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Abstract of the Dissertation

Probing the Extracellular Space: Development of Molecular Imaging Platforms

and Investigations of Metal-Mediated Receptor Signaling

The work described in this dissertation builds upon previous work in chemical biology and
molecular imaging. This thesis will touch upon synthetic chemistry, molecular biology,
analytical development, and molecular imaging. The works described in general are all centered
around developing new tools for monitoring biological analytes with a focus on extracellular
applications. Chapter One outlines the history of medical imaging in general and how molecular
imaging evolved out of it. This includes information on whole body imaging techniques and how
they have been adapted towards imaging biological analytes at the molecular level in living
systems. This chapter details the modalities with which we are able to design new imaging
probes and discusses the advantages and drawbacks of various modalities.

Chapters Two through four of this dissertation focus on the use of bioluminescence as a
powerful imaging platform and details how this natural phenomenon can be modified to produce
analyte responsive light emission. Chapter Two describes a novel bioluminescent imaging probe
that was developed using a marine luciferin/luciferase system. In particular, the synthesis of a
copper(I1)-reactive luciferin, picolinic-caged diphenylterazine (Pic-DTZ) is described and its
implementation with the engineered Nanoluciferase. The design, synthesis, and characterization
of the probe is discussed in detail including its biological relevance and applications in

monitoring serum copper status as well as extracellular copper status in high-throughput cellular



assays. Chapter Three outlines a discovery made while working on the copper responsive probe
detailed in chapter two. The copper mediated oxidation of imidazopyrazinones and subsequent
inactivation of bioluminescence is described. This work details the molecular mechanisms
behind how marine luciferases are inhibited by copper. In Chapter Four the development of a
second bioluminescent probe, boronate esther-caged diphenylterazine (Bor-DTZ) is described.
This caged luciferin is hydrogen peroxide responsive and chapter three outlines its design,
synthesis, and characterization. Applications in cell-based assays are also described using breast
cancer cells stably expressing Nanoluciferase.

Chapter Five of the dissertation describes work in collaboration with Dr. Randy Carney
towards the development of Raman active tags for imaging and characterizing extracellular
vesicles using Raman spectroscopy. In particular, the synthesis of Raman active polyynes are
described as well as their conjugation to antibodies specific for membrane proteins that are
potential biomarkers for ovarian cancer. Subsequent extracellular vesicle capture with the tagged
antibodies and Raman spectra analysis are described in detail. The work shows the promise of
Raman spectroscopy as a modality for imaging extracellular vesicles as well as for diagnosis of
early-stage cancers. It also demonstrates the immense potential extracellular vesicles hold as
biomarkers.

Though not directly related to molecular imaging, Chapter Six describes investigations in
peptide GPCR interactions in the extracellular space. The chapter details structural and
biological assays of oxytocin and related analogs in both apo and metal bound forms and the
subsequent effect on bioactivity. Specifically, zinc and copper bound forms of oxytocin and the
analogs are studied using electronic absorption spectroscopy and circular dichroism. Receptor

activation was monitored by analyzing MAPK activation. The work details how zinc and copper

xi



induce different structural changes in oxytocin and analogs and effect receptor activation and
downstream signaling.

Lastly, Appendix One details preliminary work on identifying new metal binding
peptides using a combinatorial approach in collaboration with Dr. Kit Lam. The design of
cysteine and histidine free libraries and their synthesis using the one-bead-one-compound
method are described as well as their subsequent screening use live cells and a colorimetric
chelator. Though this project is in preliminary stages the work described details a foundation to
build open for high throughput screening and identification of unique peptides that are capable of

interacting with metal ions.
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Chapter 1

The Rise of Molecular Imaging for Targeted In
Vivo Monitoring of Biomolecules

Let the sun illuminate the words that you could not find.

- Natasha Bedingfield (Unwritten, New York, 2004)



1.1 Introduction: A Brief History of Medical Imaging

In the spirit of understanding how we got to where we are today, though not directly related to
the nitty-gritty details of the forthcoming chapters in part one, I’d like to reserve chapter one to
provide a bit of context and history on medical imaging in general and how molecular imaging
came to be with the advancement of technology. I hope if nothing else it will provide the reader a
sense of reflection and wonder on how one experiment, one finding, can unravel an entire field; a

notion that any good scientist should remind themselves of regularly.

1.2 Whole Body Imaging

In the late 16™ century, the world saw its first great advancement in imaging technology
with the invention of the microscope.! Although upon its immediate invention the microscope
was used as a novelty mainly by the rich, subsequent improvements in lenses allowed for a
greater scientific understanding of the composition of life down to scales not previously possible.
For example, Robert Hooke used the microscope to identify plant cells in thin slices of cork,
coining the term “cell” for the smallest unit of life.? Then the development of chemical staining
pioneered by Camillo Golgi planted the seeds for histochemical staining, a tool used widely
today by medical practitioners and pathologists to detect and diagnose disease.®* Though the
microscope proved immensely useful towards better understanding the structure and components
of the human body its use required invasive procedures including surgery and biopsy to obtain
useful samples.

In November of 1895 the science of medical imaging began. Wilhelm Conrad Roentgen

was working with an early cathode ray tube known as a Crooke’s tube when he noticed that the



invisible waves emitted were able to penetrate various materials (such as his own hand) better
than others.® It was at this point X-rays were discovered when Roetengen saw the bones of his
own hand on a photographic plate on the opposite side of his Crooke’s tube. He then would go
on to spend over a month in his basement ultimately discovering what the rest of the world
would come to known about X-rays for the next two decades. He was awarded the first Nobel
Prize in 1901 for these monumental discoveries that would have far reaching implications in
fundamental and translational science.®

As we now know, the discovery of X-rays set in motion a noninvasive way of viewing
the human body that would prove invaluable towards the development of lifesaving
technologies. Physicians quickly began to exploit the properties of X-rays towards imaging
skeletal trauma in ways that were previously not possible. Quickly the technology became more
powerful with the development of “fluoroscopy” in the 1920s.” Radiologists would give patients
radio visible barium and take films as the barium moved through the gastrointestinal tract. In
fact, such methods proved to be some of the first non-invasive diagnostic handle for cancers of
the esophagus, stomach, and colons.’

