely
due to decreased affinity for straight-chain lipids of ER membranes. The lowest cellular
fluorescence was observed for the dichloro derivative 58, where the increased acidity of
the phenol and subsequent partial ionization in cells is likely to reduce affinity for
hydrophobic ER membranes. The steric bulk of the bromo substituent of 56 may
contribute to its lower association with ER membranes.

3-9. Conclusions and future directions

We have presented here the design, synthesis, and analysis of endoplasmic
reticulum-localized fluorescent sensors of peroxynitrite. These sensors react rapidly and
selectively with peroxynitrite and have spectral properties that allow for their use in many
systems. Kinetic studies in buffer solutions and flow cytometry-based cell assays were
used to select the most effective analogues. In this series of compounds, sensor 53 was
found to have the most optimal balance between reaction rate and ER localization and
emerged as the best analog.

The extensive and selective association of 53 with membranes of the ER enables
this sensor to uniquely detect transient peroxynitrite generated during phagocytosis.
Because these convoluted membranes offer a vast intracellular surface area, fluorescent
sensors that accumulate in these membranes have potential for highly sensitive detection
of a wide variety of transient cellular species.

Additionally, it has been reported that Taxol, an anticancer drug whose mechanism
of action is not fully understood, stimulates the production of reactive species such as

peroxynitrite in macrophages.®® The sensors reported here, particularly 53, could be used
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to further investigate the contribution of the activation of macrophages to the mechanism
of Taxol. This scaffold is also being used to generate sensors of other reactive species,
and the phagocytosis assay is currently being used to screen for compounds that

stimulate the generation of peroxynitrite.

3-10. Experimental
3-10-1. General experimental section

All reactions were performed under an inert atmosphere of dry argon or nitrogen
either in a flame-dried or oven-dried glassware, or in a glass microwave vial (Biotage,
LLC). All anhydrous solvents were either purchased from Sigma Aldrich company or dried
via passage through a glass contour solvent system (Pure Process Technology, LLC). All
reagents were purchased from TCI, Sigma Aldrich, or Oakwood Products Inc.

Thin-layer chromatography (TLC) was performed using commercial aluminum
backed silica plates (TLC Silica gel 60 F254, Analytical Chromatography). Visualization
was accomplished with UV light. Flash chromatography was carried out on normal phase
using silica gel (230—-400 mesh) or by reverse phase on a Combiflash purification system
(50g HP C18 gold column).

Nuclear magnetic resonance (NMR) spectra were recorded on either a 400 MHz
or 500 MHz Bruker Avance spectrometer with a dual carbon/proton cryoprobe. NMRs
were recorded in deuterated chloroform or dimethyl sulfoxide. Chemical shifts are
reported in parts per million (ppm) and are referenced to the center line of the solvent (d
2.50, and 7.26 with respect to dimethyl sulfoxide-ds, and chloroform-d for '"H NMR and

SF NMR and & 39.52, and 77.16 with respect to dimethyl sulfoxide-ds, and chloroform-d
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for *C NMR). Coupling constants are given in Hertz (Hz). The spin multiplicities are
reported as s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet td =
doublet of triplet and m = multiplet. 3C NMR for 51-59 was recorded on a 500 MHz
Bruker Avance spectrometer using the following acquisition parameters; for 51, number
of scans (ns)= 8000, time domain (td)= 65000, acquisition time (aq)= 1.1 s, relaxation
delay (d1)= 0.15 s and temperature (T) = 25.5 °C. For 52; ns= 1000, td= 65000, aq= 1.1
s,d1=0.5s and T=25.5 °C. For 53; ns= 14615, td= 32000, aqg=0.55s,d1=1.5sand T=
45 °C. For 54; ns= 6000, td= 65000, ag= 1.1 s, d1=0.15 s and T= 25.5 °C. For 55; ns=
9216, td= 65k, ag= 1.1 s, d1=0.15 s and T= 25.5 °C. For 56; ns= 7801, td= 32000, aq=
0.55 s, d1=0.15 s and T= 60 °C. For 57; ns= 9211, td= 32000, ag= 0.55 s, d1=0.15 s
and T=45 °C. For 58; ns= 7000, td= 32000, aqg=0.55s, d1=0.15s and T=45 °C. For 59;
ns= 4222, td= 65000, ag= 1.1 s, d1= 0.15 s and T= 60 °C. NMR data analysis used
MNova software. HRMS data were collected on an LCT Premier (Waters Corp., Milford

MA) time of flight mass spectrometer

3-10-2. Synthetic procedures and compound characterization data

O OH PhNTf2 DIEA O ‘ O OoTf
O THF 2h

23°Cto45°C

<8 <8

Pennsylvania Green 60

Scheme 3-3. Synthesis of Pennsylvania Green triflate (60).
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2,7-difluoro-3-oxo0-9-(o-tolyl)-3H-xanthen-6-yl trifluoromethanesulfonate (60,
Pennsylvania Green triflate). As shown in Scheme 3-3, the fluorophore Pennsylvania
Green (490 mg, 1.44 mmol, 1 equiv., prepared from 2,7-difluoro-3,6-bis[(2-
methoxyethoxy)methoxy]-9H-xanthene-9-one®' as previously described,® also
commercially available from AK Scientific) and N-phenyl-bis(trifluoromethanesulfoimide)
(1.5 equiv.) were weighted in an oven dried, Ar-flushed round bottom flask equipped with
a magnetic stir bar and dissolved in anhydrous THF (~0.15 mM). The mixture was treated
with DIEA (2.5 equiv.) and stirred at room temperature (23 °C) for 5 min. This reaction
mixture was heated at 45 °C for 2 h. Progress of the reaction was monitored by TLC and
upon completion the crude mixture was concentrated to dryness. The residue was re-
dissolved in dichloromethane and purified by silica gel chromatography using hexane and
ethyl acetate to elute 60 (497 mg, 73% yield)."H NMR (400 MHz, Chloroform-d) & 7.50—
7.44 (m, 2H), 7.41-7.33 (m, 2H), 7.09 (dd, J = 7.5, 1.3 Hz, 1H), 6.87 (d, J = 9.6 Hz, 1H),
6.56 (d, J = 10.3 Hz, 1H), 6.51 (d, J = 6.7 Hz, 1H), 2.03 (s, 3H); "*C NMR (126 MHz,
Chloroform-d) 6 176.8 (d, J = 21.4 Hz), 157.0 (d, J = 272.2 Hz), 156.8, 150.5 (d, J = 252.1
Hz), 147.9, 146.7 (d, J = 10.0 Hz), 139.2 (d, J = 15.8 Hz), 136.2, 131.4, 131.1, 130.7,
129.0, 126.9, 122.0 (d, J= 8.2 Hz), 121.1 (d, J = 6.9 Hz), 118.77 (d, J = 321.1 Hz), 115.1
(d, J=21.7 Hz), 112.8, 110.0 (d, J = 22.3 Hz), 107.6 (d, J = 4.5 Hz), 19.8; "F NMR (471
MHz, Chloroform-d) & 27.3, -19.7, -30.0; HRMS calcd. for C21H12Fs05S*: 471.0326;

Found: 471.0329.
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Scheme 3-4. Synthesis of MOM-protected anilines 61-63, 65-71, and 73-76.
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Scheme 3-5. Synthesis of Boc-protected anilines 64 and 72.

Synthesis of MOM-protected anilines (61-63, 65-71, and 73-76):

As shown in Scheme 3-4, the nitrophenol (1 equiv.) was weighed out in a flame dried, Ar-
flushed round bottom flask equipped with a magnetic stir bar, and anhydrous THF was
added (0.25 mM). The solution was cooled to 4 °C and treated with NaH (1.5 equiv.) in
several portions over 10—15 min. The suspension was stirred at 4 °C for additional 10 min
and then treated dropwise with MOMCI (1.5 equiv.). The reaction mixture was stirred for
an additional 10 min. The ice bath was removed, and the reaction mixture was stirred at
room temperature for a period of 5-12 h. On completion the reaction was quenched with
water and extracted with diethyl ether. The organic layer was dried over MgSO4 and
concentrated to dryness. The crude mixture was taken forward to the next step without

purification.
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Reduction of the nitro group using Pd/C (for 61-63, 65, and 67).

As shown in Scheme 3-4, the crude reaction mixture from Synthesis of MOM-protected
anilines was dissolved in methanol (~0.1 mM) in a round bottom flask equipped with a
magnetic stir bar. Pd/C (10%, 0.2 equiv.) was carefully added this solution. The flask was
sealed, and the reaction mixture was stirred under Hz (1 atm). Progress of the reaction
was monitored by TLC, and on completion, the crude mixture was filtered through a celite
plug. The celite plug was washed with copious amounts of methanol and the combined
filtrate was concentrated to dryness. The crude mixture was purified by silica gel

chromatography using hexane and ethyl acetate to elute pure products.

Reduction of the nitro group using Zn/NH4Cl (for 66 and 68).

As shown in Scheme 3-4, the crude reaction mixture from Synthesis of MOM-protected
anilines was dissolved in ethanol (~0.2 mM) in a round bottom flask equipped with a
magnetic stir bar. Ammonium chloride (10.0 equiv.) was added and the reaction mixture
was stirred for 5 min. This suspension was treated with Zn dust (10.0 equiv.) followed by
heating in an oil bath at 60 °C for 5 min. This flask was removed from the oil bath and
stirred at room temperature for up to 12 h. Progress of the reaction was monitored by
TLC, and on completion the crude mixture was filtered through filter agent (Celite 545,
Sigma, 419931). The Celite was washed with copious amounts of methanol and the
combined filtrate was concentrated to dryness. This crude mixture was re-dissolved in
dichloromethane (50 mL) and washed with aqueous NaOH (1N). The aqueous layer was

further extracted with dichloromethane (2 X 20 mL). The combined organic layers were
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dried over MgSOy, filtered, and concentrated to dryness. The crude residue was further

purified by silica gel chromatography using hexane and ethyl acetate as eluents.

Reductive methylation of anilines 5253

As shown in Scheme 3-4, the MOM protected 4-amino phenol (1.0 equiv.) was weighed
in a flame dried, Ar-flushed Biotage microwave reaction vial and dissolved in anhydrous
methanol (~0.2 mM) at room temperature. The solution was treated with NaOMe (5.0
equiv.) added in a single portion (a slight exotherm was observed). The mixture was
stirred, allowed to return to room temperature, and paraformaldehyde (1.4 equiv.) was
added. This solution was stirred for 5 h under an atmosphere of Ar. After 5 h, NaBH4 (1.0
equiv.) was added in a single portion, and the vial was sealed and heated at 55 °C for 4
h. This crude mixture was cooled to room temperature, diluted with EtOAc, and extracted
with aq. KOH (1N). The organic layer was separated, dried over anhydrous MgSO4, and
concentrated to dryness. The crude product was purified by silica gel chromatography

using hexane and ethyl acetate as eluents.

OMOM

NH,

4-(methoxymethoxy)aniline (61). As shown in Scheme 3-4, using the method described
for Synthesis of MOM-protected N-methyl anilines and reduction of the nitro group using
Pd/C, 1-(methoxymethoxy)-4-nitrobenzene (658 mg, 3.59 mmol) afforded 61 (551 mg,

>95% yield over two steps). "H NMR (400 MHz, Chloroform-d) & 6.90-6.85 (m, 2H), 6.69—
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6.63 (m, 2H), 5.08 (s, 2H), 3.47 (s, 3H); 1*C NMR (101 MHz, Chloroform-d) & 150.3, 141.4,

118.0, 116.3, 95.6, 55.9; HRMS calcd. for CsH12NO2": 154.0868; Found: 154.0874.

OMOM
Me

NH,

4-(methoxymethoxy)-3-methylaniline (62): As shown in Scheme 3-4, using the method
described for Synthesis of MOM-protected N-methyl anilines and reduction of the nitro
group using Pd/C, 1-(methoxymethoxy)-2-methyl-4-nitrobenzene (200 mg, 1.30 mmol)
afforded 62 (198 mg, 91% yield over two steps). '"H NMR (400 MHz, Chloroform-d) & 6.87
(d, J=8.5Hz, 1H), 6.53 (d, J = 2.9 Hz, 1H), 6.49-6.45 (m, 1H), 5.09 (s, 2H), 3.49 (s, 3H),
3.41 (s, 2H), 2.19 (s, 3H); *C NMR (101 MHz, Chloroform-d) 5 148.7, 141.1, 128.9, 118.2,

116.5, 113.4, 95.8, 56.0, 16.5; HRMS calcd. for CoH14NO2": 168.1025; Found: 168.1021.

OMOM
Me Me

NH,

4-(methoxymethoxy)-3,5-dimethylaniline (63): As shown in Scheme 3-4, using the
method described for Synthesis of MOM-protected N-methyl anilines and reduction of the
nitro group using Pd/C, 2-(methoxymethoxy)-1,3-dimethyl-5-nitrobenzene (300 mg, 1.42

mmol) afforded 63 (292 mg, 90% yield over two steps)."H NMR (400 MHz, Chloroform-d)
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5 6.36 (s, 2H), 4.88 (s, 2H), 3.59 (s, 3H), 3.42 (s, 2H), 2.22 (s, 6H); 13C NMR (101 MHz,
Chloroform-d) & 147.3, 142.6, 131.9, 115.4, 99.4, 57.4, 17.0; HRMS calcd. for

C10H16NO2": 182.1181; Found: 182.1187.

OBoc

MeN“PMB

tert-butyl (2,6-di-tert-butyl-4-((4-methoxybenzyl)(methyl)amino)phenyl) carbonate
(64): As shown in Scheme 3-5, 4-bromo-2,6-di-tert-butylphenyl tert-butyl carbonate®* (115
mg, 0.3 mmol, 1.0 equiv.), 1-(4-methoxyphenyl)-N-methylmethanamine (1.2 equiv.),
Pd2(dba)s.CHCIz (0.1 equiv.), xantphos (0.15 equiv.) and Cs>COs (2.5 equiv.) were
weighed in a Biotage microwave reaction vial in a glove box. The mixture was treated
with toluene (0.05 mM) and the vial was sealed and removed from the glove box. The
reaction mixture was heated in an oil bath at 100 °C for 16 h. The crude mixture was
cooled to room temperature and purified by silica gel chromatography using hexane and
ethyl acetate as eluents to afford 64 (98 mg, 71% yield). '"H NMR (500 MHz, Chloroform-
d)d7.21(d, J=8.2 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.70 (s, 2H), 4.37 (s, 2H), 3.80 (s,
3H), 2.93 (s, 3H), 1.53 (s, 9H), 1.33 (s, 18H); '*C NMR (126 MHz, Chloroform-d) & 158.7,
153.7,147.4,142.9, 139.9, 131.7, 128.4, 114.0, 111.0, 82.6, 57.3, 55.4, 38.8, 35.8, 31.6,

28.0; HRMS calcd. for C2sH42NO4*: 456.3114; Found: 456.3116.
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OMOM
OMe

NH,

3-methoxy-4-(methoxymethoxy)aniline (65): As shown in Scheme 3-4, using the
method described for Synthesis of MOM-protected N-methyl anilines and reduction of the
nitro group using Pd/C, 2-methoxy-1-(methoxymethoxy)-4-nitrobenzene (170 mg, 1.0
mmol) afforded 65 (176 mg, >95% yield over two steps). '"H NMR (400 MHz, Chloroform-
d)56.94 (d, J=8.4 Hz, 1H), 6.30 (d, J = 2.6 Hz, 1H), 6.21 (dd, J = 8.4, 2.6 Hz, 1H), 5.09
(s, 2H), 3.82 (s, 3H), 3.51 (s, 3H); '3C NMR (101 MHz, Chloroform-d) & 151.1, 142.5,
139.3, 119.3, 106.9, 100.6, 96.8, 56.2, 55.9; HRMS calcd. for CoH14NO3*: 184.0974;

Found: 184.0990.

OMOM
Br

NH,

3-bromo-4-(methoxymethoxy)aniline (66): This compound was synthesized following
procedures described under Scheme 3-4 and was isolated in >95 % yield over two steps.
As shown in Scheme 3-4, using the method described for Synthesis of MOM-protected
N-methyl anilines and Reduction of the nitro group using Zn/NH4Cl, 2-bromo-1-
(methoxymethoxy)-4-nitrobenzene (170 mg, 0.45 mmol) afforded 66 (102 mg, >95% yield
over two steps). '"H NMR (400 MHz, Chloroform-d) & 6.96 (d, J = 8.7 Hz, 1H), 6.90 (d, J

= 2.8 Hz, 1H), 6.57 (dd, J = 8.7, 2.8 Hz, 1H), 5.11 (s, 2H), 3.53 (s, 3H), 3.50 (s, 2H); 13C
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NMR (101 MHz, Chloroform-d) & 146.7, 142.6, 119.8, 118.9, 115.2, 114.2, 96.5, 56.5;

HRMS calcd. for CsH11BrNO2*: 231.9973; Found: 231.9969.

OMOM
CN

NH,

5-amino-2-(methoxymethoxy)benzonitrile (67): As shown in Scheme 3-4, using the
method described for Synthesis of MOM-protected N-methyl anilines and reduction of the
nitro group using Pd/C, 2-(methoxymethoxy)-5-nitrobenzonitrile (304 mg, 1.85 mmol)
afforded 67 (172 mg, 52% vyield over two steps). '"H NMR (400 MHz, Chloroform-d) &
7.09-7.00 (m, 1H), 6.88-6.79 (m, 2H), 5.17 (s, 2H), 3.63 (s, 2H), 3.52 (s, 3H); *C NMR
(101 MHz, Chloroform-d) & 152.0, 141.4, 121.3, 118.6, 117.3, 116.7, 103.7, 95.8, 56.5;

HRMS calcd. for CoH11N202*: 179.0821; Found: 179.0855.

OMOM
Cl Cl

NH,

3,5-dichloro-4-(methoxymethoxy)aniline (68): As shown in Scheme 3-4, using the
method described for Synthesis of MOM-protected N-methyl anilines and Reduction of
the nitro group using Zn/NH4ClI, 1,3-dichloro-2-(methoxymethoxy)-5-nitrobenzene (144
mg, 0.7 mmol) afforded 68 (66 mg, 39% yield over two steps). '"H NMR (400 MHz,

Chloroform-d) 8 6.61 (s, 2H), 5.06 (s, 2H), 3.67 (s, 3H), 3.63 (bs, 2H); '3C NMR (101 MHz,
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Chloroform-d) & 143.8, 141.5, 129.8, 115.2, 99.5, 58.2; HRMS calcd. for CsH10Cl2N202":
222.0089; Found: 222.0103.

OMOM

NHMe

4-(methoxymethoxy)-N-methylaniline (69): As shown in Scheme 3-4, using the method
described for Reductive methylation of anilines, 61 (200 mg, 1.30 mmol) afforded 69 (199
mg, 92% yield). "H NMR (400 MHz, Chloroform-d) & 7.11-6.81 (m, 2H), 6.74-6.43 (m,
2H), 5.08 (s, 2H), 3.48 (s, 3H), 2.81 (s, 3H); '3C NMR (101 MHz, Chloroform-d) & 149.9,
144.3, 118.1, 114.0, 95.8, 55.9, 31.9; HRMS calcd. for CoH14NO2*: 168.1025; Found:

168.1027.

OMOM
Me

NHMe

4-(methoxymethoxy)-N,3-dimethylaniline (70): As shown in Scheme 3-4, using the
method described for Reductive methylation of anilines, 62 (100 mg, 0.60 mmol) afforded
70 (86 mg, 79% yield). "H NMR (400 MHz, Chloroform-d) & 6.92 (d, J = 8.6 Hz, 1H), 6.46
(d, J=2.8 Hz, 1H), 6.41 (dd, J = 8.6, 2.8 Hz, 1H), 5.08 (s, 2H), 3.50 (s, 3H), 3.43 (s, 1H),
2.80 (s, 3H), 2.22 (s, 3H); *C NMR (101 MHz, Chloroform-d) d 147.9, 144.7, 128.9, 116.8,
115.5, 110.5, 96.0, 56.1, 31.6, 16.7; HRMS calcd. for C1oH1sNO2*: 182.1181; Found:
182.1189.
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NHMe
4-(methoxymethoxy)-N,3,5-trimethylaniline (71): As shown in Scheme 3-4, using the
method described for Reductive methylation of anilines, 63 (514 mg, 2.84 mmol) afforded
71 (435 mg, 79% yield). "H NMR (400 MHz, Chloroform-d) & 6.29 (s, 2H), 4.89 (s, 2H),
3.60 (s, 3H), 3.46 (s, 1H), 2.79 (s, 3H), 2.25 (s, 3H); "*C NMR (101 MHz, Chloroform-d)
O 146.5, 1459, 131.8, 112.6, 99.4, 57.4, 31.3, 17.2; HRMS calcd. for C11H1sNO2*:
196.1338; Found: 196.1343

OBoc

NHMe
tert-butyl (2,6-di-tert-butyl-4-(methylamino)phenyl) carbonate (72): As shown in
Scheme 3-5, fert-butyl (2,6-di-tert-butyl-4-((4-methoxybenzyl)(methyl)amino)phenyl)
carbonate 64 (50 mg, 0.1 mmol), was dissolved in methanol (~0.1 mM) in a round bottom
flask equipped with a magnetic stir bar. Pd/C (10%, 0.2 equiv.) was carefully added to the
above solution. The flask was sealed, and the reaction mixture was stirred under Hz (1
atm). Progress of the reaction was monitored by TLC and on completion the crude mixture
was filtered through celite. The celite was washed with copious amounts of methanol and
the combined filtrate was concentrated to dryness. The crude mixture was purified by
silica gel chromatography using hexane and ethyl acetate for elution of 72 (32 mg, 95%

yield). '"H NMR (500 MHz, Chloroform-d) & 6.54 (s, 2H), 2.82 (s, 3H), 1.52 (s, 9H), 1.35
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(s, 19H); 3C NMR (126 MHz, Chloroform-d) & 153.7, 146.4, 143.3, 140.2, 110.4, 82.6,

35.6, 31.5, 31.2, 28.0; HRMS calcd. for C20H34NO3*: 336.2539; Found: 336.2543.