Thus the 20" century became the era of medical imaging with one advancement after
another, so it seemed. In the 1940’s tomography was introduced which allowed for the 3D
rendering of X-ray images which was later replaced with computerized axial tomography (CAT)
and CT.8 In the 1950’s nuclear medicine ushered in yet another new age of medical imaging with
positron emission tomography (PET) which relies on the uptake of radioactive compounds that
emit positrons upon decay.® Upon emission the positron will collide with an electron after which
two photons are emitted in opposite directions which can be detected allowing for the source of

emission to be localized in space. Traditionally, most PET imaging was performed using the
3



positron-emitting isotope fluorine-18 that was incorporated into glucose to make,
fluorodeoxyglucose (FDG).*® Because increased glucose uptake is associated with cancerous
masses, the use of FDG has become routine to diagnose and monitor cancer.'''? The
combination of PET with CT resulting in “PET-CT”, allowed for substantial increases in the
intrinsically low resolution of PET alone thereby facilitating the localization of cancer for
subsequent biopsy or removal.*®

Ultrasound was then first clinically used in the 1970’s which is an imaging modality that
does not rely on radiation but rather soundwaves.* As sound passes through tissue and is
reflected back, images can be generated and analyzed. Some of the main uses today for
ultrasound are determining mammary masses as cancerous or benign as well as the monitoring of
fetus development during the gestation period.*>® Notably, today ultrasounds can be recorded
with a highly portable machine.

It was also in the 1970’s that one of the biggest powerhouses in imaging technologies
today began to be developed; magnetic resonance imaging (MRI).2*® Of particular importance,
MRI generates high-resolution images relative to the other modalities mentioned. Briefly, MRI
works by placing a subject within a magnetic field which will align the spins of certain nuclei in
said field. Then a radio wave is pulsed at a specific frequency that will resonate with the nuclei
of interest. When the radiofrequency is stopped, the spin will return to its relaxed state and a
radio-frequency signal is emitted and can be detected. For imaging of the human body, it is
typically hydrogen nuclei that are used due to their high abundance in water and fat.

Depending on the environment of the hydrogen nucleus they may have ever so slightly
different resonance frequencies even if the magnetic field strength is the same. Indeed, this is the

basis of nuclear magnetic resonance (NMR) in chemistry. This principle is harnessed in imaging
4



by making the magnetic field strength more uniform and suppressing water thereby allowing
different chemical species with slightly different resonance frequencies to be detected, a process
known as magnetic resonance spectroscopy (MRS). A useful example is the detection of N-
acetyl aspartate (NAA) which is a biomarker for healthy neurons thereby allowing one to
monitor healthy brain tissue from diseased.?° It is also worth noting that modifications to the
radio pulse sequence can produce different magnetic resonance contrasts which can be related to
T1 and T2 relaxation times or the diffusion of water or blood for example.?! Lastly, another
notable development is the use of contrast agents, mainly gadolinium based, which serve to
lower the T1 relaxation times and improve contrast and visibility of internal body structures.?
Though much more could be discussed regarding the fundamental principles, the uses, and the
variations of MRI methods, they are beyond the scope of this work. I will limit the discussion of

MRI to what has already been said here.

1.3 The Development of Molecular Imaging

In contrast to the lengthy and rich history of whole-body medical imaging, molecular imaging is
a relatively new field born out of the rapid advancement of scientific technologies within
disciplines including but not limited to medical imaging, chemical biology, and engineering.
Indeed, molecular imaging has proven to be a massively interdisciplinary field pushed forward
by successful collaboration between scientists and engineers with varying expertise. Because the
field of molecular imaging falls under such a large umbrella it means different things to different
people. For the purposes of the work discussed in this dissertation, the definition of molecular
imaging can be stated as the noninvasive, real-time, visualization of biochemical events at the

cellular and subcellular level within living cells, tissues, and/or intact subjects.
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It typically involves specialized instrumentation (some of which discussed above)
sometimes used alone or in conjugation with specialized contrast agents or probes that allow for
the direct monitoring of desired analytes or chemical events. Molecular imaging agents can
reveal the locations of pathology often with high precision and provide new insights surrounding
the mechanisms of physiology and pathology. For example, with molecular imaging agents we
can visualize interactions at the molecular scale such as protein-protein interactions, enzymatic
turnover, and biomolecule trafficking.2>2’ As such, the molecular imaging tools developed are
often of particular importance for both early disease diagnosis, therapeutic intervention, as well
as monitoring treatment efficacy to a degree which traditional imaging usually severely lacks.

Though today there are a plethora of modalities that one can choose from to begin
developing new molecular imaging agents the genesis of the field has close ties to nuclear
medicine.?® As mentioned previously, nuclear medicine has been interested in the development
of noninvasive methods for imaging and monitoring disease in patients through the synthesis and
use of radionuclides. Naturally, as our synthetic toolbox and understanding of disease biomarkers
and drug targets expanded so did the capabilities of nuclear imaging. The synthesis of novel
radionuclides that target specific biomarkers launched the field of nuclear medicine into what
would become known as molecular imaging.

PET and SPECT are some of the most widely used molecular imaging techniques that
enable visualization of biochemical changes and levels of targets in a living subject. The first
step in using PET is to identify a target of interest and then synthesis a radiolabeled imaging
agent that is specific and selective for that target. Early on, FDG itself provided a general
molecular imaging probe to study a identify and monitor various disease’s such as Alzheimer’s,

cardiovascular diseases, and cancer.2*-32 One of the most notable advancements in PET/SPECT
6



molecular imaging is the development of peptide-radionuclides that target specific disease
biomarkers.3*-3 In fact, today radiolabeled small peptides are the major class of PET probes used
in the diagnosis and therapy of tumors.*6-8 Typically, an over-expressed target receptor is
identified on the cancer tissues of interest and a peptide with high specificity and selectivity for
that receptor is then used to develop a radiolabeled peptide to target the receptor. In this way,
such peptide agents target disease tissue with high specificity and spatial resolution. Some
clinically investigated targets using radiolabeled peptides include the somatostatin receptor,
prostate-specific membrane antigen, integrins, and chemokine receptors.3%-46

In addition to PET/SPECT other major modalities used in molecular imaging include
MRI. MRI is especially attractive due to its outstanding signal to noise ratio, high spatial
resolution, and excellent tissue contrast.*”*8 Aside from providing detailed anatomical
information MRI pulse sequences have developed which allow for physiological information to
be revealed. Some examples of unique MRI pulse sequences include dynamic contrast-enhanced
MRI which can assess the physiological characteristics of the vasculature, and blood oxygen
level dependent MRI which can report on the oxygen status of red blood cells in perfused regions
of tissue.**>! In addition to unique pulse sequences, new contrast agents have also been
developed. Like the probes used in PET/SPECT, MRI agents using gadolinium complexes
decorated with peptides that target disease tissues selectively and specifically have been
developed.>?>* Examples include superparamagnetic iron oxide (SP1O) nanoparticles
functionalized with peptides specific for atherosclerotic events and imaging of integrins using
gadolinium-containing liposomes.>>

At this point, | hope to have convinced the reader of how the advent of imaging and

molecular imaging have had an enormous impact on both our understanding of human
7



physiology and pathology but also on disease diagnosis and patient outcomes. Although PET and
MRI are some of the most used molecular imaging modalities in whole body imaging there are
many other modalities | have not discussed. Of these include ultrasound, photoacoustic, and
optical. As the following chapters regard the development of molecular imaging probes using
some of these modalities, | will take the next section to introduce and discuss some of these in

more depth and detail.