OMOM
OMe

NHMe
3-methoxy-4-(methoxymethoxy)-N-methylaniline (73): As shown in Scheme 3-4,
using the method described for Reductive methylation of anilines, 65 (100 mg, 0.54 mmol)
afforded 73 (89 mg, 83% yield). "H NMR (400 MHz, Chloroform-d) & 6.99 (d, J = 8.6 Hz,
1H), 6.22 (d, J = 2.6 Hz, 1H), 6.13 (dd, J = 8.6, 2.7 Hz, 1H), 5.09 (s, 2H), 3.84 (s, 3H),
3.52 (s, 3H), 2.82 (s, 3H); *C NMR (101 MHz, Chloroform-d)  151.3, 146.0, 138.5, 119.5,
103.7, 98.3, 96.9, 56.2, 55.9, 31.5; HRMS calcd. for C10H1sNO3*: 198.1130; Found:

198.1144.

OMOM
Br

NHMe
3-bromo-4-(methoxymethoxy)-N-methylaniline (74): As shown in Scheme 3-4, using
the method described for Reductive methylation of anilines, 66 (100 mg, 0.43 mmol)
afforded 74 (89 mg, 84% yield). '"H NMR (400 MHz, Chloroform-d) & 7.00 (d, J = 8.8 Hz,

1H), 6.80 (d, J = 2.8 Hz, 1H), 6.49 (dd, J = 8.8, 2.9 Hz, 1H), 5.11 (s, 2H), 3.58 (s, 1H),

3.53 (s, 3H), 2.78 (s, 3H); ™*C NMR (101 MHz, Chloroform-d) & 145.9, 145.6, 119.3, 116.6,
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114.6, 112.6, 96.7, 56.5, 31.2; HRMS calcd. for CoH13BrNO2": 246.0130; Found:

246.0135.

OMOM
CN

NHMe
2-(methoxymethoxy)-5-(methylamino)benzonitrile (75): As shown in Scheme 3-4,
using the method described for Reductive methylation of anilines, 67 (150 mg, 0.84 mmol)
afforded 75 (149 mg, 92% vyield). This compound was synthesized following procedures
described under Scheme 3-3 and was isolated in 92% yield. '"H NMR (400 MHz,
Chloroform-d) & 7.07 (d, J = 8.2 Hz, 1H), 6.78-6.72 (m, 2H), 5.17 (s, 2H), 3.68 (s, 1H),
3.53 (s, 3H), 2.81 (s, 3H); *C NMR (101 MHz, Chloroform-d) 5 151.1, 144.6, 118.9, 117.6,

117.1,115.1, 103.9, 96.0, 56.5, 31.1; C10H12N202": 193.0977; Found: 193.0982.

OMOM
Cl Cl

NHMe
3,5-dichloro-4-(methoxymethoxy)-N-methylaniline (76): As shown in Scheme 3-4,
using the method described for Reductive methylation of anilines, 68 (50 mg, 0.22 mmol)
afforded 76 (50 mg, 95% yield). "H NMR (400 MHz, Chloroform-d) & 6.51 (s, 2H), 5.06 (s,

2H), 3.72 (s, 1H), 3.68 (s, 3H), 2.77 (s, 3H): 13C NMR (101 MHz, Chloroform-d) & 146.6,

140.2, 129.8, 112.3, 99.5, 58.2, 30.8;
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Buchwald-Hartwig amination of Pennsylvania Green triflate (60) with anilines 69—
76: The triflate 60 (1.0 equiv.), amine (1.2 equiv.), Pd(OAc)2 (0.1 equiv.), Xantphos (0.15
equiv.) and Cs2COs3 (2.5 equiv.) were weighed in a Biotage microwave reaction vial in a
glove box. The mixture was treated with toluene (0.05 mM) and the vial was sealed and
removed from the glove box. The reaction mixture was heated in an oil bath at 100 °C for
16 h. The crude mixture was then cooled to room temperature and purified by silica gel

chromatography using hexane and ethyl acetate for elution of pure products.

Removal of the MOM/Boc group: The Buchwald-Hartwig amination product was
weighed out in a 25 mL scintillation vial wrapped with Al foil and treated with TFA /
dichloromethane (3:7). The color of the solution immediately turns magenta upon addition
of TFA. The reaction mixture was stirred at room temperature for 2 h. Progress of the
reaction was monitored by thin layer chromatography. On complete consumption of
starting material, the crude mixture was transferred to a round bottom flask using
dichloromethane and was concentrated to dryness. Excess TFA was removed
azeotropically using toluene. The crude product re-dissolved in DMSO, purified by
reverse phase chromatography using water and acetonitrile (both containing 0.1% TFA)
for elution, and yielded pure product as dark red solid upon dissolution in DMSO and

subsequent lyophilization.

Me
BSOSO AN
F N F OMOM
] Me
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2,7-difluoro-6-((4-(methoxymethoxy)phenyl)(methyl)amino)-9-(o-tolyl)-3H-xanthen-
3-one (77): As described under Buchwald—Hartwig amination of Pennsylvania Green
triflate (60), 69 (47 mg, 0.1 mmol) afforded 77 (39 mg, 72% yield). '"H NMR (500 MHz,
DMSO-de) 6 7.56-7.48 (m, 2H), 7.43 (td, J = 7.4, 1.5 Hz, 1H), 7.34-7.26 (m, 2H), 7.17-
7.11 (m, 2H), 7.03-6.97 (m, 2H), 6.56-6.50 (m, 2H), 6.47 (d, J = 7.2 Hz, 1H), 5.17 (s,
2H), 3.41 (s, 3H), 3.37 (s, 3H), 2.04 (s, 3H); '*C NMR (126 MHz, DMSO-ds)  174.5 (d, J
= 20.1 Hz), 157.5, 156.0 (d, J = 263.2 Hz), 154.6, 150.7, 150.6 (d, J = 247.0 Hz), 150.2
(d, J=11.7 Hz), 143.5 (d, J = 10.3 Hz), 142.3 (d, J = 2.2 Hz), 136.0, 132.1, 131.1, 130.3,
129.3, 126.8, 125.1, 117.3,116.0 (d, J = 8.3 Hz), 113.2 (d, J = 23.9 Hz), 112.8 (d, /= 8.4
Hz), 110.2 (d, J = 21.2 Hz), 106.3 (d, J = 3.2 Hz), 105.9 (d, J = 5.4 Hz), 94.5, 56.0, 43.2,
19.6; "9F NMR (376 MHz, Chloroform-d) 5 -21.69, -24.85; HRMS calcd. for C29H24F2NO4*:

488.1673; Found: 488.1665.

o o NG Me
F \ O F\©:OMOM

O Me
2,7-difluoro-6-((4-(methoxymethoxy)-3-methylphenyl)(methyl)amino)-9-(o-tolyl)-
3H-xanthen-3-one (78): As described under Buchwald—Hartwig amination of
Pennsylvania Green ftriflate (60), 70 (43 mg, 0.093 mmol) afforded 78 (42 mg, 91% yield).
"H NMR (500 MHz, DMSO-ds) & 7.57-7.46 (m, 2H), 7.46-7.42 (m, 1H), 7.30-7.26 (m,
2H), 7.05 (d, J = 2.6 Hz, 1H), 7.02-6.92 (m, 2H), 6.56-6.49 (m, 2H), 6.47 (d, J = 7.1 Hz,
1H), 5.19 (s, 2H), 3.39 (d, J = 7.1 Hz, 6H), 2.15 (s, 3H), 2.04 (s, 3H); *C NMR (126 MHz,
DMSO-ds) 6 174.5 (d, J= 20.2 Hz), 157.5, 156.0 (d, J= 262.3 Hz), 152.8, 150.7, 150.6 (d,

J=246.7 Hz), 150.3 (dd, J= 9.1, 3.0 Hz), 143.6 (d, J= 10.1 Hz), 141.9, 136.0, 132.1, 131.1,
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130.3, 129.3, 128.2, 126.8, 126.3, 122.4, 115.9 (d, J= 8.2 Hz), 115.0, 113.3 (d, J= 23.7
Hz), 112.7 (d, J= 8.4 Hz), 110.2 (d, J= 21.8 Hz), 106.1 (d, J= 3.3 Hz), 105.9 (d, J=5.4
Hz), 94.5, 56.1, 43.2, 19.6, 16.6; '®F NMR (376 MHz, Chloroform-d) & -21.98, -25.04;

HRMS calcd. for C3oH26F2NO4*: 502.1830; Found: 502.1826.

Me
(@) (0] N Me
F § N ‘ F : :OMOM
i Me Me

2,7-difluoro-6-((4-(methoxymethoxy)-3,5-dimethylphenyl)(methyl)amino)-9-(o-

tolyl)-3H-xanthen-3-one (79): As described under Buchwald—Hartwig amination of
Pennsylvania Green triflate (60), 71 (47 mg, 0.1 mmol) afforded 79 (46 mg, 89% vyield).
'"H NMR (400 MHz, DMSO-ds) & 7.56—7.48 (m, 2H), 7.44 (td, J = 7.2, 1.7 Hz, 1H), 7.34—
7.27 (m, 2H), 6.87 (s, 2H), 6.55 (d, J = 6.0 Hz, 1H), 6.52 (d, J = 4.3 Hz, 1H), 6.47 (d, J =
7.2 Hz, 1H), 4.92 (s, 2H), 3.49 (s, 3H), 3.39 (s, 3H), 2.18 (s, 6H), 2.05 (s, 3H); *C NMR
(126 MHz, DMSO-de) 6 174.0 (d, J = 20.3 Hz), 156.9, 155.4 (d, J = 263.0 Hz), 151.5,
150.3 (d, J = 246.9 Hz), 150.0, 149.3, 143.3, 142.7 (d, J = 10.5 Hz), 135.4, 131.5, 131 .4,
130.5, 129.7, 128.7, 126.1, 122.9, 115.6 (d, J = 8.2 Hz), 112.7 (d, J = 15.2 Hz), 112.5,
109.5 (d, J=21.7 Hz), 106.3 (d, J = 3.4 Hz), 105.3 (d, J = 5.4 Hz), 98.5, 56.6, 42.2, 18.9,
16.5 (2 carbons); '"°F NMR (471 MHz, DMSO-ds) & -20.6, -25.8; HRMS calcd. for

C31H28F2NO4*: 516.1986; Found: 516.1957.

Me
0 0 N
F § N ‘ F OBoc
! Me
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tert-butyl(2,6-di-tert-butyl-4-((2,7-difluoro-3-oxo-9-(o-tolyl)-3H-xanthen-6-

yl)(methyl)amino) phenyl) carbonate (80): As described under Buchwald—Hartwig
amination of Pennsylvania Green triflate (60), 72 (22 mg, 0.048 mmol) afforded 80 (27
mg, 87% yield). "H NMR (400 MHz, Chloroform-d) & 7.44-7.28 (m, 3H), 7.09 (dd, J = 7.5,
1.4 Hz, 1H), 6.98 (s, 2H), 6.96-6.89 (m, 1H), 6.63 — 6.48 (m, 3H), 3.40 (d, J = 1.7 Hz,
3H), 2.02 (s, 3H), 1.49 (s, 9H), 1.27 (s, 18H).; "*C NMR (126 MHz, Chloroform-d) & 176.0
(d, J = 20.1 Hz), 157.6, 155.5, 153.0, 151.0 (d, J = 245.5 Hz), 150.5, 148.8 (d, J = 8.9
Hz), 145.8, 144.4,143.4 (d, J = 10.7 Hz), 136.1, 132.3, 131.0, 130.0, 129.0, 126.5, 121.3,
116.9 (d, J=8.4 Hz), 113.7 (d, J = 24.4 Hz), 113.3 (d, J = 8.9 Hz), 110.1 (d, J = 22.1 Hz),
106.6 (d, J = 5.0 Hz), 106.3, 83.4, 53.5, 42.5 (d, J = 4.5 Hz), 35.9, 31.4, 29.8, 27.9, 19.7;
F NMR (376 MHz, Chloroform-d) & -121.01, -124.82; HRMS calcd. for CsoHasF2NOs*:

656.3188; Found: 656.3140.

o) 0 NG OMe
F \ O F\C[OMOM
O Me

2,7-difluoro-6-((3-methoxy-4-(methoxymethoxy)phenyl)(methyl)amino)-9-(o-tolyl)-
3H-xanthen-3-one (81): As described under Buchwald—Hartwig amination of
Pennsylvania Green triflate (60), 73 (47 mg, 0.1 mmol) afforded 81 (48 mg, 92% vyield).
"H NMR (400 MHz, Chloroform-d) & 7.52-7.34 (m, 3H), 7.18-7.11 (m, 2H), 6.94 (d, J =
7.3 Hz, 1H), 6.74-6.54 (m, 5H), 5.23 (s, 2H), 3.84 (s, 3H), 3.54 (s, 3H), 3.45 (d, J=1.7
Hz, 3H), 2.09 (s, 3H); '3C NMR (101 MHz, Chloroform-d) & 175.9 (d, J = 20.3 Hz), 157.5
(d, J=1.9 Hz), 156.5 (d, J = 265.5 Hz), 150.6, 150.5 (d, J = 248.4 Hz), 150.4, 149.8 (dd,

J=93, 2.7 Hz), 144.6, 143.6 (d, J = 10.4 Hz), 142.7, 135.9, 132.2, 130.9, 129.9, 128.9,
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126.4, 117.1, 116.7 (d, J = 8.0 Hz), 116.1 (d, J = 1.6 Hz), 113.6 (d, J = 24.1 Hz), 113.2
(d, J = 8.5 Hz), 110.0 (d, J = 22.1 Hz), 108.4, 106.4 (d, J = 5.2 Hz), 106.0 (d, J = 3.5 Hz),
95.8, 56.4, 56.1, 42.6 (d, J = 4.6 Hz), 19.7; '°F NMR (376 MHz, Chloroform-d) & -121.93,

-124.74; HRMS calcd. for C3oH26F2NOs*: 518.1779; Found: 518.1782.

o o) NG Br
F \ O F\@[OMOM
O Me

6-((3-bromo-4-(methoxymethoxy)phenyl)(methyl)amino)-2,7-difluoro-9-(o-tolyl)-3H-
xanthen-3-one (82): As described under Buchwald-Hartwig amination of Pennsylvania
Green triflate (60), 74 (32 mg, 0.067 mmol) afforded 82 (22 mg, 57% yield). '"H NMR (400
MHz, Chloroform-d) & 7.43-7.38 (m, 1H), 7.37—-7.30 (m, 2H), 7.26 (d, J = 2.7 Hz, 1H),
7.07 (dd, J = 8.7, 7.0 Hz, 2H), 6.98-6.93 (m, 2H), 6.60 (d, J = 12.8 Hz, 1H), 6.54 (d, J =
10.9 Hz, 1H), 6.50 (d, J = 7.0 Hz, 1H), 5.17 (s, 2H), 3.47 (s, 3H), 3.35 (d, J = 1.3 Hz, 3H),
2.03 (s, 3H); *C NMR (101 MHz, Chloroform-d)  176.0 (d, J = 20.3 Hz), 157.4, 156.5 (d,
J=264.9 Hz), 151.3, 151.0 (d, J = 249.4 Hz), 150.2, 149.4 (d, J = 12.3 Hz), 142.8, 142.6
135.9, 132.0, 130.9, 129.9, 128.9, 128.0, 126.4, 123.2, 117.3 (d, J= 8.2 Hz), 116.8, 113.9
(d, J=8.4Hz),113.8 (d, J=24.3 Hz), 113.4, 110.0 (d, J = 22.1 Hz), 106.9 (d, J = 3.0 Hz),
106.5 (d, J = 5.0 Hz), 95.4, 56.5, 42.3, 19.6; "°F NMR (376 MHz, Chloroform-d) & -21.32,

-24.23; HRMS calcd. for C29H23BrF2NO4*: 566.0779; Found: 566.0764.
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5-((2,7-difluoro-3-oxo-9-(o-tolyl)-3H-xanthen-6-yl)(methyl)amino)-2-

(methoxymethoxy) benzonitrile (83): As described under Buchwald—Hartwig amination
of Pennsylvania Green triflate (60), 75 (47 mg, 0.1 mmol) afforded 83 (44 mg, 86% yield).
'"H NMR (400 MHz, DMSO-ds) & 7.64 (d, J = 2.9 Hz, 1H), 7.57-7.42 (m, 6H), 7.31-7.25
(m, 2H), 6.59 (d, J=13.0 Hz, 1H), 6.55 (d, J=11.4 Hz, 1H), 6.48 (d, J = 7.2 Hz, 1H), 5.33
(s, 2H), 3.42 (d, J = 1.3 Hz, 3H), 3.32 (s, 3H), 2.06 (s, 3H); *C NMR (101 MHz,
Chloroform-d) 8 176.2 (d, J = 20.6 Hz), 157.4, 156.6 (d, J = 265.3 Hz), 151.4 (d, J = 248.5
Hz), 150.1, 149.2,142.2 (d, J=1.5Hz), 141.9 (d, J=10.5 Hz), 136.0, 131.9, 131.0, 130.1,
129.0, 128.5, 126.8, 126.5, 118.0 (d, J = 8.5 Hz), 116.4, 115.8, 114.7 (d, J = 8.5 Hz),
114.1, 113.9, 110.0 (d, J = 22.2 Hz), 107.9 (d, J = 3.0 Hz), 106.7 (d, J = 5.2 Hz), 103.8,
95.3, 56.8, 42.1, 19.8; "°F NMR (376 MHz, DMSO-ds) & -20.37, -25.40; HRMS calcd. for

C30H22F2N204*: 513.1626; Found: 513.1633.

o o NG Cl
F \ O F\©iOMOM

O Me Cl
6-((3,5-dichloro-4-(methoxymethoxy)phenyl)(methyl)amino)-2,7-difluoro-9-(o-
tolyl)-3H-xanthen-3-one (84): As described under Buchwald—Hartwig amination of

Pennsylvania Green triflate (60), 76 (47 mg, 0.1 mmol) afforded 84 (38 mg, 67% yield).

'H NMR (400 MHz, Chloroform-d) & 7.50 (td, J = 7.5, 1.4 Hz, 1H), 7.45-7.38 (m, 2H),
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7.23-7.15 (m, 2H), 6.98 (d, J = 0.6 Hz, 2H), 6.74 (d, J = 12.1 Hz, 1H), 6.62 (d, J = 10.7
Hz, 1H), 6.58 (d, J = 6.9 Hz, 1H), 5.16 (s, 2H), 3.69 (d, J = 0.5 Hz, 3H), 3.40 (d, J = 0.8
Hz, 3H), 2.11 (s, 3H).; *C NMR (101 MHz, Chloroform-d) & 176.3 (d, J = 20.7 Hz), 157.3
(d, J = 1.8 Hz), 156.6 (d, J = 267.5 Hz), 152.2 (d, J = 249.1 Hz), 149.7, 148.8 (dd, J = 9.7,
3.1 Hz), 145.5, 144.5 (d, J = 1.4 Hz), 141.0 (d, J = 12.2 Hz), 135.9, 131.8, 130.9, 130.0,
129.9, 128.9, 126.5, 120.8, 118.5 (d, J = 8.4 Hz), 115.8 (d, J = 8.4 Hz), 114.1 (d, J = 23.8
Hz), 110.1 (d, J = 2.4 Hz), 109.9 (d, J = 22.2 Hz), 106.7 (d, J = 5.0 Hz), 99.5, 58.2, 41.4
(d, J = 2.8 Hz), 19.7; '9F NMR (376 MHz, Chloroform-d) & -22.62, -24.96; HRMS calcd.

For CogHooCloFoNO4™: 556.0894; Found: 556.0891.

o 0 N
F \ O F\©\OH
O Me

2,7-difluoro-6-((4-hydroxyphenyl)(methyl)amino)-9-(o-tolyl)-3H-xanthen-3-one (51):
Compound 77 was deprotected as described under Removal of the MOM/Boc group to
afford 51 (12 mg, 63% yield). '"H NMR (400 MHz, DMSO-ds) & 9.48 (s, 1H), 7.58-7.39 (m,
3H), 7.28 (dd, J=7.5, 1.3 Hz, 1H), 7.17 (d, J = 7.5 Hz, 1H), 7.07-6.98 (m, 2H), 6.78-6.69
(m, 2H), 6.55-6.42 (m, 3H), 3.38 (s, 3H), 2.04 (s, 3H); *C NMR (126 MHz, DMSO-ds) d
173.9 (d, J = 20.0 Hz), 157.0, 155.5 (d, J = 261.8 Hz), 155.3, 150.3, 149.9 (d, J = 247.0
Hz), 149.8 (d, J=8.3 Hz), 143.5 (d, J = 9.6 Hz), 139.4, 135.5, 131.7, 130.7, 129.8, 128.8,
126.3, 125.2, 115.9, 115.1 (d, J = 8.1 Hz), 112.7 (d, J = 24.2 Hz), 111.8 (d, J = 8.4 Hz),
109.8 (d, J = 21.8 Hz), 105.4 (d, J = 5.2 Hz), 104.8, 43.0, 19.1; "F NMR (471 MHz,

DMSO-ds) 6 -121.0, -126.3; HRMS calcd. for C27H20F2NO3*: 444.1411; Found: 444.1412.
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2,7-difluoro-6-((4-hydroxy-3-methylphenyl)(methyl)amino)-9-(o-tolyl)-3H-xanthen-

3-one (52): Compound 78 was deprotected as described under Removal of the MOM/Boc
group to afford 52 (16 mg, 88% yield). '"H NMR (400 MHz, DMSO-ds) 8 9.39 (s, 1H), 7.55—
7.47 (m, 2H), 7.46-7.41 (m, 1H), 7.30-7.24 (m, 1H), 7.14 (d, J=7.4 Hz, 1H),6.95 (d, J =
2.7 Hz, 1H), 6.85 (dd, J = 8.5, 2.8 Hz, 1H), 6.74 (d, J = 8.5 Hz, 1H), 6.52 (d, J = 3.3 Hz,
1H), 6.49 (d, J = 5.4 Hz, 1H), 6.45 (d, J = 7.2 Hz, 1H), 3.37 (s, 3H), 2.08 (s, 3H), 2.04 (s,
3H); 3C NMR (126 MHz, DMSO-ds) d 174.2 (d, J= 20.0 Hz), 157.4, 155.9 (d, J= 261.4
Hz), 153.9, 150.9, 150.4, 150.3 (d, J= 247.7 Hz), 144.1, 139.6, 136.0, 132.1, 131.1, 130.3,
129.3, 126.8, 126.8, 125.3, 122.9, 115.5, 115.4, 113.2 (d, J= 24 Hz), 112.2 (d, J= 8.4 Hz),
110.2 (d, J= 21.7 Hz), 105.8 (d, J= 5.7 Hz), 105.1, 43.5, 19.6, 16.5; "°F NMR (376 MHz,
DMSO-ds) & -121.13, -126.47; HRMS calcd. for CosH22F2NOs*: 458.1568; Found:

458.1572.
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2,7-difluoro-6-((4-hydroxy-3,5-dimethylphenyl)(methyl)amino)-9-(o-tolyl)-3H-
xanthen-3-one (53): Compound 79 was deprotected as described under Removal of the
MOM/Boc group to afford 53 (27 mg, 90% yield). '"H NMR (400 MHz, DMSO-d6) & 8.29

(s, 1H), 7.59-7.47 (m, 2H), 7.43 (td, J = 7.4, 1.7 Hz, 1H), 7.33—-7.25 (m, 1H), 7.13 (d, J =
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7.5 Hz, 1H), 6.79 (s, 2H), 6.58 — 6.40 (m, 3H), 3.37 (s, 2H), 2.12 (s, 6H), 2.04 (s, 3H); 13C
NMR (126 MHz, DMSO-ds) & 173.8 (d, J = 20.0 Hz), 156.8, 155.4 (d, J = 261.8 Hz), 151.1,
150.1, 149.8 (d, J = 245.9 Hz), 149.5 (d, J = 8.2 Hz), 143.5 (d, J = 10.1 Hz), 139.2, 135.4,
131.6, 130.5, 129.6, 128.7, 126.1, 125.2, 123.7, 114.9 (d, J = 8.1 Hz), 112.8 (d, J = 24.2
Hz), 111.6 (d, J = 8.7 Hz), 109.5 (d, J = 21.8 Hz), 105.2 (d, J = 5.6 Hz), 104.6 (d, J = 3.6
Hz), 42.7, 18.9, 16.4; '9F NMR (471 MHz, DMSO-ds) & -21.49, -26.38; HRMS calcd. for

CaoH24F2NO3*: 472.1724; Found: 472.1733.

o) o) NG
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6-((3,5-di-tert-butyl-4-hydroxyphenyl)(methyl)amino)-2,7-difluoro-9-(o-tolyl)-3H-
xanthen-3-one (54): Compound 80 was deprotected as described under Removal of the
MOM/Boc group to afford 54 (13 mg, 69% yield). '"H NMR (400 MHz, DMSO-ds) & 7.56—
7.39 (m, 3H), 7.29 (dd, J=7.4, 1.2 Hz, 1H), 7.13 (d, J = 7.4 Hz, 1H), 7.03 (s, 1H), 6.91
(s, 2H), 6.52 (s, 1H), 6.49 (d, J = 2.0 Hz, 1H), 6.45 (d, J = 7.2 Hz, 1H), 3.42 (d, J=1.2
Hz, 3H), 2.03 (s, 3H), 1.34 (s, 18H); '*C NMR (126 MHz, DMSO-ds) 5 173.9 (d, J = 20.0
Hz), 157.0, 155.4 (d, J = 261.5 Hz), 151.7, 150.4, 149.8 (d, J = 247.4 Hz), 149.7 (dd, J =
8.2,2.8 Hz), 143.3 (d, J = 9.7 Hz), 140.5, 139.9, 135.5, 131.7, 130.7, 129.8, 128.9, 126.3,
120.1, 115.0 (d, J = 8.2 Hz), 112.6 (d, J = 23.9 Hz), 111.6 (d, J = 8.3 Hz), 109.7 (d, J =
21.7 Hz), 105.4 (d, J = 5.4 Hz), 104.6, 43.0, 34.7 (2 carbons), 30.3 (6 carbons), 19.0; 19F
NMR (471 MHz, DMSO) & -120.72, -126.47; HRMS calcd. for CasH3sF2NOsNa*:

578.2483; Found: 578.2462.
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2,7-difluoro-6-((4-hydroxy-3-methoxyphenyl)(methyl)amino)-9-(o-tolyl)-3H-
xanthen-3-one (55): Compound 81 was deprotected as described under Removal of the
MOM/Boc group to afford 55 (25 mg, 90% yield). '"H NMR (400 MHz, DMSO-ds) & 9.06
(s, 1H), 7.60-7.47 (m, 2H), 7.46-7.41 (m, 1H), 7.28 (d, J= 7.5, 1.3 Hz, 1H), 7.15(d, J =
7.4 Hz, 1H), 6.84 (d, J = 2.5 Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 6.59 (dd, J = 8.4, 2.5 Hz,
1H), 6.53 (s, 1H), 6.51 — 6.44 (m, 2H), 3.72 (s, 3H), 3.41 (d, J = 1.1 Hz, 3H), 2.04 (s, 3H);
3C NMR (126 MHz, DMSO-ds) 5 174.8 (d, J = 19.9 Hz), 157.0, 155.4 (d, J = 261.7 Hz),
150.3, 149.9 (d, J = 9.7 Hz), 149.8 (d, J = 247.3 Hz), 148.0, 144.7, 143.6 (d, J = 9.6 Hz),
139.6, 135.5, 131.7,130.7, 129.8, 128.8, 126.3, 116.4, 115.5, 115.1 (d, J= 8.1 Hz), 112.7
(d, J=24.1Hz), 111.8 (d, J=8.6 Hz), 109.8 (d, J = 22.1 Hz), 109.0, 105.4 (d, =5.1 Hz),
104.8, 55.7, 42.9, 19.1; "F NMR (471 MHz, DMSO-ds) & -121.3, -126.4.; HRMS calcd.

for CosH22F2NO4™: 474.1517; Found: 474.1474.

Me

TG L,

F N F OH
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6-((3-bromo-4-hydroxyphenyl)(methyl)amino)-2,7-difluoro-9-(o-tolyl)-3H-xanthen-
3-one (56): Compound 82 was deprotected as described under Removal of the MOM/Boc

group to afford 56 (18 mg, 95% vyield). '"H NMR (500 MHz, DMSO-ds) & 10.09 (s, 1H),
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7.56-7.47 (m, 2H), 7.43 (td, J = 7.1, 1.4 Hz, 1H), 7.34 (d, J = 2.7 Hz, 1H), 7.27 (dd, J =
7.6, 1.4 Hz, 1H), 7.20 (d, J = 7.3 Hz, 1H), 7.05 (dd, J = 8.7, 2.7 Hz, 1H), 6.93 (d, J = 8.6
Hz, 1H), 6.56 — 6.49 (m, 2H), 6.44 (d, J = 7.1 Hz, 1H), 3.39 (s, 3H), 2.05 (s, 3H); '3C NMR
(126 MHz, DMSO-ds) & 173.9 (d, J = 20.1 Hz), 156.8, 155.3 (d, J = 263.0 Hz), 151.7,
149.9, 149.8 (d, J = 247.7 Hz), 149.2 (dd, J = 8.9, 2.8 Hz), 142.7 (d, J = 10.0 Hz), 140.2,
135.3, 131.4, 130.4, 129.6, 128.6, 127.7, 126.0, 124.0, 116.5, 115.5 (d, J = 8.3 Hz), 112.6
(d, J=24.0 Hz), 112.3 (d, J = 8.4 Hz), 109.4 (d, J = 21.8 Hz), 109.1, 105.6 (d, J = 3.2 Hz),
105.2 (d, J = 5.4 Hz), 42.37, 18.76; '°F NMR (471 MHz, DMSO-ds) & -15.25, -19.69.;

HRMS calcd. for C2o7H19BrFo2NOs*: 522.0516; Found: 522.0519.

o o) NG CN
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5-((2,7-difluoro-3-oxo-9-(o-tolyl)-3H-xanthen-6-yl)(methyl)amino)-2-
hydroxybenzonitrile (57): Compound 83 was deprotected as described under Removal
of the MOM/Boc group to afford 57 (21 mg, 65% yield). "H NMR (500 MHz, DMSO-ds) &
11.00 (d, J = 1.8 Hz, 1H), 7.57-7.46 (m, 3H), 7.43 (td, J = 7.5, 1.5 Hz, 1H), 7.37-7.25 (m,
3H), 6.98 (d, J = 8.9 Hz, 1H), 6.54 (t, J = 12.0 Hz, 2H), 6.44 (d, J = 7.1 Hz, 1H), 3.39 (s,
3H), 2.05 (s, 3H); *C NMR (126 MHz, DMSO-ds) 5 174.0 (d, J = 20.2 Hz), 157.4, 156.9,
151.0 (d, J = 247.0 Hz), 150.0 (d, J = 247.0 Hz), 149.9, 149.3 (d, J = 9.6 Hz), 142.3 (d, J
=10.0 Hz), 139.6, 135.4, 131.4, 130.5, 130.1, 129.7, 128.7, 127.3, 126.2, 117.0, 116.2,
115.8 (d, J = 8.1 Hz), 112.8 (d, J = 16.0 Hz), 112.7, 109.6 (d, J = 21.8 Hz), 106.2 (d, J =

3.1 Hz), 105.3 (d, J = 5.4 Hz), 99.1, 42.2, 18.9; '9F NMR (471 MHz, DMSO-ds) & -21.05,
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-25.66; HRMS calcd. for C2sH1sF2N203": 469.1364; Found: 469.1359.

o o NG ol
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6-((3,5-dichloro-4-hydroxyphenyl)(methyl)amino)-2,7-difluoro-9-(o-tolyl)-3H-
xanthen-3-one (58): Compound 84 was deprotected as described under Removal of the
MOM/Boc group to afford 58 (18 mg, 85% yield). '"H NMR (500 MHz, DMSO-ds) & 9.98
(s, 1H), 7.56 — 7.47 (m, 2H), 7.46-7.41 (m, 1H), 7.36 (d, J=7.2 Hz, 1H), 7.28 (d, J= 7.6
Hz, 1H), 7.21 (s, 2H), 6.58 (d, J = 13.0 Hz, 1H), 6.53 (d, J = 11.3 Hz, 1H), 6.45 (d, J = 7.1
Hz, 1H), 3.39 (s, 3H), 2.05 (s, 3H); 'C NMR (126 MHz, DMSO-ds) & 174.1 (d, J = 20.3
Hz), 156.9, 155.5 (d, J = 263.4 Hz), 150.4 (d, J = 246.0 Hz), 149.8, 149.2 (dd, J=9.0, 2.5
Hz), 146.1, 141.8 (d, J = 10.5 Hz), 140.5, 135.5, 131.4, 130.6, 129.7, 128.7, 126.2, 122.9,
122.5,116.1 (d, J = 8.3 Hz), 113.3 (d, J = 8.7 Hz), 112.8 (d, J = 23.8 Hz), 109.6 (d, J =
21.8 Hz), 107.2 (d, J = 2.5 Hz), 105.3 (d, J = 5.3 Hz), 42.1, 18.9; "F NMR (471 MHz,
DMSO-ds) & -15.04, -19.20; HRMS calcd. for Cz7H1sCl2F2NO3*: 512.0632; Found:

512.0649.
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2,7-difluoro-6-(methylamino)-9-(o-tolyl)-3H-xanthen-3-one (59): As described under
Buchwald—Hartwig amination of Pennsylvania Green triflate (60), commercially available
tert-butyl methylcarbamate (47 mg, 0.1 mmol) afforded fert-butyl (2,7-difluoro-3-oxo-9-(o-
tolyl)-3H-xanthen-6-yl)(methyl)carbamate (17 mg). This compound was deprotected as
described under Removal of the MOM/Boc group to afford 59 (13 mg, 37% yield, two
steps). '"H NMR (500 MHz, DMSO-ds) 5 7.67 (s, 1H), 7.58-7.48 (m, 2H), 7.44 (t, J=7.4
Hz, 1H), 7.26 (d, J = 7.5 Hz, 1H), 6.94 (d, J = 7.1 Hz, 1H), 6.64-6.53 (m, 3H), 2.96 (s,
3H), 2.03 (s, 3H); C NMR (126 MHz, DMSO-de) 5 170.2 (d, J = 19.1 Hz), 156.0, 154.3
(d, J =258.0 Hz), 152.7, 152.0 (dd, J = 7.0, 4.4 Hz), 148.5 (d, J = 244.9 Hz), 145.5 (d, J
= 15.2 Hz), 135.3, 131.6, 130.4, 129.6, 128.5, 126.0, 113.0 (d, J = 8.2 Hz), 110.2 (d, J =
21.1 Hz), 110.0 (d, J = 21.7 Hz), 109.5 (d, J = 8.2 Hz), 104.8 (d, J= 5.4 Hz), 96.3 (d, J =
4.2 Hz), 29.4, 18.7; "°F NMR (471 MHz, DMSO-ds) 5 -22.35, -27.78; HRMS calcd. for

C21H16F2NO2": 352.1149; Found: 352.1152.

3-10-3. Optical spectroscopy

Absorbance spectroscopy: To generate the absorbance spectra (Figure 3-3), a
normalized DMSO stock solution of each compound was diluted in n-octanol to yield a 10
MM solution, vortexed to mix, and transferred to a Semi-micro quartz cuvette (Sigma
Aldrich, Z27667-7). Spectra were recorded from 190-1100 nm using an Agilent 8453 UV-

visible spectrometer.

Determination of molar extinction coefficients: Three aliquots of at least 1 mg of each

dry powder were carefully weighed and used to make DMSO master stock solutions (1
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mM-10 mM) based on molecular weight. Serial dilutions of these master stock solutions
were prepared to yield six DMSO stock solutions of various concentrations. Each stock
solution was then diluted 1:500 into DMSO, vortexed, and transferred to a semi-micro
quartz cuvette (Sigma Aldrich, Z27667-7). Absorbance spectra were recorded using an
Agilent 8453 UV-visible Spectrometer. Molar extinction coefficients (¢) were calculated
from Beer’s Law plots of absorbance versus concentration. Linear least squares fitting of
the data including a zero intercept (GraphPad Prism 7) was used to determine the slope,
which corresponds to . This value was then used to normalize the concentration of all

future stock solutions as follows: Absorbance = ¢ [concentration (M)] L, where L = 1 cm.

Fluorescence spectroscopy: For the fluorescence emission spectra of 53 (Figure 3-3),
a DMSO stock solution was prepared for each compound at a fixed concentration (2 mM)
determined by absorbance spectroscopy and measured extinction coefficients. This stock
solution was diluted in n-octanol to yield a 4 pyM solution (0.2% DMSO). For the highly
fluorescent rhodol 59, a final concentration of 10 nM (0.1% DMSO) was used. Solutions
were pipetted to mix and transferred to a quartz SUPRASIL macro/semi-micro cell
(PerkinElmer, B0631132). Fluorescence spectra were recorded using a Perkin Elmer LS-
55 fluorescence spectrometer. Samples were excited at 488 nm and emission was

recorded from 510-700 nm with a scan speed of 500 nm/min and slit widths of 10 nm.

Determination of quantum yields: Relative quantum yields (¢) were determined as
previously reported.®® A normalized DMSO stock solution of each fluorophore was serially

diluted to provide five DMSO stock solutions (0.25-2 mM). These were diluted 1:500 in
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octanol in triplicate to yield 0.5-4 pM solutions. For fluorescence measurements,
solutions were transferred to a Quartz SUPRASIL Macro/Semi-micro Cell (PerkinElmer
B0631132) and analyzed using a Perkin Elmer LS-55 Fluorescence Spectrometer.
Samples were excited at 488 nm and emission was collected from 510-700 nm with a
scan speed of 500 nm/min and 10 nm excitation and emission slit widths. For absorbance
measurements, solutions were transferred to a semi-micro quartz cuvette (Sigma Aldrich,
Z27667-7) and analyzed using an Agilent 8453 UV-visible Spectrometer. Spectra were
recorded from 190 to 1100 nm. The integrated fluorescence emission at each
concentration was plotted against the absorbance at 488 nm. Linear least squares fitting
of the data including a zero intercept (GraphPad Prism 7) was used to determine the
slope, which is proportional to the quantum yield. Quantum yields were calculated as

follows:

®g - Grad, - n%

Gradst ’ r]23t

where; ¢x = quantum yield of the unknown,
dst = quantum yield of the standard,
Grad = slope of the best linear fit,

n = refractive index of the solvent used

Rhodamine 6G, ¢ = 0.96 in octanol,?® was used as the standard. The Grad of Rhodamine
6G was calculated as above, except concentrations of 2-10 nM were used for
determining the integrated fluorescence emission, and absorbance values for those

concentrations were determined by extrapolation based on absorbance measurements
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at higher concentrations. The term n%/m%t = 1, because all measurements were

performed in the same solvent.

(A) Quantification of the quantum yield of the rhodol (B) Quantification of the quantum yield of 58

product 59 relative to rhodamine 6G in n-octanol relative to rhodamine 6G in n-octanol
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(C) Quantification of the quantum yields of 51-57 (D) Quantification of the molar extinction
relative to rhodamine 6G in n-octanol coefficients of 51-59 in DMSO
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Figure 3-18. Photophysical properties of compounds 51-59. Panels A-C: Determination
of quantum yields relative to rhodamine 6G in n-octanol. Panel D: Determination of molar
extinction coefficients in DMSO.
3-10-4. Studies of kinetics of reaction of sensors with SIN-1

A DMSO stock solution (25 uM) of each compound was prepared and diluted
1:1000 with PBS to yield a 25 nM solution. This solution was vortexed to mix and 200 L

was transferred by micropipette into each of 6 wells of a black fluorescence Microfluor 1
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Flat-Bottom 96-well Plate (Fisher Scientific, 7605). A freshly made aqueous stock solution
of SIN-1 (2 pL, 100 mM, AdipoGen, AG-CR1-0027-M050) was added to 3 wells of each
probe for a final concentration of 1 mM SIN-1. The plate was analyzed immediately using
a Packard Fusion Universal Microplate Analyzer using a Fluorescein 485 excitation filter,
a Fluorescein 530 emission filter, top fluorescence with light intensity set to 1, 0.1 s
integration, high intensity orbital shaking for 10 s before every reading, and 30 s intervals
between readings. Efficiency of addition of SIN-1 limited the number of probes analyzed
to 3—4 per run. All probes were analyzed on the same day using the same solution of
SIN-1. Background-subtracted values were curve fitted by non-linear regression with a

one-phase association model (GraphPad Prism 7) to determine half-times.