1.4 Optical Modalities: Fluorescence, Bioluminescence, and

Raman Imaging

Optical methods including both fluorescence and bioluminescence imaging have emerged as
powerful new modalities for molecular imaging over the past few decades. For decades now
researchers have used optical methods to monitor biochemical processes in live cells assays. For
example, using fluorescent proteins we can track cells and proteins at the micrometer scale with
microscopy.®’ However, today these methods have been adapted so that scientists can achieve
imaging of optical reporters in live animals to the point that we are able to generate whole-body
measurements with reasonable resolution.>® Usually, optical imaging requires the addition of an
optical probe that can produce a detectable and targeted signal. The most widely used techniques
for optical imaging today are fluorescence and bioluminescence which will be discussed in depth
here. Additionally, I will briefly introduce another optical modality, Raman, as it chiefly
concerns the project discussed in Chapter five of this work.

Over the past three decades or so the implementation of fluorescence microscopy has

revolutionized the field of molecular biology. Fluorescence microscopy is used to increase image



contrast and spatial resolution to achieve the previously mentioned goals of successful molecular
imaging agents.>® Generally, fluorescence microscopy utilizes either genetically encoded
fluorescent proteins, fluorescent dyes, fluorescently labeled molecules, or even in some cases
endogenous fluorescent biomolecules like collagen or hemoglobin. The process of fluorescence
involves the absorption of a specific wavelength of light by a chromophore thereby generating an
excited state which emits, almost immediately, photons of a longer wavelength and short energy

upon relaxation to the ground state (Figure 1.1).

Excitation Emission

|

Fluorescence

Laser light
E=hv

&

i
|
|
|

Ground state E

Figure 1.1 Incident light (typically from a laser source) excites an electron from the ground state
(Eo) to an excited state (E1) followed by relaxation and emission of light in the process known as
fluorescence.

Some commonly used fluorescent dyes include rhodamines, fluoresceins, and cyanines
all of which are resonant dyes characterized by narrow absorption and emission bands. Common
charge transfer dyes include coumarins and dansyl fluorophores which are characterized by well
separated absorption and emission bands and have large stokes shift relative to resonant dyes.
Many of these dyes exist in “click-able” forms with reactive handles used to label functional

groups such as amines and thiols on biomolecules such as peptides, antibodies, proteins and

DNA/RNA. The discovery of the green fluorescent protein (GFP) revolutionized fluorescent



imaging and brought a whole new arsenal of tools used for optical imaging.®° Protein
fluorophores immediately saw success as reporter genes in plasmids providing a facile method of
monitoring successful transfection and gene expression through monitoring fluorescence.®* Other
common protein fluorophores derived from GFP include blue, cyan, and yellow fluorescent
proteins.

The development of a myriad of microscope options including wide-field, laser scanning
confocal, scanning disk confocal and super resolution combined with various emergent methods
like fluorescence lifetime imaging, Forster resonance energy transfer, stimulated emission
depletion, and fluorescence correlation spectroscopy has allowed researchers to push new
boundaries and answer questions that previously had limited tools to aid them. These techniques
have been used to study protein-protein interactions, DNA detection and sequencing, cell sorting
including flow cytometry, live-cell imaging, and even fluorescence guided surgeries.®>-% One of
the most recent developments using fluorescence imaging is “Cell Painting” which is a high-
content image-based assay for morphological profiling using multiplexed fluorescent dyes.®® The
first paper describing such an assay used six fluorescent dyes to stain the nucleus, endoplasmic
reticulum, nucleoli, Golgi apparatus and plasma membrane, actin, and the mitochondria.”® This
type of richly multiplexed assay allows researchers to quickly monitor morphological changes in
cells thereby providing a new high throughput screening method for drug development.

In addition to organelle targeted dyes researchers have also developed analyte-responsive
probes through the chemical modification of small molecule fluorophores. The general design
for such probes is to append an analyte-responsive moiety to fluorophore which typically
generates a fluorescence “off”” analog. However, upon reaction with the analyte of interest the

original fluorophore is restored producing an “on” state. These are generally known as “on/off”
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probes. Such probes have been developed for detecting metal ions, reactive oxygen species,
specific functional groups such as thiols, as well as for monitoring pH."*~"®

On the clinical side, in vivo fluorescence imaging has a wide range of resolution and
imaging depths including subcellular with intravital microscopy and whole-animal imaging with
1-3 mm spatial resolution.”” Endoscopes with confocal or 2-photon laser fluorescence molecular
imaging has also been developed allowing clinical use of fluorescence imaging with targeted
contrast agents.’”® One major drawback of fluorescence imaging in vivo is that tissue penetration
can become an issue due to light scattering and quenching by biomolecules like hemoglobin. To
overcome these setbacks researchers have become to develop new, near-infrared dye that have
increased tissue penetration. One of the most common near-infrared fluorophores widely used is
cyanine-5 (Cy5)."®

Aside from fluorescence, the other widely used optical modality is bioluminescence.
Bioluminescence is a phenomenon observed in nature that involves the oxidation of a small
molecule, known generally as a luciferin, by an enzyme, known generally as a luciferase.? In
this enzymatic oxidation an excited state intermediate is generated which emits a photon upon
relaxation to the ground state. While there are more than forty known bioluminescent systems,
only eleven of them have been fully characterized to date.®* Today, uncovering novel pairs and
fundamental molecular mechanisms of known systems remains an active area of research. Unlike
fluorescence, bioluminescence does not require an excitation light source allowing for extreme
sensitivity with high signal to noise ratios and virtually zero background. An additional
advantage is controllable localization afforded through tissue/cell line specific genetic
encodement of the luciferase. It is commonly used in preclinical cellular and molecular imaging

in small animals.
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One of the most studied and well used systems is the firefly (Photinus pyralis)
luciferin/luciferase system where D-luciferin is oxidized by firefly luciferase in a reaction that
requires oxygen, adenosine triphosphate (ATP) and magnesium (Figure 1.2). The oxidation of D-
luciferin occurs via two key steps, the initial activation of the carboxyl group through
adenylation followed by its oxidation to form oxyluciferin as an excited state anionic species via
a dioxetanone intermediate.®28 The light emitted by this bioluminescent reaction has a broad

emission spectrum with a maximum centered around 560 nm.
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Figure 1.2 Mechanism of D-luciferin oxidation and light emission by firefly luciferase.