3-10-5. Determination of the limit of detection of peroxynitrite by 53

A normalized DMSO stock solution of sensor 53 in DMSO (50 uyM) was diluted
1:1000 with PBS (pH 7.4) to yield a 50 nM solution (0.1% DMSO). The concentration of
a stock solution of pure ONOO~ was measured by absorbance spectroscopy and diluted
with ag. NaOH (0.1 M) to provide additional stock solutions. These solutions were diluted
1:1000 into solutions of 83 for analysis in triplicate. These solutions were mixed and
incubated at room temperature in the dark for 5 min before being transferred to a quartz
cell for analysis by fluorescence spectroscopy. The detection limit of 53 was determined
based on a reported method.38%7 The fluorescence emission at 526 nm were normalized
between the minimum intensity (0 nM ONOO™, Fnin) and the maximum intensity (500 nM

ONOO, Fmax) using the following equation: (F-Fmin)/(Fmax-Fmin). These values were
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plotted against the concentration of ONOO~ (60 nM—-400 nM) and analyzed by linear

regression (GraphPad Prism 7) to establish the limit of detection as the x-intercept.

3-10-6. Analysis of selectivity of sensor 53 towards peroxynitrite compared with
other oxidants

A normalized DMSO stock solution of sensor 53 in DMSO (50 pM) was diluted
1:1000 with PBS (pH 7.4) to yield a 50 nM solution (0.1% DMSO). RNS and ROS were
generated as described below and diluted into the solution in volumes that changed the
overall volume by 0.5% or less. These solutions were mixed and incubated at room
temperature for 5 min before being transferred to a quartz SUPRASIL Macro/Semi-micro
cell (PerkinElmer, B0631132). Fluorescence spectra were recorded using a Perkin Elmer
LS-55 fluorescence spectrometer. Samples were excited at 488 nm and emission was
recorded from 510-700 nm with a scan speed of 500 nm/min and slit widths of 10 nm. To
compare the reactivity of 53 towards different reactive species, fluorescence intensity at
526.5 nm was plotted and analyzed using one-way ANOVA correcting for multiple
comparisons using Sidak’s multiple comparisons test with a single pooled variance using
alpha 0.05 (Prism 6). Comparisons were made between 53 alone and 53 indicated with
each indicated species. *** indicates 0.0001 < p < 0.001; **** indicates p < 0.0001 (Fgiure

3-8).

Methods for generation of RNS/ROS:
ONOOQO™: Peroxynitrite (ONOO~) was synthesized by modification of the procedure of

Robinson and Beckman.® An aqueous solution of hydrogen peroxide (0.6 M, 185 L) in

201



hydrochloric acid (0.7 M) was added to aqueous sodium nitrite (0.6 M, 200 uL) at 4 °C.
The mixture was made alkaline by rapid addition of aqueous NaOH (3 M, 200 pL). This
mixture was treated with manganese dioxide freshly prepared as described by Robinson
and Beckman® at 4 °C. After 10—15 min, the resulting suspension was filtered to yield a
solution of ONOO~ (up to 48 mM). The concentration of ONOO~ was verified by
absorbance spectroscopy (e = 1670 M-'cm™ at 302 nm in aq. NaOH, 0.1 M). ONOO~ was
diluted 1:1000 with aq. NaOH (0.1 M) to provide stock solutions. These solutions were

diluted into solutions of 53 for analysis.

CIO~: Commercial bleach was diluted with DI water (1:1000) to generate stock solutions
(50 uM and 2.5 mM) that were diluted into solutions of 53. The concentration was verified

by absorbance spectroscopy (¢ = 350 M-'cm™" at 209 nm) in water.

eOH: hydroxyl radical was generated using the Fenton reaction.®* Briefly, an aqueous
stock solution of ammonium iron (Ill) sulfate hexahydrate (5 mM, Alfa Aesar, A12473)
and an aqueous stock solution of H202 (50 mM, see below) were prepared. Each was
diluted immediately 1:1000 into the probe solution to yield a final concentration of 5 yM

hydroxyl radical.

H202: 30% hydrogen peroxide (Fisher, BP2633) was diluted in DI water to generate a

stock solution (5 mM) that was diluted 1:1000 into a solution of 3. The concentration was

verified by absorbance spectroscopy using ¢ = 43.6 M-'cm" at 240 nm in water.
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O2: A saturated DMSO stock solution of potassium superoxide (1 mM, Acros,
355420250) was prepared. This solution was diluted 1:200 into the solution of 53 to yield

5 uM superoxide (0.6% DMSO).

t-BuOOH: tert-butyl hydroperoxide solution (70%, Alfa Aesar, A13926) was diluted in DI

water to yield a 5 mM stock solution that was diluted 1:1000 into the solution of 53.

NO: A solution of sodium nitroferricyanide (lll) dihydrate (5 mM, SNP, Alfa Aesar, A15656)
was prepared in PBS and allowed to sit at room temperature for 0.5 h. It was subsequently

diluted 1:1000 into the solution of 53.

Analysis of conversion of 53 to 59 by SIN-1 by HPLC: HPLC profiles were acquired
on Agilent 1220 Infinity LC equipped with Agilent PLRP-S reverse phase column (8 um
particle size, 4.6 mm x 250 mm) and diode array detector. Elution was achieved with a

gradient of water and acetonitrile (90:10 to 0:100 containing 0.1% TFA) over 25 min.

3-10-7. Biological assays and protocols

Cell culture: RAW264.7 macrophages (ATCC TIB-71) were a kind gift of Prof. Sue Lunte.
These cells were cultured in complete media comprising DMEM (Sigma Aldrich D6429)
supplemented with fetal bovine serum (10%, Hyclone-characterized FBS, SH3039603),
penicillin (100 units/mL, Sigma Aldrich P4333), and streptomycin (100 pg/mL, Sigma
Aldrich P4333). Cells were grown in T75 flasks (CytoOne CC7682-4875) and incubated

at 37 °C with 5% CO:..
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Flow cytometry: A Beckman Coulter Cytoflex S (B2-R0-V2-Y2) flow cytometer was used
for cellular analysis. Cells were excited with 405 nm and / or 488 nm diode lasers and
emitted photons were collected through 450/45 BP (Pacific Blue), 525/40 BP (sensors),
or 690/50 nm BP (PI) filters. FSC threshold was set to 500,000, flow speed was fast,
mixing and backflush times were 5 s, and cells were collected until 10,000 cells were
collected, unless otherwise specified. Background fluorescence from treatment with

vehicle alone was subtracted from cellular fluorescence for analysis.

Labeling of TentaGel beads: TentaGel M NH> microspheres (5 mg, Rapp Polymer,
M30102) were allowed to swell in PBS (1 mL, 1 h) while agitated on a Titer Plate Shaker
(speed 7). Based on the loading capacity of the beads (0.21 mmol/g), the solution of
amines was ca. 1 mM. The solution was split into two aliquots (500 yL each) that were
then each diluted to 1 mL (~ 0.5 mM amines). To one aliquot, a solution of N-
succinimidyl N-(2,4-dinitrophenyl)-6-aminocaproate (DNP-X-NHS) (3 pyL, 50 mM, Sigma
Aldrich, 55472) in DMSO was added. To the other, the N-succinimidyl ester of Pacific
Blue (Pacific Blue-NHS, prepared as previously described® or commercially available) in
DMSO (3 uL, 20 mM) was added. The solutions were shaken at room temperature (1 h).
The beads were then pelleted by centrifugation on a personal microcentrifuge (USA
Scientific Plastics, 2631-006, ~30 s), and the supernatant was removed by pipette. The
beads were washed once with EtOH (1 mL) and twice with PBS (pH 7.4, 0.3 mL). The
Pacific Blue-labeled beads were diluted to a final volume of 800 pL in PBS and stored at

4 °C until use. The DNP-labeled beads were incubated with rabbit Anti-DNP 1gG (50 pL,
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Vector Laboratories, SP-0603) additionally labeled with Pacific Blue-NHS (2 uM, DOL 4—
5) with shaking at room temperature for 1 h. This antibody was labeled with Pacific Blue
on lysines by incubating Anti-DNP (100 uL, 7 uM) with Pacific Blue-NHS (0.2 pL, 20 mM)
for 0.5 h (37 °C) in a Big Shot Ill Hybridization Oven. To purify the conjugate, Sephadex
G-25 resin (Superfine, Sigma, S5772) was suspended in PBS (pH 7.4). The resulting
slurry (950 pL) was added to a minispin column (USA Scientific, 1415-0600) and
centrifuged (16,000 x g, 20 s) to remove the buffer and pack the resin. The antibody
solution was loaded onto the packed resin and centrifuged (16,000 x g, 30 s) to separate
the protein from the unconjugated Pacific Blue. The DOL was determined by comparing
the absorbance at 280 nm and 425 nm (IgG 280 nm &1% (10 mgimL) = 13.7 Lg-'cm™, Pacific
Blue 425 nm ¢ = 29,500 M'cm'), as measured with a Nanodrop 1000
Spectrophotometer. The beads were diluted to a final volume of 800 yL of PBS, and
stored at 4 °C until needed, but were used within two days to maximize activity. Beads
were counted by diluting 20 uL of beads with media (180 pL) in duplicate in a non-treated
96 well plate (USA Scientific Plastics, CC7672-7596). The beads were analyzed by flow
cytometry using a Beckman Coulter Cytoflex S flow cytometer. The FSC threshold was
set to automatic, flow speed was fast, mixing time was 5 s, backflush time was 5 s, and
beads were collected for 20 s. The average of these samples was used to determine to

volume of beads to add to cells.

Assays of phagocytosis: RAW264.7 macrophages were seeded on a non-treated 96-
well plate (USA Scientific Plastics, CC7672-7596) in complete medium at 40,000 cells in

200 pL per well 16 h prior to treatment. These cells adhere to treated plastic very strongly,
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and the use of non-treated plates was required for subsequent release and analysis of
cells by flow cytometry. Fluorescent sensors were diluted from DMSO stock solutions into
complete media to a final concentration of 10 uM probe and 0.5% DMSO. Because
commercial hydroxyphenyl fluorescein (HPF, ThermoFisher Scientific) is supplied in
DMF, solutions of this probe contained 0.2% DMF instead of DMSO. Components of
complete DMEM medium can affect the fluorescence of HPF, so this sensor, and 3.3 for
direct comparison, was added to Hank’s Balanced Salt Solution (HBSS, Corning, 21-022-
CV, pH 7.4) instead of DMEM. Labeled TentaGel beads were added to this complete
medium or HBSS (200,000 beads/mL). For the incremental increase assay shown in
Figure 3-12, bead counts used are indicated. The original media was carefully removed
from all wells by aspiration and replaced with the treatment media containing beads and
sensors (200 pL per well) in triplicate. After incubation of treated cells at 37 °C for 4 h,
aqueous propidium iodide (20 pL, 30 uM, ThermoFisher Scientific, P1304MP, Pl) was
added to each well for a final concentration of 3 uM PI. A p200 multichannel pipette was
used to release the cells from the plate using sheer force. For comparison of 53 with HPF
and FI-B, treated media or HBSS was aspirated from the wells and replaced with fresh
media or HBSS containing Pl (3 pM, ThermoFisher Scientific, P1304MP). This was to
account for the high background fluorescence of FI-B and to remain consistent with
previously reported use of this sensor to detect peroxynitrite.2® Cells were analyzed by
flow cytometry using a Beckman Coulter Cytoflex S flow cytometer. The FSC threshold
was set to 500,000, flow speed was fast, mixing time was 5 s, backflush time was 5 s,
and cells were collected until 10,000 cells were counted. Viability was determined by

gating based on Pl staining. The tentagel beads take up significant amounts of PI, making
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them brighter than living cells in that channel, allowing for gating to exclude the beads.
Additionally, labeling of tentagel beads with Pacific Blue makes them significantly brighter
than cells when excited at 405 nm. This allows the 405 channel to be used as secondary
assurance that all beads are excluded from gating of live cells. Median values of
fluorescence of living cells in the FITC-A channel were compared. Statistical significance
was analyzed using one-way ANOVA correcting for multiple comparisons using Sidak’s
multiple comparisons test with a single pooled variance using alpha 0.05 (Prism 6).
Comparisons were made between cells treated with each sensor alone and each
indicated treatment. For the incremental assay in Figure 3-12, comparisons were
performed between the indicated columns. * indicates 0.01 < p < 0.05; ** indicates 0.001

< p <0.01; ** indicates 0.0001 < p < 0.001; **** indicates p < 0.0001.

Analysis of cytotoxicity: Cells were seeded on a non-treated 96-well plate (USA
Scientific Plastics, CC7672-7596) in complete medium at 40,000 cells in 200 pL per well
16 h prior to treatment. This use of non-treated plates was required for subsequent
release and analysis of cells by flow cytometry. All compounds were serially diluted in
DMSO and added to complete medium to achieve a 1:1000 dilution factor, where
possible. Because the solubility of 53 in DMSO is limited to ~2 mM, a final concentration
of 0.5% DMSO was used for all samples. The original media was carefully removed from
all wells by aspiration and replaced with treatment media (200 uL per well) at the
concentrations indicated in triplicate. Plates were incubated for 48 h at 37 °C. The media
was then carefully aspirated from each well and replaced with complete media containing

propidium iodide (3 uM, ThermoFisher Scientific, P1304MP, PI). The media was pipetted
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up and down multiple times to release cells from the plate and to break up clumps of cells.
The total living cell-count for each well was determined by flow cytometry using a
Beckman Coulter Cytoflex S flow cytometer. The FSC threshold was set to 500,000, flow
speed was fast, mixing time was 5 s, backflush time was 5 s, and cells were collected for
20 s per well. Staining with Pl was used to identify populations of live cells. Counts of
viable cells for each treatment, determined in triplicate, were used to generate dose-
response curves. These curves were fitted by non-linear regression with an inhibitor vs.

response variable 4-parameter model (GraphPad Prism 7) to determine 1Cso values.

Confocal microscopy: Imaging was performed using an inverted Leica TCS SPE
confocal laser-scanning microscope fitted with a Leica 63x oil-immersion objective.
Fluorescent probes were excited with either a 405 nm or 488 nm solid-state laser and
emitted photons were collected from 425-500 nm or 500-600 nm. Unless otherwise noted,
laser power and PMT gain settings were identical for all images acquired within a given

experiment to allow accurate comparisons of cellular fluorescence.

Analysis of subcellular localization: RAW264.7 macrophages were scraped to
passage and diluted to 300,000 cells/mL in complete medium. These cells were plated in
ibiTreat-coated p-Slide 8-well (ibidi, 80826) containing 300 yL of media per well and
incubated at 37 °C overnight. The next day, the wells were washed once with complete
media before treatment with fluorescent probes. Fluorescent sensors in DMSO stock
solutions were diluted into complete media and added to cells. ER-Tracker Blue-White

DPX (Invitrogen, E12353) was diluted in DMSO to 100 uM followed by 1:1000 dilution
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with complete media. FeTMPyP (Cayman Chemical, 75854, 25 mM stock in PBS, pH 7.4)
was diluted 1:500 into media containing sensors. Labeled tentagel beads (prepared as
described above) were added to cells at 200,000 beads/mL. Cells were incubated for 4 h
at 37 °C followed by imaging by confocal microscopy (without washing). To analyze the
diffusion of the fluorescent rhodol 59 out of cells, wells treated with 53 / beads / IgG were
imaged, washed once with complete media, then imaged again immediately and over a
20 min period. Imaging was performed using an inverted Leica TCS SPE confocal laser-
scanning microscope fitted with a Leica 63x oil-immersion objective. Sensors were
excited with a 488 nm solid-state laser and emitted photons collected from 500-600 nm.
ER-Tracker Blue-White DPX was excited with a 405 nm laser and emitted photons were
collected from 425-500 nm. Phagocytosed beads were identified by morphological
changes to the cells such as compression of the nucleus around the bead. Addition of the
rabbit anti-DNP 1gG was necessary for phagocytosis. Antibody-opsonized beads but not
Pacific Blue-modified beads were observed to be phagocytosed by microscopy. About
10% of antibody-opsonized beads were phagocytosed. Leica LAS X 2.0.1 software was
used to quantify cytosolic and nuclear fluorescence. Regions of interest (ROI) of various
sizes were drawn within the cytosol, nucleus, and cell-free regions. Mean fluorescence
per pixel was calculated using Leica LAS X 2.0.1 software. ROI from cell-free regions
were used to subtract background fluorescence. GraphPad Prism 7 was us to compare

the mean fluorescence values (N=20 for each subcellular region).
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Chapter 4

Studies of proximity-driven bioconjugation of antibodies

4-1. Introduction

As described in Chapter 1, antibody drug conjugates (ADCs) are complex
therapeutics that use the targeting capabilities of antibodies (mAbs) to deliver toxins to
cancer cells. ADCs can overcome resistance to and improve the efficacy of therapeutic
antibodies and improve the side effect profile of potent toxins. Each ADC consists of an
antibody, a linker, and a toxin, each which must be optimized. When designing linkers,
not only the toxin release method, but also the method of conjugation to the antibody
must be considered.

Traditionally, the toxins of ADCs are linked to the antibody through either cysteines
or lysines. Of the ADCs approved by the United States Food and Drug Administration
(FDA) for the treatment of cancer, Adcetris is the only one to use cysteine residues for
linkage.! Mylotarg,? Kadcyla,® and Besponsa* all link the toxins through lysine residues.
Lysine residues are readily available and react quickly with N-hydroxysuccinimide (NHS)
esters. Immunoglobulin G (IgG) antibodies contain an average of 90 lysines,® and random
labeling of these residues generates heterogenous ADCs. In contrast, each natural
antibody contains only 32 cysteines, 24 of which are involved in intra-chain disulfide
bonds and 8 of which are involved in inter-chain disulfide bonds (Figure 4-1). Different
methods have been developed to either fully or partially reduce the inter-chain bonds,

generating relatively homogenous ADCs with 0, 2, 4, 6, or 8 toxins per antibody."57
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Figure 4-1. Structure of an IgG. Each IgG consists of 2 heavy chains and 2 light chains,
held together by 4 inter-chain disulfide bonds. When these disulfides are reduced,
hydrophobic interactions and other forces continue to hold these chains together.

Lysine-linked ADCs are heterogenous. As an example, the lysine-linked FDA-
approved Kadcyla has an average drug to antibody ratio (DAR) of 3.5, with the number
of toxins per antibody ranging from 0 to 8. Peptide mapping has revealed that out of the
88 lysines and 4 N-terminal amines present in the parent antibody Herceptin, 70 sites can
be modified.? The first ADC to be approved, Mylotarg has a DAR of 3, but consists of
~50% unconjugated antibody and ~50% ADC with a DAR of 6.° Besponsa is relatively
new, and relatively little information concerning it is available, but according to the
information that Pfizer provides to physicians, this ADC has a DAR of 6, with a distribution
from 2 to 8.'° Studies of ADCs undergoing clinical and preclinical evaluation have shown
similar heterogeneity, indicating that a single batch of an ADC may contain millions of
unique species.'-13

This heterogeneity can be problematic for various reasons. Characterization and
quality assurance are difficult for ADCs, particularly those generated by linking toxins to
lysine residues. For these conjugates, it is necessary to use mass spectrometry and
mathematical modeling to estimate the distribution of drug-linked forms, the fraction of
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antibodies linked to 0, 1, 2, or more drugs.®8'" For conjugates with linkages via cysteine
residues, simpler methods such as hydrophobic interaction chromatography can be used
to calculate the drug distribution and potentially separate ADCs of different DARs.' The
random nature of manufacturing ADCs by linking toxins to lysine residues can lead to
batch to batch variability that can impact efficacy and tolerability.

The number and location of toxins attached to an antibody can profoundly affect
the efficacy and tolerability of ADCs. In in vitro cell culture studies, increasing the DAR of
the ADC can decrease its ICsp, and a DAR as high as 16 can be achieved in some
cases.'*'” There is a limit to this improvement, and DARs higher than 8 can inhibit
antibody binding to antigen,'® whereas a DAR of 4 results in the highest activity in some
cases.’ High DARs can also lead to aggregation and instability. In an in vivo mouse
xenograft model, lower DARs have been shown to be associated with enhanced activity. 4
In this mouse xenograft study, an ADC with a DAR of 4 produced equivalent antitumor
effects as an ADC with a DAR of 8 while maintaining a better therapeutic index. The ADC
with the higher DAR was found to have faster clearance, and therefore lower exposure.'
The location of toxin attachment can also be important. Attachment within the antigen
binding site can affect binding, and differences in the ADC microenvironment, such as
solvent accessibility and charge state, can affect linker stability.’® When the exact number
and location of toxins linked to an antibody are not controlled, it is difficult, if not
impossible, to control the properties of the ADC and ensure batch to batch equivalence.