Firefly luciferin/luciferase has been used extensively in small animals because of many favorable
characteristics. D-luciferin distributes throughout an animal rapidly after injection and can pass
through blood-tissue barriers including the brain.8>-%" Furthermore, peak emission lasts for up to
an hour providing a wide window for signal acquisition.® Indeed, bioluminescence imaging has
proven to be one of the most useful tools in basic oncology research for reliably monitoring
primary tumor growth.®® Because of firefly luciferases reliance on ATP for oxidation many in

vitro assays have been developed with the firefly system to monitor changes in ATP levels
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including for hygiene and monitoring bacterial contamination as well as to monitor ATP
generating and ATP consuming reactions.%-%°

There are many known advantages to the firefly system over other luciferin/luciferase
pairs. For example, it is well known that firefly luciferin has superior water solubility relative to
other small molecule luciferins making it more adaptable to biological fluids.*® In addition to
solubility, it is also established that D-luciferin has much lower toxicity relative to
coelenterazine, another luciferin making it ideal for cellular assays and small animal imaging.'%*
Furthermore, the firefly system has the highest quantum yield of any luciferin/luciferase pair at
around 40% relative to most others at 15-30% as well as the longest wavelength of emission
making it ideal for small animal imaging.8+1%2

Although firefly luciferin/luciferase has seen tremendous application in both cellular
assays and small animal imaging there are some notable disadvantages for its use in
bioluminescent imaging. For small animal imaging, it has been shown that D-luciferin results in
nonhomogeneous biodistribution using *C labelled luciferin.®®> Additionally, uptake is not
optimal organ by organ with specifically low uptake in the brain limiting neurological
applications.'% There also limitations in terms of suboptimal cell permeability therefore
requiring high D-luciferin doses.'® Additionally, the requirement of ATP for the enzymatic
oxidation limits the use of firefly-based systems to mainly intracellular applications where ATP
is abundant and introduces a confounding variable as signal is dependent on ATP concentration.
Although one of the most red-shifted systems in vivo imaging applications are still limited
especially regarding tissue penetration depth as the light is still strongly absorbed by blood and

tissue. It is important to note that a current active area of research is the development of novel
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luciferins and engineered luciferases for red-shifted emission compatible with deep tissue
imaging.105-109

The other major class of luciferin/luciferase pairs is marine based systems. Most marine
based luciferases have a common imidazopyrazinone substrate called coelenterazine. In fact, to
date coelenterazine is the known substrate for roughly fifteen naturally occurring marine
luciferases.?*® 17 Interestingly, all the marine luciferases, and luciferases in general even,
evolved independently and are totally non-homologous.t!3° Of the marine luciferases some that
have seen most notable application in assay development and imaging owing to their early
discovery and cloning are Renilla luciferase (Rluc), Gaussia luciferase (Gluc), and Metridia
longa luciferase (Mluc).1*3-115 Recently, in the past decade the engineered luciferase,
Nanoluciferase (Nluc), derived from the deep-sea shrimp, Oplophorus gracilirostris has seen
enormous use in biochemical research.'?® The general reaction mechanism of coelenterazine to
produce blue light occurs via the oxidation of coelenterazine to an excited state coelenteramide
through a dioxetanone intermediate (Figure 1.3).1?* This excited state coelenteramide relaxes to
ground state through the emission of blue photons in the range of 450-490 nm depending on the

luciferase.®!
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Figure 1.3 The reaction mechanism for the bioluminescent oxidation of coelenterazine,
producing blue light.

The bioluminescent oxidation of coelenterazine is only dependent on oxygen and is ATP
independent. The ATP independence of marine luciferase systems makes them excellent
candidates for extracellular applications where ATP is not abundant. Other favorable
characteristics of marine systems include small luciferase size relative to firefly luciferase.
Relative to the 62 kDa firefly luciferase, Rluc is 34 kDa, Gluc and Mluc are both around 20 kDa
and Nanoluciferase is 19 kDa. The small size of marine based luciferases makes them excellent
candidates for use as reporter proteins as their genes can easily be encoded into vectors.
Although the small size, intense light emission, and ATP independence of marine
luciferases are of unique advantage over firefly-based systems, the limitations of marine systems
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should be considered. Some key disadvantages include poor water solubility, increased toxicity
relative to firefly luciferin, as well as susceptibility to auto-oxidation leading to
chemiluminescence in solution.!?°122123 Although of chief concern is that the blue shifted
emission of coelenterazine utilizing luciferases severely limits applications in vivo as majority of
blue shifted photons are absorbed by hemoglobin and tissue. However, it should not be
overlooked that because of this researchers are actively developing red-shifted coelenterazine
analogs as well as mutant luciferases.'?4128 Additionally, in the sea pansy, Renilla Reniformis,
the luciferase Rluc is coupled with GFP where the blue light emitted from Rluc is coupled
through resonance energy transfer to the active fluorophore of GFP to form an excited-state
species which subsequently emits in the green regions around 510 nm.*?° This has inspired the
development of bioluminescent resonance energy transfer (BRET) systems that further red-shift
emission, 130132

Despite the limitations of marine based luciferin/luciferase systems they have seen
widespread use in applications ranging from in vitro assays to live cell assays. Additionally, the
development of novel coelenterazine analogs and engineered luciferases like Nluc has increased
the space for assay development using marine systems. Table 1.1 shows a representative

selection of synthetic coelenterazine analogs with various useful properties.
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Table 1.1 Representative synthetic coelenterazine analogs with red-shifted emission spectra.
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Some of the analogs presented in table one show emission wavelengths when paired to novel
engineered luciferases. For the purposes of this dissertation such engineered luciferases, aside
from Nluc, will not be discussed in depth as most of the work in the forthcoming chapters uses
mainly Nluc in addition to some of the other the already discussed marine luciferases.