For these reasons, there is a push to develop new methods to generate more
homogenous ADCs. As mentioned above, cysteine-linked ADCs are less heterogenous

than lysine-linked ADCs, but they are still more heterogenous than desired. Additionally,
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the traditional method of generating cysteine-linked ADCs, forming thioethers through the
reaction of cysteine residues with maleimides, generates ADCs with drugs that can be
released by a retro-Michael reaction (Figure 4-2).'8-20 Methods have been reported to
improve the stability of this linker?'-?2 as well as to use bifunctional linkers to tether toxins
while re-forming inter-chain disulfides.?® Additionally, antibodies have been mutated to
contain fewer?* or additional'®25-2° cysteines available for modification, providing more
control over the DAR and conjugation site of the generated ADC.
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Figure 4-2. Attachment and release of a drug to the cysteine of an antibody through a
maleimide linker. (A) Base-catalyzed reaction of the thiol of a cysteine residue with a
maleimide linker.3° (B) Base-catalyzed release of the drug through a retro-Michael
reaction. The released drug can then react with other available thiols, commonly a
cysteine residue of serum albumin.8-20

In addition to improving the more traditional conjugation methods, new methods
are being developed. Other natural amino acids such as selenocysteine,?! tyrosine,*? and
methionine®? have been incorporated into mAbs to allow for site-specific conjugation of
toxins. Unnatural amino acids have also been incorporated into mAbs to generate unique
reactive handles for toxin conjugation.®*-3¢ VVarious methods have also been developed to
modify the glycans attached to antibodies to generate sites of attachment for toxins.3%-43

Transpeptidases such as sortase have been used to link toxins to antibodies, requiring

that the recognition sequence of the enzyme be encoded into the sequence of the
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antibody using methods such as CRISPR.444® These new methods are contributing to the
large number of ADCs in clinical development, but none have yet lead to an FDA-
approved therapeutic.

Many of these methods require alterations to the sequence of antibodies, often
requiring optimization of each individual antibody and rendering the use of off-the-shelf
antibodies impossible. One method being used to circumvent these issues takes
advantage of the selective binding between 1gG-binding proteins and IgG. This binding
brings specific residues of the antibody close to reactive residues on the IgG-binding
protein, potentially allowing for proximity-driven labeling of the antibody. Protein A and
Protein G are 42-56 kDa bacterial proteins that bind IgG in a specific orientation. Both
proteins are composed of small domains (around 6-8 kDa each) that are individually able
to bind IgGs and can be produced rapidly in large quantities through bacterial
overexpression, cell-free systems, and solid phase peptide synthesis. Modification of
these domains with a photoreactive crosslinker and a secondary reactive tag or desired
active group such as a fluorophore or toxin allows for the site-selective labeling of
unmodified antibodies (Figure 4-3 A).#64% A metallopeptide catalyst®® and the non-
canonical amino acid 4-fluorophenyl carbamate lysine%'%? (Figure 4-3 B) were developed
to avoid the use of UV light to induce crosslinking. Each of these methods uses the
selective binding of the engineered protein domain to induce proximity-driven, site-
specific labeling of various classes of native IgG. Unfortunately, with the exception of the
metallopeptide catalyst, each produces an antibody modified with the entire 6-8 kDa
peptide domain. These modified antibodies bind their targets in cell culture, but given the

importance of Fc receptors, cell surface proteins that bind antibodies at the same sites
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bound by these proteins, to their in vivo half-lives, it is unclear what effects such large

labels will have on bioavailability and clearance rates in vivo.
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Figure 4-3. Proximity driven labeling of antibodies using antibody binding proteins.
Domains of IgG binding proteins such as Protein A and Protein G can be engineered to
contain a photoreactive crosslinker or other reactive residue and labeled with toxins,
fluorophores, or reactive tags. When these domains are incubated with 1gG, the two
proteins bind, bringing the reactive tag of the smaller protein into close proximity with
specific residues of the 1gG, covalently labeling the 1gG in a site-specific manner.
Proximity-driven reactions are also used to label proteins with small molecules to
enable various experiments. These reactions can be used to label lysines,%-5¢
cysteines,%”-%® and other residues®®-%* with small molecules such as fluorophores, biotin,
and reactive tags in order to study protein-protein interactions using methods such as

fluorescence microscopy and mass spectroscopy. The Peterson Lab has previously

demonstrated the selective transfer of a fluorinated pyronin fluorophore from lysines of
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the Fc region of human IgG to four homologous lysines out of 118 total lysines of Protein
A (SpA).*® The selectivity of this transfer was hypothesized to be caused by the unique
proximity of the involved lysines, as depicted in the X-ray crystal structure of the Fc region
of human IgG bound to a fragment of SpA. The selectivity of the proximity-driven reaction
engenders the question of whether the opposite reaction might be possible. In other
words, could site-specific antibody conjugates be created by first labeling SpA with a
transferable tag and then incubating the labeled SpA with 1IgG?

In this chapter, we explore the use of proximity-driven bioconjugation to create
antibody conjugates. SpA and simplified fragments were labeled with a fluorescent tag
containing a labile ester and incubated with human IgG. SDS-PAGE, HPLC, and mass
spectroscopy were then used to analyze the generated conjugates. We hypothesized that
such a system might be used to produce more homogenous antibody conjugates than

random lysine labeling reactions.

4-2. Studies using native Protein A

As previously mentioned, Protein A (SpA) is a bacterial protein that binds to human
IgG. It is expressed by Staphylococcus aureus as both a membrane-bound surface
protein and a soluble excreted protein and consists of 5 homologous IgG binding
domains, each capable of binding to both the Fc and Fab fragments of IgG from many
species of mammals including humans.®567 SpA protects S. aureus from immune attack
through multiple mechanisms, including binding IgG on the surface of the bacteria, which
coats the bacteria in IgG incorrectly positioned to bind to Fc receptors on immune cells,

and binding to and sequestering 1gG in the extracellular space. Both of these actions
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prevent the opsonization and phagocytosis of S. aureus,?8%° and have even been shown
to protect other bacteria co-cultured with S. aureus.”® Additionally, SpA is used to purify
antibodies from complicated mixtures such as serum,”" and can be used to indirectly label

antibodies with fluorophores or other conjugates.

The binding of SpA to IgG is specific and well defined, and several structures of
these complexes have been solved.?67274 SpA contains about 60 lysines,”® some of
which are in close proximity to lysines of IgG when the two proteins are bound. Given the
evidence that small molecules can be selectively transferred from lysines of human IgG
to SpA,®® we hypothesized that a similar reaction in the opposite direction could be used
to selectively label 1gG. To test this concept, Dr. Chamani Perera synthesized a set of
fluorescent probes including a potentially transferrable probe containing a labile ester
bond (85) a less reactive amide control (86), and a control for random labeling (87) (Figure

4-4).
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Figure 4-4. Structures of a potentially transferable fluorescent label, a non-transferable
amide control, and a control for random labeling.

To study this approach, lysines of SpA were randomly labeled with the NHS esters
85 and 86. Both SpA conjugates were subsequently incubated overnight with 1gG to give
the proteins sufficient time to bind and for the transferable label to react with lysines within
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close proximity. We hypothesized that we would see transfer of fluorophore from SpA
labeled with 85, but not from the SpA-86 conjugate. Additionally, IgG was labeled with 87

as a control for random labeling (Figure 4-5).
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Figure 4-5. Proximity driven bioconjugation of antibodies. We hypothesized that labeling
Protein A with 85 followed by incubation with 1IgG would lead to the directed labeling of
the antibody due to the transfer of fluorophore from lysines of Protein A to lysines of IgG
brought into close proximity by binding of the two proteins. IgG randomly labeled with 87
acts as a positive control for random labeling of IgG. The SpA-86 conjugate acts as a
negative control since the amide bond tethering the fluorophore to the antibody is not
reactive towards amines under these conditions, preventing transfer.

Several methods were used to analyze this system. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by visualization on a UV

transilluminator provided a simple method to examine transfer of fluorescence. As
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previously described, SpA was randomly labeled with 85 and 86 and incubated with IgG.
These reaction mixtures were analyzed by SDS-PAGE and compared with 1IgG-87 as a
positive control. The gel was run under reducing conditions to allow analysis of transfer
to the separated heavy and light chains of IgG. As can be seen in Figure 4-6, transfer of
fluorescence from SpA-85 to IgG is observed and increases with increasing concentration
of SpA-85, but this transfer is not observed with SpA-86. However, the heavy chain of
IgG and SpA run very closely on the gel, and protein diffusion is observed, further

complicating the analysis.
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Figure 4-6. SDS-PAGE analysis of the transfer of fluorophore from SpA-85 to IgG. The
image taken on a UV transilluminator (left) shows the transfer of fluorescence from SpA-
85 (indicated with white arrows) to IgG but not from SpA-86. This transfer increases with
increasing concentration of SpA-85 and is more pronounced on the heavy chain of IgG.
IgG randomly labeled with 87 acts as a positive control for the fluorescent IgG chains.
[SpA-85/86]: 1, 5, 25 uM. [IgG]: 5 uM. SpA-85 DOL: 4.0. SpA-86 DOL: 3.6. IgG-87 DOL:
4.9. Proteins were incubated for 16 h at 37 °C prior to analysis.

Tryptic digestion followed by mass spectroscopy-based protein sequencing was
performed in tandem with SDS-PAGE to analyze the transfer of the fluorophore. For this

experiment, the monoclonal IgG Herceptin was used in place of pooled human IgG to
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increase the homogeneity of the sample. SpA was labeled with both the transferable label
(85) and the non-transferable control (86). Herceptin was added with incubation overnight
(16 h), followed by SDS-PAGE analysis of the reaction solution (Figure 4-7). The
difference in apparent molecular weight between the SpA used in this experiment and
that shown in Figure 4-6 is presumably due to their different sources (recombinant vs. S.
aureus) and the degradation of this SpA under the reaction conditions. The image of the
gel taken on the UV transilluminator suggests that more fluorescence is transferred from
SpA-85 to the heavy chain of Herceptin than to the light chain.

The bands for the heavy chains of both unmodified Herceptin and Herceptin that
was incubated with SpA-85 were excised, digested with trypsin, and analyzed by MS/MS
sequencing by Dr. Nadya Galeva of the KU Mass Spectrometry and Analytical Proteomic
Laboratory. The MS/MS data was not fully conclusive, due in part to the low efficiency of
the label transfer reaction. However, this preliminary data suggests that the fluorophore
was transferred to three (Lys246, Lys288, Lys414) out of the 32 lysine residues found in
each heavy chain of Herceptin (Figure 4-7). Each modification was observed with at least
90% probability. Of these three residues, one (Lys288) was shown by Hymel et. al. to
transfer a pyronin molecule to Lys246 of SpA in a similar but reversed experiment as
discussed in the Introduction section.®® The crystal structure of the B domain of SpA
bound to IgG (Figure 4-7 B) revealed that Lys288 of IgG is only 9 A away from SpA
Lys246, explaining how Lys288 could be labeled. IgG Lys246 is further away from lysines
of SpA (17 A from SpA Lys246 and 20 A from SpA Lys218). From this crystal structure it
is unclear how IgG Lys414 would be labeled by the proximity driven reaction given its

distance from any SpA residues and why IgG Lys248 would not be labeled given that it
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closer to SpA than Lys246. However, SpA has also been reported to have some affinity
for the Fab fragments of human IgG, and that interaction may contribute to transfer of the

fluorophore. Similar analysis of the light chain of Herceptin was not performed.

(A) SDS-PAGE analysis of proximity driven bioconjugation of Herceptin
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(B) Model highlighting the labeled lysines of Herceptin based on protein sequencing

Figure 4-7. Analysis of proximity driven bioconjugation of Herceptin. (A) SDS-PAGE
analysis. The image using a UV transilluminator clearly shows the transfer of fluorescence
from SpA-85 to Herceptin but not from SpA-86. Transfer appears more prominent to the
heavy chain of Herceptin than to the light chain. [SpA-85/86]: 25 uM. [Herceptin]: 5 uM.

231



SpA-85 DOL: 5. SpA-86 DOL: 5. Proteins were incubated for 16 h at 37 °C. (B) X-ray
structure of the Fc region of human IgG (blue) bound to Fragment B of SpA (red, PDB ID
1FC2). Carbohydrates of IgG were omitted for clarity. Lysine residues are shown as CPK
models. Lysine residues identified by protein sequencing as possibly being modified by
the transferred fluorophore are highlighted in green.

A limitation of the analysis of these reactions was that full peptide coverage
of the heavy chain was not achieved. Peptides accounting for 63% of the heavy chain
were found, accounting for 19 of the 32 lysine residues. It is possible that other lysines
were also modified, reducing the apparent selectivity of the transfer reaction. Herceptin

randomly labeled with 87 would have served as an enlightening control but was not

analyzed.

To improve this approach, attempts were made to simplify this system. The
similarity of molecular weight between SpA and the heavy chain of IgG, along with the
diffusion of fluorescence on the SDS-PAGE gels made analysis difficult. Immobilized SpA
resin was labeled with 85 and 86 and incubated with IgG, but consistent transfer from
only the SpA resin labeled with 85 was not observed. Additionally, Immobilized SpA resin
was used to attempt to separate the labeled IgG from the reaction mixture, but once again
results were mixed. Because of these issues, and the complexity of SpA itself, a simpler

system designed and investigated.

4-3. Studies using simplified variants of Protein A

As previously mentioned, SpA consists of five homologous domains, each of which
has affinity for 13G.%% In 1987, a simplified IgG-binding protein based on the sequence of
SpA domain B was generated.”® The B domain was selected due to its sequence being

the closest to the hypothetical consensus sequence of the binding domains and because
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of its lack of methionine. The lack of methionine allows the protein to be treated with
cyanogen bromide, which cleaves proteins after methionine residues, for immobilization
on agarose and other solid supports. The new protein domain, known as the Z domain,
also contains a carefully designed glycine to alanine mutation that blocks the sensitivity
of the protein to treatment with hydroxylamine, which cleaves asparagine-glycine peptide
bonds. Both of the lack of methionine and the point mutation allow for the use of Z domain
as a fusion protein that could be cleaved using cyanogen bromide or hydroxylamine.’®
Soon after the development of the Z domain, its dimer the ZZ domain was used as a
fusion protein to aid in the expression and purification of human insulin-like growth
factor.”’

The ZZ domain of SpA is much simpler than full length SpA, yet it binds tightly to
IgG. SpA is a 45 kDa protein that contains about 60 lysines, whereas the ZZ domain is a
16 kDa protein that contains only 12 lysines. Although SpA and the B domain bind to both
the Fc and Fab fragments of IgG, the Z domain only binds to the Fc fragment.®> Binding
to the Fc fragment is more desirable than binding to the Fab fragment because labeling
of the Fc fragment is less likely to block binding of the antibody to its target. We
hypothesized that the lower number of lysines and simplified binding of this protein to IgG
could improve the proposed proximity driven bioconjugation system.

To test this hypothesis, we designed a synthetic gene encoding the SpA ZZ
domain (SpA-ZZ-12Lys) as well as a further simplified version with six lysine to arginine
mutations, providing a total of 6 lysines (SpA-ZZ-6Lys). The 6 remaining lysines in SpA-
ZZ-6Lys correspond to three pairs of homologous residues split between the two fused Z

domains (Figure 4-8 A). These were chosen based on a crystal structure of the C domain

233



of SpA bound to IgG (PDB 4ZNC). This crystal structure shows a more complete structure
of SpA that includes more lysines than the structure of the B domain bound to IgG (PDB
1FC2). The C domain is only different from the B domain by five residues, and the
structures are highly similar.” This structure shows four of the six lysines of the SpA
domain. The lysines corresponding to SpA Lys218 and Lys246 are clearly in close
proximity to IgG, while Lys260 and Lys261 are not. Additionally, although they are not
observed in the structure, it appears that Lys215 would be more likely to interact with 1gG
than Lys269. For this reason, SpA-ZZ-6Lys was designed to contain lysines 215, 218,
and 246. Each gene also includes a single cysteine residue at the C-terminal to allow for
attachment to a solid support to potentially simplify analysis of the proximity-driven

transfer reaction.
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(A) Sequence of SpA and SpA variants
SpA B Domain Sequence (212-269)
Ly321t;>l \LLy3218 Ly3246N Ly3260/2§lll Ly3269N
ADNKFNKEQQ NAFYEILHLP NLNEEQRNGF IQSLKDDPSQ SANLLAEAKK LNDAQAPK
SpA-ZZ-12Lys Sequence
EFAQHDEA
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEAKK LNDAQAPK
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEAKK LNDAQAPK
VDGGC
SpA-ZZ-6Lys Sequence
EFAQHDEA
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEARR LNDAQAPR
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEARR LNDAQAPR
VDGGC
(B) Crystal structure of the C domain of SpA bound to IgG

SpA Lys261- k&), SPA C-terminus

Figure 4-8. (A) Sequence of simplified SpA variants compared to the B Domain of SpA
(Uniprot ID P02976). SpA-ZZ-12Lys is identical in sequence to two fused B domains with
the exception of the leader sequence at the N terminus, the alanine to valine mutation at
the N terminus of each domain, and the addition of a cysteine residue with a short linker
at the C terminus. (B) X-ray structure of the Fc region of human IgG (blue) bound to
Fragment C of SpA (red, PDB ID 4ZNC). Lysine residues are shown as CPK models.
Lysine residues identified by protein sequencing as possibly being modified by the
transferred fluorophore are highlighted in green.

The synthetic genes encoding these proteins were ordered from GenScript, cloned
into an E. coli expression vector, overexpressed, and purified using affinity
chromatography. A representative SDS-PAGE analysis of the purification of SpA-ZZ-6Lys

is shown in Figure 4-9.
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Figure 4-9. Purification of SpA-ZZ-6Lys after overexpression in E. coli. SpA-ZZ-6Lys was
purified using a Ni-NTA affinity column. Samples from each step of the purification were
analyzed using non-reducing SDS-PAGE. The desired protein was collected in good
purity with a yield of about 7 mg/L of LB media. A higher yield could potentially have been
attained by use of FPLC for purification, as evidenced by the presence of the desired
product in the insoluble fraction and the column flow-through.

Comparisons of the simplified SpA-ZZ-12Lys and -6Lys with each other and with
full-length SpA by SDS-PAGE did not reveal clear differences. Digestion of the IgG with
papain, which cleaves IgG into two Fab fragments and one Fc fragment, after incubation
with both SpA-85 and SpA-ZZ-12Lys-85 indicated that fluorescence was transferred to
both the Fc and Fab portion of the antibody in both cases, although SpA-ZZ-12Lys-85
might have a slight preference for the Fc portion (Figure 4-10). This preference would be
desirable because labeling of the Fc portion of an antibody is less likely to perturb binding
between the antibody and its target. Given that the Z domain has been shown to only bind

to the Fc portion of the antibody, it is unclear why SpA-ZZ-12Lys-85 would label both

fragments, but non-specific interactions resulting from conjugation may play a role.
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Figure 4-10. SDS-PAGE analysis of proximity-driven bioconjugation of IgG from SpA
compared to SpA-ZZ-12Lys. The top panel shows images of a gel run under reducing
conditions, while the bottom panel shows a gel of samples digested with papain.
Fluorescence is transferred from both SpA-85 and SpA-ZZ-12Lys-85 to IgG but not from
either protein labeled with 86. SpA-ZZ-12Lys might preferentially label the Fc fragment of
IgG over the Fab fragment when compared to SpA, but the difference is not clear using
this analysis method. Labeled SpA was not stable to reaction conditions, leading the
smear seen in lanes containing this protein in the images from the UV transilluminator.
White arrows indicate fluorescent bands generated by proximity-driven transfer. [SpA-
85/86]: 25 uM. [IgG]: 5 uM. SpA-85 DOL: 3. SpA-86 DOL: 4. SpA-ZZ-12Lys-85/86 DOL.:
difficult to determine due to low extinction coefficient of protein, but comparable between
the two samples. IgG-87 DOL.: 2.9. Incubated 16 h, 37 °C.
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The differences between transfer from SpA-ZZ-12Lys and -6Lys are also difficult
to interpret. As shown in Figure 4-11, transfer happens from both simplified SpA variants
labeled with 85 but not with 86. The transfer might be more robust from the 12Lys variant,
but it could also be more selective between the chains from the 6Lys variant. The
smearing of the fluorophore on the gel and the close proximity of important bands make
comparison by SDS-PAGE difficult. It is possible that mass spectroscopy-based protein
sequencing could reveal differences between the proximity-driven fluorescence transfer

between the different versions of SpA, but this type of analysis was not performed.
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Figure 4-11. SDS-PAGE analysis of proximity-driven bioconjugation of IgG from SpA-ZZ-
12Lys compared to SpA-ZZ-6Lys. Fluorescence is transferred from both SpA variants
labeled with 85 to IgG but not from either protein labeled with 86. White arrows indicate
fluorescent bands generated by proximity-driven transfer. [SpA-85/86]: 25 uM. [IgG]: 5
MM. SpA-ZZ-12/6Lys-85/86 DOL.: difficult to determine due to low extinction coefficient of
protein, but comparable between the four samples. IgG-87 DOL: 2.9. Incubated for 16 h
at 37 °C before analysis.

Attempts were made to use tryptic digestion followed by high performance liquid

chromatography (HPLC) to analyze the proximity-driven transfer of fluorophores from
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SpA-ZZ-6Lys to Herceptin. However, digests of mixtures of Herceptin and SpA-ZZ-6Lys
were too complex to interpret (data not shown). In order to simplify this analysis, transfer
from SpA-ZZ-6Lys immobilized through its single cysteine residue on SulfoLink Coupling
Resin, an agarose resin activated with iodoacetyl groups, was attempted. Because of the
difficulty of properly washing the resin to remove all excess small molecules, transfer was
consistently seen from immobilized SpA-ZZ-6Lys labeled with both 85 and 86. A second
method met with slightly more success. Free SpA-ZZ-6Lys labeled with 85 and 86 was
incubated with Herceptin. The reaction solution was then added to a microspin column
packed with SulfoLink Resin and allowed to equilibrate to encourage the binding of the
SpA-ZZ-6Lys to the resin. Herceptin should not have any free cysteines available to react
with the resin, so it should bind to a lesser extent and thus be separated from the other
protein. Pure Herceptin was eluted from the column, but much Herceptin was lost in the
process (Figure 4-12 A). Tryptic digest of Herceptin-87, and Herceptin incubated with
SpA-ZZ-6Lys-85 or -86 followed by HPLC analysis showed a clear difference in the
complexity of the labeled proteins when looking at blue fluorescence (Figure 4-12 B).
While there are many peaks present in the Herceptin-87 sample, only a few are seen
from Herceptin incubated with SpA-ZZ-6Lys-85, one of which is also present in the
negative control incubated with SpA-ZZ-6Lys-86, indicating that it could be contaminant
such as remaining labeled SpA-ZZ-6Lys. This assay shows promise, but an increased

yield of the final labeled Herceptin to be digested is needed.
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(A) SDS-PAGE Analysis
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(B) HPLC Analysis
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Figure 4-12. SDS-PAGE and HPLC analysis of the proximity-driven transfer of
fluorophores from SpA-ZZ-6Lys to Herceptin. Transfer from SpA-ZZ-6Lys-85 and not
from -86 can be observed, but this assay suffers from loss of Herceptin during purification
with SulfoLink Resin, leading to low signal on both the gel and during HPLC analysis.
White arrows indicate fluorescent bands generated by proximity-driven transfer.
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[Herceptin]: 5 yM. SpA-ZZ-6Lys-85/86 DOL.: difficult to determine due to low extinction
coefficient of protein, but comparable between the two samples. Her-87 DOL: 4.0.
Incubated for 16 h at 37 °C.

To further simplify the SpA-ZZ-6Lys protein, site-directed mutagenesis was used
to generate three separate proteins, each containing only two homologous lysines (Figure
4-13). We hypothesized that this would allow us to determine which lysine residue(s) of

SpA-ZZ-6Lys were involved in the proximity-driven transfer reaction. Each new variant

was overexpressed in E. coli and purified by affinity chromatography to yield samples of

high purity (Figure 4-14).

SpA-ZZ-6Lys Sequence
EFAQHDEA
VDNKFNKEQQ NAFYEILHLP
VDNKFNKEQQ NAFYEILHLP
VDGGC

SpA-ZZ-2Lys-A Sequence
EFAQHDEA
VDNKFNREQQ NAFYEILHLP
VDNKFNREQQ NAFYEILHLP
VDGGC

SpA-ZZ-2Lys-B Sequence
EFAQHDEA
VDNRFNKEQQ NAFYEILHLP
VDNRFNKEQQ NAFYEILHLP
VDGGC

SpA-ZZ-2Lys-C Sequence
EFAQHDEA
VDNRFNREQQ NAFYEILHLP
VDNRFNREQQ NAFYEILHLP
VDGGC

NLNEEQRNAF
NLNEEQRNAF

NLNEEQRNAF
NLNEEQRNAF

NLNEEQRNAF
NLNEEQRNAF

NLNEEQRNAF
NLNEEQRNAF

IOSLKDDPSQ
IQOSLKDDPSQ

IOSLRDDPSQ
IOSLRDDPSQ

IOSLRDDPSQ
IQSLRDDPSQ

IQSLKDDPSQ
IQSLKDDPSQ

SANLLAEARR
SANLLAEARR

SANLLAEARR
SANLLAEARR

SANLLAEARR
SANLLAEARR

SANLLAEARR
SANLLAEARR

LNDAQAPR
LNDAQAPR

LNDAQAPR
LNDAQAPR

LNDAQAPR
LNDAQAPR

LNDAQAPR
LNDAQAPR

Figure 4-13. Sequences of SpA-ZZ-2Lys variants A-C. The sequence of these three
variants differ only in the position of the two lysine residues.
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Figure 4-14. Purification of SpA-ZZ-2Lys-A after overexpression in E. coli. SpA-ZZ-2Lys-
A was purified using a Ni-NTA affinity column. Samples from each step of the purification
were analyzed using non-reducing SDS-PAGE. The desired protein was collected in good
purity at a yield of about 15 mg/L of LB media.

Each of these simplified SpA-ZZ variants were labeled with 85 and 86 and
incubated with Herceptin as previously described. Analysis by SDS-PAGE suggested that
transfer did occur from the SpA-ZZ variants labeled with 85 but not from those labeled

with 86 (Figure 4-15). However, all signals were weak, and no differences in signal

intensity were discernable when pixel density was quantified with Photoshop.
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Figure 4-15. SDS-PAGE analysis of proximity-driven bioconjugation of Herceptin from
the three SpA-ZZ-2Lys variants (A-C) compared to full SpA. Fluorescence is transferred
from all SpA variants labeled with 85 to Herceptin but not from any protein labeled with
86. White arrows indicate fluorescent bands generated by proximity-driven transfer. [SpA-
85/86]: 25 uM. [Herceptin]: 5 pM. SpA-85 DOL: 4.7. SpA-86 DOL: 4.5. SpA-ZZ-2Lys-
85/86 DOL.: difficult to determine due to low extinction coefficient of protein but assumed
to be 2 due to number of lysines present in protein. Proteins were incubated for 16 h at
37 °C.

To further confirm that proximity-driven transfer occured between all three SpA-
ZZ-2Lys variants, tryptic digestion followed by HPLC analysis was performed. The SpA-
ZZ-2Lys variants were tethered to SulfoLink Resin and labeled with 85 and 86 to allow
for separation from the labeled Herceptin. These labeled Herceptin samples, and
Herceptin labeled with 87, were digested with trypsin and then separated by HPLC with
fluorescence detection. The chromatograms generated by the three samples that had
been incubated with SpA-ZZ-2Lys variants labeled with 85 were nearly identical, and

much simpler than that generated from digestion of Herceptin-87 (Figure 4-16).

Additionally, the chromatograms generated by Herceptin incubated with SpA-ZZ-2Lys
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variants labeled with the amide control 86 showed very little signal, as would be expected

if proximity-driven fluorescence transfer did not occur.
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Figure 4-16. HPLC analysis of proximity-driven bioconjugation of Herceptin from the
three SpA-ZZ-2Lys variants (A-C). The blue fluorescent signal is produced from Herceptin
that was incubated with all SpA variants labeled with 85 while little signal is produced
from Herceptin incubated with any variant labeled with 86. The chromatograms of
Herceptin labeled through the proximity-driven reactions are much simpler than that of
Herceptin randomly labeled with 87.

The results of both the SDS-PAGE and HPLC analysis of the proximity-driven
bioconjugation of Herceptin by the three SpA-ZZ-2Lys variants support the same
conclusion. Fluorophores can be transferred from the lysines of all three 2Lys variants of

the ZZ domain of SpA to Herceptin. Specific lysines of Herceptin involved could potentially

have been identified using peptide mapping, but this was not performed.
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4-4. Conclusions and future directions

We found that Protein A from S. aureus can be used to covalently label Herceptin
with fluorophores via a proximity-driven reaction. To achieve this, the lysines of SpA, or
simplified variants, are randomly labeled with fluorophores that include a linker containing
a labile ester bond. The close proximity of lysines of Herceptin when SpA binds to
Herceptin drives the transfer of the fluorophores by acylating lysine amines. This system
could in theory be used to generate more homogenous antibody drug conjugates, but
improvements are necessary to make this approach practical.

First, the selectivity of the system needs to be further explored. Here, a single mass
spectroscopy-based peptide sequencing experiment was performed using native SpA as
the transfer agent. This experiment would need to be repeated to generate more
conclusive and comprehensive results, and similar experiments comparing the selectivity
of transfer from each of the simplified SpA variants would also be beneficial. Ideally,
peptide sequencing experiments would be performed in tandem with SDS-PAGE analysis
to provide both the sequencing data and the visual confirmation using fluorescent gels.
These results would be instructive as to which variant(s) provide the most desirable
labeling pattern (degree of labeling and label location) and could provide information on
the yield of the transfer. Both the SDS-PAGE and HPLC analysis are useful, but peptide
sequencing is likely to provide the most valuable information.

Additionally, the affinity of simplified variants of SpA for IgG should be investigated.
It is possible that the mutations made to these variants could have affected selectivity and

affinity of these mutants for IgG as compared to SpA or the Z domain.”® Fluorescence
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polarization assays might allow quantification of binding of these SpA variants to IgG.
Structural studies using X-ray crystallography or NMR spectroscopy could also be used
to explore the interactions of these proteins.

The yield of the proximity-driven transfer reaction needs to be improved. This might
be achieved by increasing the electrophilicity of the ester of 85 by adding substitutions to
the adjacent aromatic ring (Figure 4-17). These probes have been synthesized by Dr.
Chamani Perera but were not evaluated. Linker length and hydrophobicity could also be
optimized. HPLC analysis of the transfer could be used to compare the relative yields of
the transfer reaction to optimize these probes. Transfer yield might also be increased by
further optimizing the SpA variants. The results of the peptide sequencing experiments
might identify specific lysines involved in the proximity-driven transfer reaction and lead
to better designed SpA variants. Here, we demonstrated proof-of-concept that this
method for controlling the sites of lysine modification of antibodies is possible, but

additional studies are needed to make it practical.
o] o) [e] [o)
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Figure 4-17. Structures of analogues of 85 with esters of increased electrophilicity.

4-5. Experimental
4-5-1. General experimental section

Chemical reagents were purchased from Acros, Aldrich, Alfa Aesar, EMD
Biosciences, or TCI America, and were used without further purification. Solvents were
from Aldrich or Fisher Scientific. All compounds were synthesized by Dr. Chamani Perera

and provided with >90% purity based on analytical HPLC. Column chromatography
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employed Silica Gel (SiliCycle, 40-63 uym). Preparative HPLC employed an Agilent 1200
Series preparative pump / gradient extension with a Hamilton PRP-1 (polystyrene-
divinylbenzene) reverse-phase preparative column (10-12 um particle size, 21.5 mm x 25
cm) with a flow rate of 25.0 mL/min. HPLC fractions containing water were dried using a
Labconco FreeZone 4.5 lyophilizer. Compounds containing basic amines were isolated
as TFA salts. Analytical HPLC traces were acquired using an Agilent 1220 Series binary
pump and with diode-array detection at 254 nm. Chromatograms were acquired at room
temperature and employed a gradient elution of H2O:CH3CN (90:10 to 0:100) with added
TFA (0.1%) over 20 min and a 100% CH3CN wash for an additional 5 min. Purity was
determined by integration of the chromatogram. Low-resolution mass spectra (LRMS)
were obtained using a Waters Micromass ZQ instrument with ESI+ or ESI-. Peaks are
reported as m/z. Nuclear magnetic resonance (NMR) spectra were recorded on either a
400 MHz or 500 MHz Bruker Avance spectrometer with a dual carbon/proton cryoprobe.
NMRs were recorded in deuterated chloroform or dimethyl sulfoxide. Chemical shifts are
reported in parts per million (ppm) and are referenced to the center line of the solvent.
Coupling constants are given in Hertz (Hz). The spin multiplicities are reported as s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet td = doublet of triplet
and m = multiplet.

4-5-2. Synthetic procedures and compound characterization data
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Scheme 1. Synthesis of 85.

tert-Butyl 4-hydroxybenzoate (88). To a solution of 4-hydroxybenzanoic acid (1 g, 7.2
mmol) in THF (25 mL) was added t-butanol (24 mL), DCC (860 mg, 4 mmol) and DAMP
(24 mg, 0.2 mmol) and stirred for 6 h. The solvent was removed and purification via flash
chromatography provided 88 as a colorless oil (480 mg, 48% yield) '"H NMR (400 MHz;
acetone-ds) 0, 6.9 (d, J = 7.1 Hz, 2H), 6.6 (d, J = 7.1 Hz, 1H), 3.7 (s, 2H), 1.4 (s, 9H).
LRMS (ESI +) m/z calcd for C11H1403 [M+H]*: 195.2, found: 195.3.

4-[4-(aminomethyl)cyclohexanecarbonylloxybenzoic acid (89). To a solution of 88
(200 mg, 1.03 mmol) in CH22Cl2 (20 mL) was added 4-[[(tert-
Butoxycarbonyl)amino]methyl]cyclohexanecarboxylic acid (397 mg, 1.5 mmol) and EDC
(464 mg, 2.06 mmol) and the reaction was stirred for 16 h at room temperature. The
solvent was removed in in vacuo and the resulting crude product was directly purified
using flash chromatography (141 mg, 35% yield). '"H NMR (400 MHz; acetone-ds) &, 6.9
(d, J=7.1Hz, 2H), 6.6 (d, J =7.1 Hz, 1H), 2.88 (d, J = 7.2 Hz, 2H), 2.27 (m, 1H), 2.06
(m, 1H), 1.62 (m, 2H), 1.52 (m, 4H), 1.46 (s, 6H), 1.42 (s, 9H), 1.38 (m, 2H). LRMS (ESI

+) m/z calcd for C24H3sNOe [M+H]*: 434.6, found: 434.4. The isolated product was stirred
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in a solution of TFA/DCM (1:1) for 2 h to afford compound 89 and was used for the
proceeding step without any further purification.
3-(((4-((4-carboxyphenoxy)carbonyl)cyclohexyl)methyl)carbamoyl)-6,8-difluoro-2-
oxo-2H-chromen-7-olate (90). To a stirred solution of 89 (140 mg, 0.5 mmol) in dry DMF
(5 mL) was added Pacific Blue-NHS (109 mg, 0.5 mmol) and DIEA (0.281 mL, 2.5 mmol)
and left to stir for 16 h. The solvent was removed, and the resulting crude product was
purified using flash chromatography to give 3 as a yellow solid (396 mg, 50% yield).

Intermediate 90 was carried on to the next step without any further analysis.

0 0
F 0 O
ResSppiviss
0
2,5-dioxopyrrolidin-1-yl 4-((4-((6,8-difluoro-7-hydroxy-2-oxo-2H-chromene-3-
carboxamido)methyl)cyclohexane-1-carbonyl)oxy)benzoate (85). Intermediate 90
(30 mg, 0.06 mmol) was dissolved in dry DMF (3 mL) and added to EDC (23 mg. 0.12
mmol) and NHS-OH (13 mg, 0.12 mmol). The resulting solution was stirred for 4 h, solvent
removed and purified by preparative HPLC to give 85 (15 mg, 42% yield) as a yellow
solid. "H NMR (500 MHz, DMSO-ds) 5 8.78 (s, 1H), 8.64 (t, J = 6.0 Hz, 1H), 8.19 — 8.13
(m, 2H), 7.75 (d, J = 10.4 Hz, 1H), 7.45 — 7.39 (m, 2H), 3.23 (t, J = 6.4 Hz, 2H), 2.90 (s,
3H), 2.65 — 2.56 (m, 1H), 2.13 (d, J = 11.4 Hz, 2H), 1.84 (dd, J = 13.6, 3.6 Hz, 2H), 1.62
—1.53 (m, OH), 1.50 — 1.41 (m, 2H), 1.10 (qd, J = 13.1, 3.5 Hz, 2H). 3C NMR (126 MHz,
DMSO-des) 6 173.22, 170.28, 161.17, 161.12, 159.77, 155.96, 149.94 (d, J = 3.4 Hz),

148.02 (d), 147.08, 131.87, 123.15, 121.85, 116.24, 110.53, 110.37, 109.33 (d, J = 9.8
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Hz), 44.85, 42.33, 36.77, 29.08, 27.88, 25.53. HRMS (ESI-) m/z calcd for C,4H24F,N,O.

[M-H]: §97.1321, found: 597.1295.
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Scheme 3. Synthesis of 86.

4-(4-(((tert-butoxycarbonyl)amino)methyl)cyclohexane-1-carboxamido)benzoic

acid (91). Boc-methylamino-cyclohexanecarboxylic acid (0.5 g, 1.9 mmol) was dissolved
in THF (10 mL) and SOCI. (5 mL) was added dropwise over 1 h. The resulting solution
was stirred for 2 h, solvent removed and 4-aminobenzolic acid (266 mg, 1.9 mmol) in THF
(10 mL) was added. The resulting solution was stirred for 16 h, solvent removed, and

purified by flash chromatography to afford 91 as a white solid (460 mg, 65% yield). 'H
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NMR (400 MHz; acetone-d.) 3, 6.9 (d, J = 7.3 Hz, 2H), 6.6 (d, J = 7.3 Hz, 1H), 2.88 (d, J

= 7.1 Hz, 2H), 2.27 (m, 1H), 2.06 (m, 1H), 1.62 (m, 2H), 1.52 (m, 4H), 1.42, (s, 9H), 1.38
(m, 2H). LRMS (ESI+) m/z calcd for C20H26N206 [M+H]*: 377.5, found: 377.5.
3-(((4-((4-carboxyphenyl)carbamoyl)cyclohexyl)methyl)carbamoyl)-6,8-difluoro-2-
oxo-2H-chromen-7-olate (92). The same general procedure as that used to synthesize
compound 90 was used to produce 92 as a yellow solid (30 mg, 35% yield). Carried onto
the next step without further purification. LRMS (ESI+) m/z calcd for C2sH22N207 [M+H]™:

500.5, found: 500.4.

0 0
F o0
o
2,5-dioxopyrrolidin-1-yl 4-(4-((6,8-difluoro-7-hydroxy-2-oxo-2H-chromene-3-
carboxamido)methyl)cyclohexane-1-carboxamido)benzoate (86) The same general
procedure as that used to synthesize 85 was used to generate 86 as a yellow solid (10
mg, 42% yield). '"H NMR (500 MHz, DMSO-ds)  10.39 (s, 1H), 8.78 (s, 1H), 8.63 (t, J =
6.1 Hz, 1H), 8.03 (d, J = 8.7 Hz, 2H), 7.86 (d, J = 8.9 Hz, 2H), 7.75 (d, J = 10.4 Hz, 1H),
3.23 (t, J = 6.4 Hz, 2H), 2.88 (s, 4H), 2.40 — 2.32 (m, 1H), 1.94 — 1.87 (m, 2H), 1.86 —
1.79 (m, 2H), 1.49 — 1.36 (m, 2H), 1.10 — 1.00 (m, 2H). "*C NMR (126 MHz, DMSO-ds) 5
206.50, 175.10, 170.45, 161.23, 161.13, 159.77, 147.07, 145.75, 131.41, 118.80, 117.94,
116.35, 110.55, 110.40, 109.38, 44.99, 44.95, 36.83, 29.37, 28.46, 25.50. HRMS (ESI-)

m/z calcd for C,HasF,N,O, [M-HI: 596.1481, found: 596.1484.
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Scheme 3. Synthesis of 87.

3-(((4-carboxycyclohexyl)methyl)carbamoyl)-6,8-difluoro-2-oxo-2H-chromen-7-
olate (93). The same procedure used to synthesize compound 92 was used to generate
93 as a yellow solid (60 mg, 42% yield). 93 was carried onto the next step without further

characterization. LRMS (ESI+) m/z calcd for C1gH17F2NOs [M+H]*: 382.3, found 382.4.
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2,5-dioxopyrrolidin-1-yl 4-((6,8-difluoro-7-hydroxy-2-oxo-2H-chromene-3-
carboxamido)methyl)cyclohexane-1-carboxylate (87). The same procedure used to
synthesize compound 86 was used to generate 87 as a yellow solid (15 mg, 40% yield).
"H NMR (500 MHz, DMSO-ds) d 8.76 (s, 1H), 8.62 (t, J = 6.0 Hz, 1H), 7.73 (d, J = 10.5
Hz, 1H), 3.21 (t, J = 6.4 Hz, 2H), 2.80 (s, 4H), 2.74 — 2.64 (m, 1H), 2.03 (dd, J = 13.6, 3.6

Hz, 2H), 1.81 (dd, 2H), 1.55 (dtd, J = 14.8, 11.0, 9.4, 5.3 Hz, 1H), 1.43 (qd, J = 13.0, 3.5
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Hz, 2H), 1.10 (qd, J = 13.1, 3.6 Hz, 2H). '3C NMR (126 MHz, DMSO-ds) 5 170.93, 170.24,
161.23, 159.79, 147.07, 110.50, 110.33, 44.72, 36.50, 30.68, 28.74, 27.97, 25.43. HRMS

(ESI-) m/z calcd for C,,HzoF ,N,O, [M-H]": 477.1109, found: 477.1119.
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4-5-3. Biological assays and protocols

Labeling of proteins with NHS esters: Protein A (recombinant, Thermo 77673; from
Staphylococcus aureus, Sigma P6031) was provided as a lyophilized powder. It was
reconstituted in sterile PBS (pH 7.4) and the concentration was determined by
absorbance at 280 nm using a Nanodrop 1000 and the molecular weight (44,600 Da for
recombinant, 42,000 Da for product from Staph) and extinction coefficient (e2g0 = 7,359
M-"cm') of SpA. Simplified variants of SpA were directly labeled after being dialyzed into
PBS and concentrated. Human IgG was purchased as a lyophilized powder (Sigma,
14506) and was also reconstituted in sterile PBS and the concentration determined using
the presets for IgG in a Nanodrop 1000 (g1% (10 mgmy) + 13.7 Lg™'ecm™). Herceptin was
provided as a lyophilized powder mixed 1:1 with stabilizers (a,a-trehalose dihydrate, L-
histidine, and polysorbate 20). After Herceptin was reconstituted in sterile PBS it was

passed through a spin column packed with Sephadex G25 to remove the stabilizers.
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Briefly, Sephadex G-25 resin (Superfine, Sigma, S5772) was suspended in PBS (pH 7.4).
The resulting slurry (950 pyL) was added to a minispin column (USA Scientific, 1415-0600)
and centrifuged (16,000 x g, 20 s) to remove the buffer and pack the resin. The antibody
solution (no more than 75 pL per column) was loaded onto the packed resin and
centrifuged (16,000 x g, 30 s) to separate the protein from the stabilizers. The
concentration of Herceptin was then determined as described for 1gG.