Like the applications discussed regarding the firefly systems, the use of marine systems

towards biotechnology advancements have been immense. Many marine systems discovered
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initially, though the exact molecular mechanisms were unknown at the time, included cofactor
sensitive photoproteins in addition to luciferases. For example, the discovery of the photoprotein,
Aequorin, from the jellyfish, Aequorea vicotria, led to the rapid development of calcium sensors
for monitoring intracellular calcium fluxes.**® Today, it is established that in bioluminescent
systems of calcium dependence there exists photoproteins (Aequorin in the case of Aequorea
Victoria) with a coelenterazine derivative, 2-hydroperoxycoelenterazine in the active site. 1341
Such proteins undergo a conformational change upon calcium binding which triggers
decarboxylation and the production of an excited state coelenteramide followed by subsequent
light emission upon relaxation.**® Another unique marine based photoprotein, pholasin, from the
luminous seawater mollusk Pholas dactylus, was adapted to monitor changes in reactive oxygen
species (ROS) production.®*”% The luminescence reaction of pholasin is triggered by ROS such
as superoxide anion and hydroxyl radicals and therefore was adapted into an ROS assay kit. One
group led by Shah et al. used pholasin to evaluate ROS production in platelets of patients with
heart failure. 1%

Luciferases like Rluc and Gluc saw early uses as reporter fusions after much optimization.
For example, Rluc has been used a reporter since 2006 when a variant, Rluc8, with increased
stability and more intense light emission was engineered through random mutagenesis.**® Gluc is
a naturally secreted luciferase and therefore resulted in the development of secreted reporter
assays. Tannous et al. developed this reporter in mammalian cells where they showed that levels
of secreted Gluc were linear in relation to cell number, growth, and proliferation.** Furthermore,
they demonstrated that the reporter could be used to monitor endoplasmic reticulum stress and
the secretory pathway as well as small interference RNA (siRNA) silencing and protein-protein

interactions.
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Nanoluciferase has gained immense traction as the premier marine system for use in
biotechnology and imaging in recent years owing to its small size (19 kDa, which is small even

142 1t has been

for marine luciferases), intense luminescence, and high thermal stability.
engineered into similar reporters like Rluc and Gluc. Additionally, Nluc can be engineered for
both intracellular retention and secretion making it particularly useful for both intra- and
extracellular applications. In addition to these forms of Nluc there is a third destabilized form of
NLuc, Nluc-PEST, which contains a protein degradation signal. This destabilized version
provides a coupling to transcriptional activity as Nluc-PEST has a short lifetime (10-30 minutes)
therefore rapid changes in expression level are reflective of changes in transcription activity.4
Promega also offers other Nluc based platforms such as NanoBRET which (perhaps obviously)
is a BRET based system that can be used to study protein-protein interactions, ligand-receptor
interactions, as well as for stability sensors for signaling proteins.'#14 Lastly, the split luciferase
system, NanoBit, is a highly sensitive system that can be used to study protein-protein
interactions where two proteins of interest are tagged with complimentary segments of the Nluc
enzyme.2*®147 When said proteins interact the complimentary Nluc “Bits” can fold together into
the functioning Nluc enzyme and produce detectable photons.

In addition to the above-mentioned forms and applications of bioluminescent systems
available commercially, researchers have adapted them through chemical modification of the
luciferins to produce analyte responsive signal like the analyte responsive fluorescent probes
previously discussed.*® Such compounds are typically referred to as “caged” luciferins. The vast
majority of such bioluminescent molecular imaging probes to date have been developed based on

the firefly luciferase system. Typically, the hydroxyl group on D-luciferin is chemically modified

though in some instances the carboxylic acid group was modified. In most cases bioluminescent
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probes are “turn on” probes where the caged luciferin is luciferase inert. The analyte of interest
can chemoselectively remove the cage thereby restoring the native luciferin which can then be
oxidized by its luciferase to produce a turn on signal. In this way researchers have used the
firefly luciferase system to develop imaging probes for things including but certainly not limited
to enzymatic activity, hydrogen peroxide, metal ions, carbon monoxide, glycans, and hydrogen
sulphide.*%-1%® There are fewer examples of bioluminescent imaging probes using
imidazopyraninone based luciferins likely because they are easily auto oxidized and synthetically
difficult to handle. Typically, those utilizing imidazopyrazinones cage the luciferin on the
carbonyl at the C-3 position. Some such probes reported are for beta-galactosidase and
thiophenols. 5%

The work in the forthcoming chapters regarding bioluminescent probes seek to expand
upon the toolbox for monitoring extracellular (as well as intracellular) analytes of interest,
specifically copper and hydrogen peroxide, utilizing marine-based systems (the interest in those
analytes will be discussed in more depth in the appropriate chapters). Though the current probes
put forth by researchers using firefly-based systems have illuminated much regarding the
innerworkings of the cell much less to date is known about biomolecule trafficking and signaling
in the extracellular space. The ATP independence of marine systems provides an excellent
candidate for monitoring the extracellular milieu in addition to containing all the previously
mentioned benefits of bioluminescent based optical imaging.

The last optical modality | will briefly touch on is Raman. Unlike fluorescence and
bioluminescence, Raman is not based on the emission of photons but rather the inelastic
scattering of light by molecules. Raman scattering occurs when a small fraction of light is

scattered by an excitation of molecules which leads to scattered photons with a different
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frequency of light then the incident photon. For the scope of this work, I will not go in depth on
the photophysics and fundamental principles of Raman. For the interested reader they may refer
to some advanced primers on the fundamentals of Raman spectroscopy.6162 Suffice to say,
because the energy levels of every molecule are unique, and the frequency of light scattered is
based off the structural characteristics of molecules, Raman spectra are generally highly specific.
Because of this specificity Raman has seen many applications across diverse disciplines ranging
from geochemistry to materials science to polymer chemistry. 163165

Though the theory of Raman scattering was hypothesized in 1923 by Schmekal and then
experimentally observed by Raman and Krishna in 1928, it wasn’t until recently that the
phenomenon began to be used in applications for medicine and biomedical engineering including
molecular imaging.%¢-1%8 This is likely because of the development of technology and tools
since then that have made the use of Raman spectroscopy more practical. For example, the
Raman effect is generally weak and therefore requires a strong, focused beam of light in addition
to sensitive detectors. The development of the laser (light amplification by stimulated emission
of radiation) and the charge-coupled-device (CCD) are some key technologies that have enabled
the implementation of Raman imaging in applications previously inaccessible.6°

In addition to developments in hardware for collecting Raman spectra there have also

been discoveries and development theory surrounding Raman scattering. One such notable
advancement is the discovery of surface enhanced Raman spectroscopy (SERS). SERS occurs
when incident photons interact with a metallic nanostructure generating a local electric field in
the vicinity of the metal surface.*’® When molecules of interest are near the surface of such
metallic structures, their Raman scattering is dramatically enhanced. For this reason, SERS has

gained increasing traction in biomedical applications because of its high sensitivity and
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molecular selectivity. Researchers in one group used this phenomenon to develop a SERS active
nanoparticle that they tracked inside of a cell.}”* This enabled them to monitor the surroundings

of the particle as it traveled inside the cell illuminating structural information regarding cellular

transport pathways such as endocytosis.