Similar procedures were used to label all proteins with all NHS esters. Protein in
PBS (100 uM, 25-100 pL) was aliquoted into a 1.5 mL microcentrifuge tube. NaHCO3 was
added (1 M, 2.5-10 pL) to achieve a final concentration of 0.1 M. NHS esters were added
as DMSO stocks (typically 10 mM, various volumes) to achieve 5-10x excess over the
protein concentration. Solutions were incubated for 0.5 h (37 °C) in a Big Shot Il
Hybridization Oven. To purify the conjugates, Sephadex G25 resin was packed into
columns as described above. The protein solution was loaded onto the packed resin (no
more than 75 uL per column) and centrifuged (16,000 x g, 30 s) to separate the protein
from the unconjugated small molecules.

After purification, the degree of labeling (DOL) of each conjugate was determined.
This was done by comparing the absorbance at 280 nm and 425 nm (IgG 280 nm &1 (10
mgmy) = 13.7 Lg”'em™!, Pacific Blue 425 nm ¢ = 29,500 M-'cm™"), as measured with a
Nanodrop 1000 Spectrophotometer. The low extinction coefficient of the simplified
variants of SpA made concentration and DOL measurements unreliable, but estimated

values were kept consistent throughout individual experiments.
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Proximity driven bioconjugation between native SpA and antibody: After SpA was
labeled as described above in Labeling of proteins with NHS esters, it was incubated
overnight with IgG or Herceptin. Briefly, 20 yL reactions were set up in 1.5 mL
microcentrifuge tube. Each reaction contained labeled SpA (1, 5, or 25 pM, labeled with
85 or 86) and IgG or Herceptin (5 uM) diluted with PBS. A tube containing Herceptin (5
MM) or IgG labeled with 87 as a control for random labeling was also prepared, along with
tubes of labeled SpA (5 uM). The tubes were incubated overnight (~16 h) in a Big Shot
lll Hybridization Oven at 37 °C. The next morning, the samples were diluted 1:1 with
Laemmli Sample Buffer (2x, BIO RAD, 1610737) containing -mercaptoethanol (BME, 50
pL into 950 yL sample buffer, Sigma, 63689). Samples were boiled for 5 min and then
each sample (25 pL) was loaded onto a Novex NuPAGE 4-12% Bis-Tris Protein Gel
(Invitrogen, NP0335). Smart Multi Color Pre-Stained Protein Standard (5 uL, GenScript,
M00443) was used as the ladder. Gels were run for 1 h at 180 V and then transferred to
DI water and imaged on a UV Transilluminator (VWR Scientific, Model VWR LM-20E).
Gels were then stained using InstantBlue Coomassie Protein Stain (expedeon, ISB1L) at
room temperature with gentle shaking for at least 1 h. Gels were rinsed with DI water and

then imaged using a Visi-White Transilluminator (VWR Scientific, Model VWR TW-26).

Analysis by tryptic digestion followed by mass spectroscopy-based protein
sequencing: Tryptic digestion and analysis were performed by Dr. Nadya Galeva of the
KU Mass Spectrometry and Analytical Proteomic Laboratory. The gel shown in Figure 4-
7 was submitted to Dr. Galeva, who cut out the bands corresponding to the heavy chain

of unmodified Herceptin and Herceptin that had been incubated with SpA-85. The gel
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slices were destained by incubation in 50% acetonitrile/50 mM ammonium bicarbonate
for 0.5 h at room temperature. The destaining solution was removed and replaced with
100% acetonitrile to dehydrate the gels. This was incubated for ~5 min or until the gel
turned opaque. The open tubes were then incubated at 37 °C for 15 min to dry completely.
Dithiothreitol (DTT, 10 mM) in ammonium bicarbonate (0.2 M) was then added and
incubated at 37 °C for 0.5 min to reduce the protein. lodoacetamide was added (final
concentration = 20 mM) and samples were incubated for a further 0.5 h at room
temperature to alkylate cysteine residues. The gel was then washed twice with DI water
and dehydrated by incubation with acetonitrile at room temperature for 5 min followed by
37 °C for 15 min to dry completely. Trypsin (Promega) was added to the samples, which
were incubated at 37 °C overnight. Samples were cooled in a freezer for 5 min and then
sonicated for 10 min to allow peptides to diffuse out of the gel. Samples were stored at 4
°C prior to analysis by MS/MS sequencing. All MS/MS samples were analyzed using
Mascot software (Matrix Science, London, UK; version 2.5.1). Mascot was used to search
the SwissProt_2015_01 database (547357 entries) assuming digestion by trypsin.
Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion
tolerance of 20 PPM. Carbamidomethyl cysteine was specified in Mascot as a fixed
modification. Oxidation of methionine and modification of lysine by transferred fluorophore
was specified in Mascot as a variable modification. Scaffold (version 4.8.9, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein

identifications.
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Plasmid propagation: Briefly, DH5a chemically competent E. coli (a gift from Dr. Phillip
Gao) were transfected with the reconstituted DNA (1 pL, more if concentration was less
than ~75 ng/uL) using a traditional heat shock method. An aliquot of bacteria (50 pL) for
each plasmid were thawed at room temperature from -80 °C. DNA was added and the
1.5 mL microcentrifuge containing the bacteria, and the tube was flicked to mix. The
bacteria were incubated on ice for 0.5 h. The bacteria were then heat shocked by being
held in a water bath at 42 °C for 45 s and allowed to recover on ice for 2 min. Pre-warmed
(37 °C) LB media (1 mL) was then gently added to each tube, and the cells were incubated
at 37 °C with shaking at 190 rpm for 1 h. Bacteria containing each plasmid (150 uyL) was
then spread onto an LB-agar plate containing 100 pg/mL ampicillin or 50 pg/mL
kanamycin, allowed to dry for 5 min right-side-up at room temperature, and then
transferred upside to a 37 °C incubator overnight. The next morning, the plates were
transferred to a 4 °C refrigerator until they were needed to inoculate liquid cultures. A
sterile toothpick or p200 pipet tip was used to transfer a single colony of transfected
bacteria into 5 mL of sterile LB media. This was incubated overnight (~16 h) at 37 °C with
shaking at 190 rpm until cloudy. A QlAprep Spin Miniprep Kit (QIAGEN, 27104) was used
according to the provided protocol to purify the plasmids. Plasmid concentration was
determined using the nucleic acid module on a Nanodrop 1000. Confirmation of plasmid

was done using standard double restriction digest followed by electrophoresis.

DNA gel electrophoresis: A 1% agarose gel was made by mixing agarose (0.75 g,
Sigma, A9539) with homemade Tris base, acetic acid, and EDTA (TAE) buffer (75 mL),

heating to just boiling, and pouring into a mold with a comb to form wells. After the gel
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set, each sample was diluted with EZ-Vision One DNA Dye as Loading Buffer (Amresco,
N472-KIT) and loaded into the gel, along with a 1 kb DNA Ladder (New England BioLabs,
N3232S) that was also diluted with EZ-Vision. Gels were run for 1 h at 70 V and visualized

using a UV Transilluminator (VWR Scientific, Model VWR LM-20E).

Generation of SpA-ZZ-12Lys and SpA-ZZ-6Lys genes: Both genes were synthesized
by GenScript as custom gene inserts containing EcoRI and Kpnl restriction sites in the
vector pUCS7 provided as lyophilized plasmid. The sequence of the SpA-ZZ-12Lys gene
was based off of that for Z domain of Protein A.”® The sequence was optimized for
expression in E. coli by GenScript using their OptimumGene Codon Optimization
Analysis. The final DNA and amino acid sequence of both genes can be found in
Appendix C. The sequence of the SpA-ZZ-6Lys gene was based on that of the 12Lys
variant, except three of the lysines were mutated to arginines, as shown in Figure 4-8.
Upon arrival, plasmids were propagated as described in Plasmid propagation.

After the genes were ordered, it was realized that each contained an undesired
secretion signal on the N terminus of the protein. These were removed using site-directed
mutagenesis. The primers were ordered from Integrated DNA Technologies through their
Custom DNA oligos service and were provided lyophilized. The forward primer was 5'-
gctacggaattcgcgcagcatgatgaageg-3'’ and the reverse primer  was 5'-
cggagtctcgagtcattaacagccaccatccac-3’, where blue coloring indicates the primer end
clamp, red the restriction sites (EcoRI and Xhol), and green differences in sequence
between the 12Lys and 6Lys variants (bases shown correspond to the sequence of

12Lys). Primers were reconstituted at 100 uyM in sterile water and then diluted to 10 yM
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for use as primers for polymerase chain reaction (PCR). PCR was performed using Taq
DNA Polymerase (New England BioLabs, M0273S) using the standard protocol provided
with the enzyme. Briefly, the provided Standard Taq buffer (1x), dNTPs (200 uM), forward
primer (0.5 uM), reverse primer (0.5 pM), template plasmid (1 ng), and Tag DNA
polymerase (1.25 units) were combined in a PCR tube on ice with enough sterile water
to bring the total volume to 50 L (listed concentrations are final). The PCR tube was then
transferred to a pre-heated Biometra T Gradient Thermocycler with a heated lid. The
reaction was cycled as described in the table below and then 10 yL of each reaction was

analyzed by gel electrophoresis as described in DNA gel electrophoresis.

Step °C Time (s)

1 95 30

2 95 30

3 65 20 o
4 68 60

5 68 5 min

6 4  hold

The remainder of each successful PCR reaction was purified using a QlAquick Gel
Extraction Kit (QIAGEN, 28704) and then digested at 37 °C overnight using EcoRI-HF
(New England BioLabs, R3101) and Xhol (New England BioLabs, R0146S). At the same
time, plasmid pBP4-3 was digested using the same restriction enzymes. The next day,
the DNA was purified using a QIAquick Gel Extraction Kit. The purified PCR product
(insert) and cut pBP4-3 vector were ligated using T4 DNA Ligase (New England BioLabs,
M0202S). 20 yL reactions were set up in 1.5 mL microcentrifuge tube. Each reaction

contained the provided T4 DNA Ligase buffer, 50 ng vector, 25 or 50 ng insert, 1 yL T4
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DNA Ligase, and enough sterile water to dilute the solution to 20 yL. Reactions were
incubated in a water bath at 16 °C overnight. The next day, the ligation reaction (2-4 yL)
was used to transfect DH5a E. coli to propagate the plasmids, as described in Plasmid
propagation. Ligation into pBP4-3 using the above restriction sites generated genes with
a His tag at the 3’ end. Plasmids were submitted to ACGT, Inc for Single Pass DNA
Sequencing using the universal T7 primer (5-TAA TAC GAC TCA CTA TAG GG-3)).
Sequencing results were compared to the expected using Sequencher DNA Sequencing
Software. Confirmed plasmids were used to transfect BLE21(DE3) E. coli (a gift from Dr.

Phillip Gao) for protein production.

Overexpression of SpA-ZZ-12Lys and SpA-ZZ-6Lys in E. coli: LB media (2L, 2x 1 L,
each in a 2 L flask) was prepared and autoclaved and then cooled to room temperature.
The same day, LB (10 mL) was inoculated with a colony of BLE21(DE3) E. coli transfected
with each plasmid. These cultures were incubated overnight at 37 °C with shaking at 190
rom. The next morning, ampicillin (100 pg/mL final) and a 10 mL culture were added to
each of the 1 L flasks of LB. The cultures were grown at 37 °C with shaking at 190 rpm
for about 4 h until the ODsoo reached ~0.4. The cultures were cooled to 17 °C with
continued shaking and then induced with 0.1 mM IPTG. Cultures were incubated at 17
°C overnight (~16 h). The next morning, cells were pelleted by centrifugation at 4,000 rpm
for 10 min at 4 °C and resuspended in Lysis Buffer A (100 mM NaH2PO4, 10 mM Tris, 8
M urea, pH 8). Cells were then frozen at -80 °C for 45 min to begin lysing the cells. After
thawing in cool water, the solution was vortexed until no longer viscous. A small aliquot

of this solution was saved for SDS-PAGE analysis. The solution was then pelleted by
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centrifugation at 19,500 rpm for 30 min at 4 °C. A small aliquot of both the soluble and
insoluble fraction was saved for SDS-PAGE. The soluble fraction was then added to
HisPur Ni-NTA Resin (Thermo, 88221) in an Econo-Column Chromatography Column
(BIO RAD). The column and slurry were gently shaken at 17 °C for 1 h. The column was
then drained and rinsed with Lysis Buffer A and Buffer B (Buffer A at pH 6.3) and the
protein was eluted with Buffer C (A at pH 5.9) and Buffer D (A at pH 4.5). Absorbance
spectroscopy with a Nanodrop 1000 was used to determine which fractions contained
protein. Fractions of interest were analyzed by SDS-PAGE as described in Proximity
driven bioconjugation between native SpA and antibody, except without the addition of
BME or visualization on a UV transilluminator. Fractions containing the desired protein
were pooled and concentrated to about 0.5 mL using Amicon Ultra Centrifugal Filters
(MWCO 10 kDa, Millipore, UFC801024) at 4 °C. The protein was then dialyzed with PBS
using Slide-A-Lyzer Dialysis Cassettes (MWCO 10 kDa, Thermo, P166384). 400 mL of
PBS was used and changed 3x. A Nanodrop 1000 was used to determine the

concentration of each protein (MW 16,174 Da, £ = 2,980 M-'cm").

Papain digestion of IgG: Papain digestion was used to generate Fab and Fc fragments
of antibodies. Briefly, papain (Sigma, P4762) was activated by diluting 1 yL of the enzyme
solution into 9 pL of papain buffer (1 mM EDTA, 50 mM phosphate buffer pH 7, 10 mM
cysteine) and incubating at 37 °C for 10 min. This activated papain solution (1 L, 2%
w/w of the antibody) was then added to 20 uL of each proximity driven bioconjugation
reaction mixture (typically containing 5 uM IgG and 25 uM of a SpA variant), mixed, and

incubated at 37 °C for 2 h before analysis by SDS-PAGE as described above.
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Clean-up of PDB reactions with SulfoLink Resin: In order to analyze the PDB
reactions by HPLC, Herceptin needed to be separated from the SpA variants. The SpA
variants were designed to each contain a single cysteine residue, so SulfoLink Coupling
Resin (Thermo, 20401) was used to remove the SpA variants. PDB reactions were carried
out as described above and cleaned up after overnight incubation at 37 °C. SulfoLink was
shaken to resuspend the beads in the provided solution. 60 L of this slurry for each
reaction to be cleaned was transferred to a Pierce Micro-Spin Column (Thermo, 89879).
The columns were centrifuged (16,000 x g, 1 min) to dry the resin, and then the resin was
washed with 200 yL PBS twice. 25 uL of each PDB reaction was then added to the dry
resin and incubated in a Big Shot Il Hybridization Oven at 37 °C for 0.5 h. The columns

were then centrifuged to elute Herceptin.

Tryptic digest of Herceptin for HPLC analysis: The Herceptin solution to be digested
was first denatured and reduced. To do this, the antibody solution was mixed with an
equal volume of a solution of guanidine hydrochloride (12 M, GDN) with Tris (100 mM).
The GDN is not soluble at this concentration at room temperature, so this solution was
heated until completely dissolved before adding to the antibody solution. DTT was then
added to a final concentration of 4 mM. This was incubated at about 75 °C for 0.5 h. While
this was incubating, trypsin (lyophilized, sequencing grade, Promega, PRV5111) was
activated by dissolving it in the provided resuspension solution (50 mM acetic acid) to a
concentration of 0.1 mg/mL and then incubating it at 30 °C for 0.5 h. The antibody solution

was then mixed with 5x its volume of 50 mM Tris, 2 mM CaCl: to reduce the concentration
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of GDN from 6 M to 1 M to prevent denaturing the trypsin. Trypsin (1:50 w/w of the
Herceptin) was then added to the antibody solution and incubated at 37 °C for 1 h.

Digested samples were stored on ice until ready for analysis.

HPLC analysis of digested Herceptin: After Herceptin was digested with trypsin, it was
analyzed using HPLC. Analysis was performed using an Agilent 1100 Series quaternary
pump and a Hamilton PRP-1 (polystyrene-divinylbenzene) reverse phase analytical
column (7 pym particle size, 4 mm x 25 cm) with fluorescence detection with emission at
450 nm and excitation at either 370 (Figure 4-14) or 405 (Figure 4-12) nm. The gradient
used was H20:CH3CN with added TFA (0.1%) 90:10 to 60:40 over 30 min and then 60:40
to 0:100 over 5 min and a 100% CH3CN wash for 5 min. The excitation wavelength was
switched from 405 to 370 nm to account for the shift in the absorbance maximum of

Pacific Blue in the presence of 0.1% TFA.

Generation of SpA-ZZ-2Lys variant genes: The plasmid for SpA-ZZ-6Lys was used as
the template for mutagenesis to generate all three 2Lys variants. The site-directed
mutagenesis method based off of the QuikChange Site-Directed Mutagenesis Kits
published by Zheng et. al.”® was used. Though the original sequences of the two Z
domains of SpA-ZZ-6Lys were nearly identical, the optimization done by GenScript
caused the two sequences to be different enough that a separate set of primers was
needed to mutate each lysine (6 sets were needed instead of just 3 sets, Figure 4-16).

These primer sets were designed to mutate each lysine to an arginine and were ordered
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from Integrated DNA Technologies and are listed below. Point mutations used to mutate
lysines to arginines are indicated in red.

SpA-ZZ-6Lys Sequence
Lys A-1  Lys B-1 Lys C-1
EFAQHDEA
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEARR LNDAQAPR
VDNKFNKEQQ NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEARR LNDAQAPR
VDG<‘§\C ’\

Lys A-2 LysB-2 Lys C-2

Figure 4-18. Sequence of SpA-ZZ-6Lys with each lysine named.

Lysine Forward Primer Reverse Primer

A-1 5'-GTG GAT AAC CGA TTC AAC AAA 5’-C TTT GTT GAA TCG GTT ATC CAC
GAA CAG CAA AAC-3’ CGC TTC ATC-3’

A-2 5'-GTT GAC AAT CGA TTT AAT AAA 5’-C TTT ATT AAA TCG ATT GTC AAC
GAA CAA CAA AAC-3’ ACG CGG AGC-3’

B-1 5/-C CGA TTC AAC CGA GAA CAG CAA | 5'-G CTG TTC TCG GTT GAA TCG GTT

AAC GCC TTC-3' ATC CAC-3’

B-2 5’'-C AAT CGA TTT AAT CGA GAA CAA 5'-G TTG TTC TCG ATT AAA TCG ATT
CAA AAC GCG-3' GTC AAC ACG -3’

C-1 5’'-CAA AGC CTG CGA GAT GAC CCG 5'-CGG GTC ATC TCG CAG GCT TTG
AGC CAG TCT GC-3’ GAT AAA TGC-3’

C-2 5'-CAG TCT CTG CGA GAC GAC CCG 5'-CGG GTC GTC TCG CAG AGA CTG
AGT CAG TCC GC-3’ AAT GAA CGC-3’

Attempts were made to perform PCR using multiple sets of primers at the same
time, but this was mostly unsuccessful, so most mutations were done sequentially. PCR
was performed using Phusion High-Fidelity DNA Polymerase (New England BiolLabs,
MO0530S) following the instructions provided on the product insert. Reactions components
were prepared in PCR tubes on ice, mixed, and transferred to a pre-heated Biometra T
Gradient Thermocycler with a heated lid. 5x Phusion HF Buffer, dNTPs (200 uM), forward
primer (0.5 uM), reverse primer (0.5 uyM), template plasmid (10 ng), and Phusion DNA
polymerase (1 units) were combined in a PCR tube on ice with enough sterile water to

bring the total volume to 50 L (listed concentrations are final). DMSO (1.5 pL) was added
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when reactions did not work on the first try. Tubes were cycled as indicated below, though

Step 3 ranged from 65-70 °C.