The use of biorthogonal Raman active tags has also revolutionized researchers’ capabilities
when it comes to cellular and tissue-based Raman imaging. Because cells are Raman silent in the
region of 1,800 to 2,100 cm™ researchers have put forth tags that produce Raman signal in those
regions for small molecule imaging in cell-based assays. One example of such a structure is the
alkyne functional group which produces a strong signal in the 1,800 to 2,100 cm™ region and
does not overlap with any endogenous molecules. Because the alkyne functional group is
sufficiently small researchers have been able to append it to various molecules of interest in
order to observe their trafficking in living cells.1’217

Like the other molecular imaging modalities discussed Raman imaging also comes with its
own unigue advantages as well as disadvantages. The fact that Raman imaging can provide
direct chemical information about cell/tissue samples through the non-invasive collection of a
spectra without the addition of probe is one reason it is such an attractive modality. In addition to
this Raman possesses high spatiotemporal resolution, high multiplexing ability, and low
background noise. However, because of the inherent weakness of Raman scattering, similar to
the other optical modalities, tissue penetration is a challenge which can severely limit its use in

small animal imaging and clinical settings.
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1.5 Conclusions & Outlooks

Molecular imaging has certainly grown drastically in the last three decades and | hope the reader
is convinced by now that it provides a powerful means of interrogating living systems to pull
new details from out of the shadows. Not only do molecular imaging tools provide new
mechanistic insight into physiological and pathological states but it also provides novel tools for
diagnosing, monitoring, and even treating disease states. Indeed, the advent of molecular
imaging has induced a paradigm shift from whole body medical imaging that provides simply
anatomical information to the development of techniques and probes that will provide tissue
specific, even molecule specific, biomolecular information. Though traditional anatomical
medical imaging, to say, diagnose a broken bone, will always have a place in the clinic,
molecular imaging is certainly here to stay with a place in both research and development as well
as in the clinic.

As both our understanding of physiology and pathology at the molecular level coupled
with the tremendous advancements in technology for imaging have increased over time, new
opportunities have arisen for the modern scientist. We now are at a place where we have the
necessary tools coupled with new knowledge of disease biomarkers and mechanisms to inspire
the development of cutting-edge tools to interrogate biological systems at molecular levels
previously unseen. In the first part of this dissertation, | will discuss four projects where | attempt
to do just that.

I have alluded to these projects throughout this first chapter. In chapters two and three |
will discuss the development of two new bioluminescent based molecular imaging probes to

monitor extracellular, labile copper as well as hydrogen peroxide. Following this, in chapter
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three 1 will discuss efforts towards the development of a novel class of SERS active tags for
characterizing cancer exosomes. Lastly, I will briefly discuss efforts towards the development of

novel peptide based fluorescent probes for metal ion detection.
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Chapter 2

A Caged Imidazopyrazinone for Selective
Bioluminescence Detection of Labile
Extracellular Copper(11)*

* This chapter is a modified version of the following published article: O’Sullivan, J.J.; Medici,
V.; Heffern, M.C. A Caged Imidazopyrazinone for Selective Bioluminescence Detection of
Labile, Extracellular Copper(l1), Chemical Science 2022, 13, 4352.
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2.1 Abstract

Copper is an essential redox-active metal that plays integral roles in biology ranging from
enzymatic catalysis to mitochondrial respiration. However, if not adequately regulated, this
redox activity has the potential to cause oxidative stress through the production of reactive
oxygen species. Indeed, the dysregulation of copper has been associated with a variety of disease
states including diabetes, neurodegenerative disorders, and multiple cancers. While increasing
tools are being developed for illuminating labile intracellular copper pools and the trafficking
pathways in which they are involved, significantly less attention has been given to the analogous
extracellular labile pool. To address this gap, we have developed a bioluminescence-based
imaging probe, picolinic ester caged-diphenylterazine (pic-DTZ) for monitoring labile,
extracellular copper using a coelenterazine-like imidazopyrazinone and the genetically -
engineered, marine-based luciferase, Nanoluciferase. Unlike the more commonly-used firefly
luciferase, Nanoluciferase does not require ATP to allow its application to the extracellular
milieu. Pic-DTZ demonstrates high metal and oxidation state selectivity for Cu(ll) in aqueous
buffer as well as selectivity for labile pools over protein bound Cu(ll). We demonstrate the
potential of pic-DTZ as a diagnostic tool in human serum and plasma for copper-associated
diseases. Additionally, we apply pic-DTZ to lend insight into the extracellular copper dynamic in

anticancer treatments.
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2.2 Introduction

2.2.1 Copper in Biological Systems

Copper is a trace micronutrient required for proper physiological function in all living
organisms.'? Nature harnesses its accessible Cu(l1) and Cu(l) oxidation states for essential roles
in enzymatic catalysis, mitochondrial respiration, and cell proliferation.>” Dysregulated copper
biology has been associated with both aberrant redox activity and unwanted protein aggregation,®
implicating it in disease states that include obesity-associated metabolic disorders,
neurodegeneration, and a variety of cancers.®>! For this reason, biology has evolved complex
systems to tightly regulate and traffic copper.

Increasing studies point to the importance in regulating not only the overall levels and
redox states of biological copper, but its localization between the intra- and extracellular space.
For example, Finney et al. used X-ray fluorescence spectroscopy to reveal large-scale
relocalization and extracellular translocation of cellular copper during tumor angiogenesis.*?
Widely studied yet still debated is the putative role of mislocalized extracellular copper in
Alzheimer's disease and amyloid-beta aggregation.'®* However, many of these studies are limited
to structural studies with isolated proteins in buffer, snapshots of copper localization in fixed
tissues and cells, or indirect measures via tracking of copper-dependent proteins and enzymes.**
17 The ability to target and monitor the copper pools in both the intracellular and extracellular
milieu would provide valuable insight into copper dynamics in both normal physiological and
pathological states.

Researchers have put forth powerful imaging probes for tracking intracellular copper that

have illuminated the importance of the labile copper pool in dynamic cellular signaling.'8
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Distinct from the static copper pool, which is tightly bound within protein pockets, the labile
pool is loosely-bound to its ligands, allowing for exchange between biomolecules and low-
molecular-weight chelates. Indeed, changes in the labile pool in extracellular fluids, such as
blood and urine, have been observed in copper-associated disease states. For instance, in Wilson
disease (WD), a genetic disease resulting from pathogenic variants of the ATP7B copper
transporter, serum samples exhibit elevation of non-ceruloplasmin-bound copper while total
serum copper levels are not significantly affected.'® Acquiring knowledge to track both tissue
and extracellular copper fluxes in cases such as this would have diagnostic potential and will

shed light on the systemic manifestations of the disease.