Step °C Time (s)

1 98 30

2 o8 10

3 67 10 “yce
4 72 60

5 72 5 min

6 4  hold

After cycling, each reaction (10 pyL) was analyzed by gel electrophoresis as
described above. Successful reactions were digested with DpNI (New England BioLabs,
R0176S) to remove the methylated template DNA. To do this, 10x CutSmart Buffer (4 pL,
New England BioLabs, B7204S) and DpNI (0.4 yL) were added to 40 pL of reaction

mixture and incubated at 37 °C for 2 h. After digestion, this solution (5 pyL) was used to

transfect DH5a E. coli as described above. Inoculated plates that grew colonies were
then used to inoculate liquid LB media to collect plasmids, as described above.

This general method was used to generate all three SpA-ZZ-2Lys variants, named
A-C for the lysine residues each still contains. Plasmids were submitted to ACGT, Inc for
Single Pass DNA Sequencing using the universal T7 primer (5’-TAA TAC GAC TCA CTA
TAG GG-3’). Sequencing results were compared to the expected using Sequencher DNA
Sequencing Software. Confirmed plasmids were used to transfect BLE21(DE3) E. coli (a

gift from Dr. Phillip Gao) for protein production.
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Overexpression of SpA-ZZ-2Lys Variants: LB media (200 mL) was prepared and
autoclaved for each variant and then cooled to room temperature. The same day, 5 mL
of LB was inoculated with a colony of BLE21(DE3) E. coli transfected with each plasmid.
These cultures were incubated overnight at 37 °C with shaking at 190 rpm. The next
morning, ampicillin (100 pg/mL final) and 2 mL out of the 5 mL culture were added to each
of the 200 mL flasks of LB. The cultures were grown at 37 °C with shaking at 190 rpm for
about 4 h until the ODeoo reached ~0.4. The cultures were then induced with IPTG (0.4
mM) and incubated for a further 3 h. Cells were pelleted by centrifugation (4,000 rpm for
10 min at 4 °C), the supernatant was removed, and cell pellets were frozen at -80 °C
overnight. Purification was done using buffers containing urea instead of guanidine
hydrochloride (Gdn) because the Gdn method did not generate pure protein. The next
morning, cell pellets were thawed in warm water and then resuspended in Buffer 1 (6 mL,
10 mM Tris, 100 mM NaH2PO4, 8 M urea, pH 8). Cells were vortexed to lyse and then
centrifuged (12,500 rpm, 45 min at 4 °C). The supernatant was added to HisPur Ni-NTA
Resin (Thermo, 88221) in a small Econo-Column Chromatography Column (BIO RAD).
The column and slurry were gently shaken at 4 °C for 1 h. The column was then drained
and rinsed with Buffer 1 and Buffer 2 (Buffer 1 at pH 6.3) and the protein was eluted with
Buffer 3 (1 at pH 5.9) and Buffer 4 (1 at pH 4.5). Absorbance spectroscopy with a
Nanodrop 1000 was used to determine which fractions contained protein. Fractions of
interest were analyzed by SDS-PAGE as described in Proximity driven bioconjugation
between native SpA and antibody, except without the addition of BME and visualization
using a UV transilluminator. Fractions containing the desired protein were pooled and

concentrated to about 0.5 mL using Amicon Ultra Centrifugal Filters (MWCO 10 kDa,
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Millipore, UFC801024). The protein was then dialyzed with PBS using Slide-A-Lyzer
Dialysis Cassettes (MWCO 10 kDa, Thermo, P166384). PBS (1 L) was used and changed
4x. A Nanodrop 1000 was used to determine the concentration of each protein (MW

16,174 Da, ¢ = 2,980 M-'cm™).

PDB with SpA-ZZ-2Lys variants attached to SulfoLink: This method was used to
simplify HPLC analysis of Herceptin labeled through PDB. First, each SpA-ZZ-2Lys
variant was tethered to SulfoLink Coupling Resin (Thermo, 20401) through its single
cysteine residue. This was done by agitating the SulfoLink until resuspended and then
transferring 600 pL of the slurry to a 1.5 mL microcentrifuge tube. The SulfoLink was
pelleted by centrifugation (14,000 rpm, 1 min) and then washed 3x with 600 yL 100 mM
Tris, 10 mM EDTA. The SulfoLink was then resuspended in 600 uL of this buffer and
split into 3 tubes of 200 uL each and pelleted again. The supernatant was removed and
replaced with a solution of each 2Lys variant. These variants were overexpressed as
described above and then 100 pL of each was diluted with 100 yL 100 mM Tris, 10 mM
EDTA with 25 mM TCEP. The 2Lys variants and SulfoLink solutions were shaken at
room temperature for 15 min and then incubated at room temperature for a further 30
min without shaking. The SulfoLink was pelleted by centrifugation and then washed 2x
with the Tris/EDTA buffer to remove unbound 2Lys. 200 pL of 50 mM Tris, 5 mM EDTA,
50 mM cysteine was added to each tube and shaken at room temperature for 15 min
and then incubated at room temperature for a further 30 min without shaking to cap any
free binding groups on the resin. The resin was then washed 3x with 200 pL PBS and

stored at 4 °C until needed.
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Each immobilized SpA-ZZ-2Lys variant was then labeled with 85 and 86. This
was done by taking each of the 3 200 uL aliquot of immobilized 2Lys and splitting it into
2 Pierce Micro-Spin Columns (Thermo, 89879). These columns were centrifuged
(16,000 x g, 1 min) to pack and dry the resin. 150 yL PBS, 15 pL 1 M NaHCO3, and 15
pL of 10 mM DMSO stock of 85 or 86 were combined. 55 yL of these mixtures was
added to each Micro-Spin Column. The columns were capped and incubated for 40 min
at 37 °C in a Big Shot Il Hybridization Oven. Then, the columns were centrifuged to dry
and rinsed with 100 yL PBS. 100 yL PBS was then added to each and incubated for 5
min at room temperature followed by 2 more rinses with PBS. The labeled resin was
then resuspended in 100 uL PBS and transferred to microcentrifuge tubes.

To run the PDB reactions, each tube of labeled SulfoLink Resin was pipetted to
resuspend. 25 uL of each resin was transferred to a Pierce Micro-Spin Column and
centrifuged (13,000 rpm, 1 min) to dry and rinsed 2x with 150 yL PBS. 25 yL of 10 yM
Herceptin was then added to each column. The columns were capped and incubated in
a Big Shot Il Hybridization Oven at 37 °C overnight. The next morning, the columns
were centrifuged to elute the Herceptin, which was digested and analyzed by HPLC as

described above.
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Appendix A. NMR Spectra of Compounds

10.0 9.0 8.0 7.0 6.0

0 4.0 3.0 2.0 1.0

0.0

5.
1 (ppm)

Figure 5-1. "H NMR (500 MHz, DMSO-ds) spectrum of 15.
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Figure 5-2. 3C NMR (126 MHz, DMSO-ds) spectrum of 15.
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Figure 5-3. "H NMR (500 MHz, DMSO-ds) spectrum of 41.
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Figure 5-4. 13C NMR (126 MHz, DMSO-ds) spectrum of 41.
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Figure 5-5. "H NMR (500 MHz, DMSO-ds) spectrum of 44.
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Figure 5-6. 13C NMR (126 MHz, DMSO-ds) spectrum of 44.
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Figure 5-10. '3C NMR (126 MHz, DMSO-ds) spectrum of 46.
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Figure 5-12. '3C NMR (126 MHz, DMSO-ds) spectrum of 32.
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Figure 5-14. '3C NMR (126 MHz, DMSO-ds) spectrum of 47.
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Figure 5-16. '3C NMR (126 MHz, DMSO-ds) spectrum of 48.
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Figure 5-17. 'H NMR (500 MHz, DMSO-ds) spectrum of 49.
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Figure 5-18. '3C NMR (126 MHz, DMSO-ds) spectrum of 49.
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Figure 5-21. 'H NMR (400 MHz, DMSO-ds) spectrum of 51.
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Figure 5-22. '3C NMR (126 MHz, DMSO-ds) spectrum of 51.

291



Me
OH

S96
et

O
F

6LC
WMK.N

=98

Mmm.o
00z

00}

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

10.0

Figure 5-23. 'H NMR (400 MHz, DMSO-ds) spectrum of 52.
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Figure 5-24. '3C NMR (126 MHz, DMSO-ds) spectrum of 52.
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Figure 5-25. 'H NMR (400 MHz, DMSO-ds) spectrum of 53.
%
| MMl JM“,
160 150 1“10 130 120 1‘;0 H}é}%m) 9‘0 8‘0 7‘0 6‘0 5‘0 4‘0 3‘0 2‘0 1‘0 6 —1‘0

T T T T T
210 200 190 180 170

Figure 5-26. 13C NMR (126 MHz, DMSO-ds) spectrum of 53.
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Figure 5-27. 'H NMR (400 MHz, DMSO-ds) spectrum of 54.
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Figure 5-28. 13C NMR (126 MHz, DMSO-ds) spectrum of 54.
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Figure 5-29. 'H NMR (400 MHz, DMSO-ds) spectrum of 55.
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Figure 5-30. '3C NMR (126 MHz, DMSO-ds) spectrum of 55.
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Figure 5-32. 13C NMR (126 MHz, DMSO-ds) spectrum of 56.
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Figure 5-33. 'H NMR (500 MHz, DMSO-ds) spectrum of 57.
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Figure 5-34. 13C NMR (126 MHz, DMSO-ds) spectrum of 57.
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Figure 5-36. '3C NMR (126 MHz, DMSO-ds) spectrum of 58.
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Figure 5-38. '3C NMR (126 MHz, DMSO-ds) spectrum of 59.
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Figure 5-40. '3C NMR (126 MHz, Chloroform-d) spectrum of 60.
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Figure 5-41. "H NMR (400 MHz, Chloroform-d) spectrum of 61.
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Figure 5-42. '3C NMR (101 MHz, Chloroform-d) spectrum of 61.
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Figure 5-44. '3C NMR (101 MHz, Chloroform-d) spectrum of 62.
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Figure 5-45. "H NMR (400 MHz, Chloroform-d) spectrum of 63.
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Figure 5-46. '3C NMR (101 MHz, Chloroform-d) spectrum of 63.
303



OBoc

MeN“PMB

10.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5. 4.

Figure 5-47. "H NMR (500 MHz, Chloroform-d) spectrum of 64.
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Figure 5-48. '3C NMR (126 MHz, Chloroform-d) spectrum of 64.
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Figure 5-49. 'H NMR (400 MHz, Chloroform-d) spectrum of 65.
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Figure 5-50. '3C NMR (101 MHz, Chloroform-d) spectrum of 65.
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Figure 5-51. "H NMR (400 MHz, Chloroform-d) spectrum of 66.
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Figure 5-52. '3C NMR (101 MHz, Chloroform-d) spectrum of 66.
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Figure 5-53. "H NMR (400 MHz, Chloroform-d) spectrum of 67.
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Figure 5-54. '3C NMR (101 MHz, Chloroform-d) spectrum of 67.
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Figure 5-55. "H NMR (400 MHz, Chloroform-d) spectrum of 68.
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Figure 5-56. '3C NMR (101 MHz, Chloroform-d) spectrum of 68.
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Figure 5-57. "H NMR (400 MHz, Chloroform-d) spectrum of 69.
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Figure 5-58. '3C NMR (101 MHz, Chloroform-d) spectrum of 69.
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Figure 5-59. 'H NMR (400 MHz, Chloroform-d) spectrum of 70.
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Figure 5-60. '3C NMR (101 MHz, Chloroform-d) spectrum of 70.
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Figure 5-61. "H NMR (400 MHz, Chloroform-d) spectrum of 71.
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Figure 5-62. '3C NMR (101 MHz, Chloroform-d) spectrum of 71.
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Figure 5-63. 'H NMR (500 MHz, Chloroform-d) spectrum of 72.
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Figure 5-64. '3C NMR (126 MHz, Chloroform-d) spectrum of 72.
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Figure 5-65. "H NMR (400 MHz, Chloroform-d) spectrum of 73.
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Figure 5-66. '3C NMR (101 MHz, Chloroform-d) spectrum of 73.

313



OMOM
Br

NHMe

i

JoJ A
i Iy i W
g5 g I
] PN o o
‘

o 088

T T T T T T T T T T T T T T T T T T
10.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5. 4. 4.0 3.5 3.0 25 20 1.5 1.0 0.5

0
1 (ppm)

Figure 5-67. 'H NMR (400 MHz, Chloroform-d) spectrum of 74.
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Figure 5-68. '3C NMR (101 MHz, Chloroform-d) spectrum of 74.
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Figure 5-69. 'H NMR (400 MHz, Chloroform-d) spectrum of 75.
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Figure 5-70. '3C NMR (101 MHz, Chloroform-d) spectrum of 75.
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Figure 5-71. "H NMR (400 MHz, Chloroform-d) spectrum of 76.
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Figure 5-72. '3C NMR (101 MHz, Chloroform-d) spectrum of 76.
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Figure 5-74. '3C NMR (126 MHz, DMSO-ds) spectrum of 77.

317



Me
(@) @) N\C[Me
F ‘ X ‘ F OMOM
! Me

i [

©w

1.99=

T T T T T T T T
60 55 50 45 40 35 30 25
1 (ppm)

o 193

o 10977

o
10.0 95 9.0 8.5 8.0 7. 0 1.5 1.0 0.5 0.0

Figure 5-75. "H NMR (500 MHz, DMSO-ds) spectrum of 78.
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Figure 5-76. '3C NMR (126 MHz, DMSO-ds) spectrum of 78.
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Figure 5-77. 'H NMR (400 MHz, DMSO-ds) spectrum of 79.
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Figure 5-78. '3C NMR (126 MHz, DMSO-ds) spectrum of 79.
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Figure 5-79. "H NMR (400 MHz, Chloroform-d) spectrum of 80.
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Figure 5-80. '3C NMR (126 MHz, Chloroform-d) spectrum of 80.
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Figure 5-81. 'H NMR (400 MHz, Chloroform-d) spectrum of 81.
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Figure 5-82. '3C NMR (101 MHz, Chloroform-d) spectrum of 81.
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Figure 5-83. 'H NMR (400 MHz, Chloroform-d) spectrum of 82.
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Figure 5-84. '3C NMR (101 MHz, Chloroform-d) spectrum of 82.
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Figure 5-85. "H NMR (400 MHz, DMSO-ds) spectrum of 83.
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Figure 5-86. '3C NMR (101 MHz, Chloroform-d) spectrum of 83.
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Figure 5-88. '3C NMR (101 MHz, Chloroform-d) spectrum of 84.
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Figure 5-89. 'H NMR (500 MHz, DMSO-ds) spectrum of 85.
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Figure 5-90. '3C NMR (126 MHz, DMSO-ds) spectrum of 85.
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Figure 5-92. '3C NMR (126 MHz, DMSO-ds) spectrum of 86.
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Figure 5-93. 'H NMR (500 MHz, DMSO-ds) spectrum of 87.
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Figure 5-94. 13C NMR (126 MHz, DMSO-ds) spectrum of 87.
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Appendix B. List of cell lines used

Cell Line Media Growth Organism Tissue Type Source Notes
Jurkat RPMI-1640 + Suspension Human T-cell ATCC ATCC #TIB-
10% FBS + Lymphocyte 152
Pen/Strep
SkBr3 DMEM/F12K Adherent Human Breast ATCC ATCC #HTB-
+10% FBS + 30
Pen/Strep
MDA-MB- DMEM + 10% Adherent Human Breast ATCC ATCC #HTB-
231 FBS + Pen/Strep 26
MDA-MB- DMEM + 10% Adherent Human Breast Liang Xu ATCC #HTB-
468 FBS + Pen/Strep (KU) via 132
ATCC
NCI-N87 RPMI-1640 + Adherent Human Stomach Liang Xu ATCC #CRL-
10% FBS + (KU) via 5822
Pen/Strep ATCC
Mia-Paca-2 DMEM + 10% Adherent Human Pancreatic ATCC ATCC #CRL-
FBS + Pen/Strep 1420
Raji RPMI-1640 + Suspension Human B Lymphocyte ATCC ATCC #CCL-
10% HI FBS + 86
Pen/Strep
Ramos RPMI-1640 + Suspension Human B Lymphocyte ATCC ATCC #CRL-
10% HI FBS + 1596
Pen/Strep
RAW264.7 DMEM + 10% Adherent Mouse Macrophage Sue Lunte ATCC #TIB-
FBS + Pen/Strep (KU) via 71
ATCC
Appendix C. List of plasmids used
Name Gene Product Gene Species Vector Type Source
Bacterial
pBP4-3 n/a n/a pBP4-3 Expression Peterson Lab
Vector
SpA-ZZ-12Lys
Sec-SpA-Z2Z- wisecretion | Staphylococcus pUC57 Cloning Vector GenScript
12Lys ; aureus
signal
SpA-ZZ-6Lys
S wisecretion | Staphylococcus pUC57 Cloning Vector GenScript
6Lys ; aureus
signal
SpA-ZZ-12Lys Staphviococcus Bacterial
SpA-ZZ-12Lys | wl/o secretion pay! pBP4-3 Expression Cloning
. aureus
signal Vector
SpA-ZZ-6Lys Staphviococcus Bacterial
SpA-ZZ-6Lys | w/o secretion phy pBP4-3 Expression Cloning
: aureus
signal Vector
Bacterial .
SpA-ZZ-2Lys- = SpA-ZZ-2Lys- @ Staphylococcus ; Mutation of
pBP4-3 Expression
A A aureus SpA-ZZ-6Lys
Vector
SpA-ZZ-2Lys- SpA-ZZ-2Lys- Staphylococcus R Mutation of
pBP4-3 Expression
B B aureus SpA-ZZ-6Lys
Vector
SpA-ZZ-2Lys- SpA-ZZ-2Lys- = Staphylococcus Bacterial Mutation of
pBP4-3 Expression
C C aureus Vector SpA-ZZ-6Lys
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Appendix D. Sequences of genes synthesized by GenScript
SpA-ZZ-12Lys

DNA sequence (optimized portion in black):

GAA TTC GGC GTG GGC ATT GCG AGC GTG ACC CTG GGC
AGC GGC GGC GTG ACC CCG GCG GCG AAC GCG GCG CAG
GTG GAT AAT AAA TTC AAC AAG GAA CAG CAG AAC GccC
CTG CAT CTG CCG AAC CTG AAC GAA GAA CAG CGT AAC
AGC CTG AAA GAC GAT CCT AGC CAG AGC GCG AAC CTG
AAG AAA CTG AAC GAT GCG CAG GCG CCG AAA GTG GAT
AAA GAA CAG CAG AAC GCG TTT TAT GAA ATT CTG CAT
AAC GAA GAA CAG CGT AAC GCG TTT ATT CAG AGC CTG
AGC CAG AGC GCG AAC CTG CTG GCG GAA GCG AAA AAA
CAG GCG CCG AAA GTG GAT GGT GGC TGT TAA TGA CTC

Amino acid sequen

(@]

e

(7]

ines in red):
L G

ly

Z0o0oxo-
C=zo0o2H
H>»OoOxR®M
i B I B
H<WZ QO
> EIO R H
N HWEP
N B PO wn
Hm 20 <~
224
OB
=
o HEH<KA3
== I s Bl
OoHEXHBE
" HXNBH
< o@D wm
Ox" =26
N=Z0"a
QP P2z

SpA-ZZ-6Lys

DNA sequence (optimized portion in black):

GAA TTC GGC GTC GGT ATC GCA AGC GTG ACC CTG GGC
AGC GGC GGC GTG ACC CCG GCG GCA AAT GCT GCT CAA
GTG GAT AAC AAA TTC AAC AAA GAA CAG CAA AAC GCC
CTG CAT CTG CCG AAC CTG AAT GAA GAA CAG CGT AAT
AGC CTG AAA GAT GAC CCG AGC CAG TCT GCT AAC CTG
CGT CGC CTG AAC GAT GCA CAG GCT CCG CGT GTT GAC
AAA GAA CAA CAA AAC GCG TTC TAC GAA ATT CTG CAC
AAC GAA GAA CAG CGC AAC GCG TTC ATT CAG TCT CTG
AGT CAG TCC GCC AAT CTG CTG GCC GAA GCC CGT cCGC
CAA GCG CCG CGT GTG GAT GGT GGT TGT TAA TGA CTC

(@)

e

(7]

Amino acid sequen ines in red):
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ACC
CAT
TTC
GCG
CTT
AAC
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CTG
GAG
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CTG

CTG
GAG

CTG
GAT
TAT
TTT
GCG

CCG
GAT
AAC
GGG

Ho=z2w
HO X PO
@ dHMRD

CTG
GAT
TAT
TTT
GCG

CCG
GAC
AAT
GGG

Hro=zzp
HOXPO
@ dHMRD

CTG
GAA
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ATT
GAA
TTT
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GTA

< =ZHUO
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ATC
GAA
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GAT
GTA

< =ZHUO

ATT
GCG
ATT
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GCG
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CTG
CCG
GCG
CcC

n Hwnp

O "0«
PO B

ATT
GCG
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CAA
GCG
AAT
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