2.2.2 Current Methods for Monitoring Copper in Biological Systems

Despite the advances in probe development for visualizing intracellular labile Cu(l) pools, tools
for directly monitoring the labile, extracellular copper pool remain scarce.!” Extracellular copper
measurements typically rely on either quantification of total copper levels by analytical
techniques such as ICP-MS or monitoring blood levels of the major copper chaperone protein,
ceruloplasmin.?®?! Though these methods can provide useful information particularly to total
copper levels, they do not capture real-time changes in localization or cycling between the
copper pools.t’ To investigate the labile pool, researchers have paired the existing techniques
with pre-analysis separation steps, such as chelation followed by size-exclusion enrichment.?22
While these approaches have indeed expanded our understanding of the labile pool, they may
perturb the native copper speciation.?* Thus, chemo-responsive imaging agents that directly
target extracellular labile copper would preserve and inform on the copper dynamics outside of

the cell and offer a platform for copper-associated diagnostics. An ideal probe would be
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selective for Cu(ll), the expected oxidation state in the extracellular space, target labile rather
than tightly-bound pools, generate signal corresponding to extracellular rather than intracellular
populations, and provide a turn-on a response, which can be a challenge due to the high
fluorescence quenching ability of Cu(l1).Y’

Here we report the design, synthesis, and biological applications of a bioluminescent
probe for monitoring labile, extracellular Cu(ll) pools with high selectivity and sensitivity. The
picolinic ester-caged diphenylterazine (pic-DTZ) is a copper-responsive caged
imidazopyrazinone probe that generates diphenylterazine (DTZ) upon ester hydrolysis by Cu(ll)
for subsequent enzymatic conversion by the Nanoluciferase (Nluc) enzyme to produce light
(Scheme 2.1). Extracellular targeting can be achieved by the selective localization of Nluc. We
demonstrate the selectivity of the probe for Cu(ll) over other relevant biological metals and for
chelatable pools over tightly-bound copper. We show the potential of the probe as a diagnostic
tool for serum and plasma copper levels, including its ability to distinguish elevated labile Cu(ll)
levels in the plasma of individuals with WD relative to the plasma from healthy individuals.
Finally, we employ the probe to directly assess changes in labile extracellular Cu(ll) levels in a
breast cancer cell line treated with various anti-cancer agents that are known or reported to

perturb intracellular copper trafficking pathways.
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Scheme 2.1 Design of pic-DTZ for Cu(ll)-responsive Bioluminescence?
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2.3 Results and Discussion

2.3.1 Design and Synthesis of Probes

Bioluminescence, which involves the enzymatic conversion of luciferin substrates by luciferase
enzymes to produce light, is an attractive imaging modality for its high signal-to-noise ratio.
Additionally, probes developed on this platform can be endowed with cell and tissue specificity
through genetically encoding luciferase expression and localization.?® Caged luciferins are inert,
chemically-modified derivatives of luciferin substrates that chemo-selectively react with the
analyte of interest to restore the native luciferin which can then react with its cognate luciferase
to produce a bioluminescent signal. Researchers have successfully developed a number of caged
D-luciferins, the substrate of firefly luciferase.’®?6-2 However, to the best of our knowledge,
only three caged luciferins have been reported using a marine bioluminescent luciferin/luciferase
pair.2®-3! Marine bioluminescent systems all share the common imidazopyrazinone luciferin,
coelenterazine, that can react with a variety of marine luciferases such as Renilla, Gaussia, and

the engineered Nanoluciferase.*
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To generate a copper-responsive bioluminescent agent that is compatible with the
extracellular environment, we turned to agents derived from the marine bioluminescent systems
as they operate independent of ATP, in contrast with the firefly luciferase/luciferin pair which
requires ATP as a cofactor. As ATP is in low abundance in the extracellular space, eliminating
ATP dependence is for signal sensitivity. Among the marine luciferases and its derivatives, both
the naturally-occurring Gaussia luciferase and the engineered Nanoluciferase are significantly
brighter than firefly luciferase by about 1000 times and 100 times respectively.*> This feature
is especially useful when developing probes for analytes that are present in trace amounts like
the labile copper pool. Additionally both of these luciferases have been applied to extracellular
applications using secreted forms of the enzymes.®* One the one hand, the intensely bright,
Gaussia luciferase has extremely low substrate tolerance, only accepting native coelenterazine.*
On the other hand, a variety of coelenterazine derivatives have been synthesized that are
accepted by Nanoluciferase in addition to its engineered substrate, furimazine.3® We thus
explored three different imidazopyrazinone-type compounds as cores for our probe: native
coelenterazine (CTZ), coelenterazine 400a (CTZ400a) and diphenylterazine (DTZ) (Figure 2.1).
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Figure 2.1 Chemical structures of coelenterazine, coelenterazine 400a, and diphenylterazine.
For our cage design we adapted a previously-reported picolinic ester susceptible to hydrolysis by

Cu(11).%® We also explored the potential for other heterocyclic esters, furan and thiophene, to
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undergo metal mediated hydrolysis. The three heterocyclic ester cage precursors were
synthesized as shown in Scheme 2.2 (synthesis for pyridine ester cage is shown in Scheme 2.3)
and were subsequently tested for their response to metals by UV-Vis spectroscopy (Figure 2.2).

Scheme 2.2 Synthesis of heterocyclic ester cages.?
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a. Reagents and conditions: (a) TBDMS-CI, imidazole, DMF, r.t., 30 min; (b) furan-2-carbonyl
chloride or thiophene-2-carbonyl chloride, anhyd. pyridine/DMF, r.t., 2 hours.
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Figure 2.2 UV-Vis spectra of 10 uM (a) pyridine ester 7 (b) thiophene ester 7a, and (c) furan
ester 7b in 15 mM MOPS buffer at pH 7.4 in the presence of 25 UM metal salts or a no-metal
control (CTR). The marked shift in the spectra of the pyridine ester suggests hydrolysis in the
presence of Cu?*; while no distinct reactions are observed with the other two esters.

Consistent with the previous literature, we observed a distinct shift in the spectra of the picolinic
ester upon addition of Cu(ll) suggesting that the proposed Cu(ll)-mediated hydrolysis occurs.

However, we saw no changes to the spectra of either the thiophene or the furan ester upon the

43



addition of any of the tested metals. With this information in hand, we proceeded with synthesis
of the picolinic ester-caged imidazopyrazinones using the aforementioned cores (Scheme 2.3). It
is well-known that these coelenterazine-like compounds readily degrade at ambient temperatures
and in the presence of air likely due to the anti-aromatic nature of the lower pyrazine-like ring.
To overcome this, researchers have been able to stabilize these compounds while maintaining
bioluminescent activity by nucleophilic addition to the carbonyl thereby achieving complete
aromaticity of the core.®” Thus, we chose to conjugate the picolinic ester cage at the carbonyl

position. For chemical compatibility, we employed a benzy! ether self-immolative linker.?°
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Synthesis of cDTZ
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Scheme 2.3 Synthesis of pic-DTZ reagents and conditions: (i) NBS, CHCIs, 3 h; (ii)
Phenylyboronic acid, Pd(PPhs)s, K2COs, Dioxane, H20, 80°C, 12 h; (iii) 10, EtOH, H20, cat.
HCI, 80°C, 12 h; (a) TBDMS-CI, imidazole, DMF, r.t., 30 min; (b) 2-picolinic acid, EDCI, cat.
DMAP, CHxCl>. r.t., 3 h; (c) MeOH, cat. HCI, r.t., 30 min; (d) PBr3, THF, r.t., 2 h; (iv) 9,
Cs2CO0s3, KI, MeCN, r.t., 12 h. Synthesis of pic-CTZ400a reagents and conditions: (iib) BnBr,
Zn, I, Pd(CI)2(PPh3)2, r.t. 12 h; (iiib) Phenylyboronic acid, Pd(PPhs)s, K2COs3, Dioxane, H-0O,
80°C, 12 h; (ivb) 10, EtOH, H20, cat. HCI, 80°C, 12 h; (vb) MeOH, cat. HCI, r.t., 30 min.
Synthesis of pic-CTZ reagents and conditions: (ic) MeOH, cat. HCI, r.t., 30 min.

With the three caged imidazopyrazinone compounds in hand we moved on to evaluating their

response and selectivity towards Cu(ll) in the presence of their cognate luciferases (Figure 2.3).
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We assessed pic-DTZ and pic-CTZ400a with recombinant Nanoluciferase (rNluc) and pic-CTZ

with Gaussia luciferase.
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Figure 2.3 Calculated area under the curve of luminescence measured over 20 minutes with 5
MM caged probes in the presence of biologically-relevant d-block (5 uM) and s-block (1 mM)
metals. For pic-DTZ and pic-CTZ400a, 120 nM rNIluc was used. For pic-CTZ, 425 nM
recombinant Gaussia luciferase was used.

pic-DTZ in the presence of rNluc exhibits a stronger intensity in signal (recorded over 20
minutes) relative to either pic-CTZ400a and pic-CTZ. Additionally, although pic-CTZ400a did
show Cu(Il)-selective light output, the signal-to-background ratio is much lower compared to
either pic-DTZ or pic-CTZ. It should also be noted that access to native coelenterazine is more
synthetically challenging relative to the other two imidazopyrazinones tested. Indeed, the yield
for the caged CTZ was so low we were unable to get a reasonable carbon NMR spectra and even

the proton NMR displayed low signal to noise. For these reasons, we chose to move forward

with pic-DTZ as the probe of choice

2.2.2 Reactivity and Cu(ll) Selectivity of pic-DTZ in Aqueous Buffer with
Recombinant Nluc (rNluc)
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The chemo-selectivity of pic-DTZ was evaluated by reacting various analytes with the probe in
aqueous buffer (DPBS, pH 7.4), then monitoring enzymatic conversion with recombinant Nluc
(rNluc). Figure 2.4 shows both the kinetic luminescence spectra as well as the selecitivity panel

shown in Figure 2.3.
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Figure 2.4 (a) Representative kinetic curve of luminescence of 5 UM pic-DTZ with or without
the addition of 5 uM Cu(ll) in the presence of 120 nM rNluc. The control treatment (CTR) refers
to the same conditions but with no metal salt added (b) Calculated area under the curve for
luminescence over 20 minutes of 5 uM pic-DTZ in the presence of biologically relevant d-block
(5 uM) and s-block (1 mM) metals. Data points are normalized to signal of pic-DTZ without
metal addition. Error bar denotes SEM, n=3.

When exposed to Cu(ll), pic-DTZ exhibits an immediate seven-fold increase in luminescence
relative to control treatment with no metal (CTR), demonstrating efficient uncaging in the
presence of free Cu(ll) (Figure 2.4). When monitoring the reactivity of the cage by ultraviolet-
visible (UV-Vis) spectrophotometry, we observe a distinct change of the peak at 266 nm towards
a spectrum with two absorbance maxima at 280 nm and 345 nm, suggesting hydrolysis of the

picolinic ester (Figure 2.2). We further validated that Cu(ll)-mediated hydrolysis of pic-DTZ

releases the parent DTZ by monitoring the reaction using liquid chromatography (Figure 2.5).
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We observe that in the presence of excess CuSQOg, pic-DTZ is immediately hydrolyzed to DTZ.
Furthermore, in the presence of sub-stoichiometric amounts of CuSO4 (1:10 Cu(Il):pic-DTZ) we
also observe partial conversion to native DTZ albeit over four hours suggesting that Cu(ll) is not

acting catalytically.
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Figure 2.5 LCMS chromatograms of (a) pic-DTZ (50 uM) alone (b) pic-DTZ (50 uM)
immediately after addition of 1 mM Cu(ll) and (c) pic-DTZ (50 uM) 4 hours after addition of 5
UM Cu(ll), monitored at 250 nm. All LCMS samples were prepared methanol. A gradient was
run from 90:10 H,O:MeCN + 0.1% FA to 10:90 H,O:MeCN + 0.1% FA over 15 minutes, then
held at 10:90 H20:MeCN + 0.1% FA for 15 minutes. Peak labeled "pic-DTZ" corresponds to
m/z of 589.2 corresponding to [M+H]" and peak labeled "DTZ" corresponds to m/z of 376.2
corresponding to a salt form of DTZ.

Furthermore, a dose dependence is observed of pic-DTZ from 0 to 10 uM Cu(ll) until signal
saturation is reached (Figure 2.6). Taken together, these results provide evidence for pic-DTZ
applicability towards monitoring low concentrations of copper. In line with previously suggested
mechanisms of copper-induced hydrolysis, pic-DTZ turn-on likely results from Cu(ll)

coordination to the pyridine nitrogen, with the carbonyl acting as a Lewis acid thereby increasing

the susceptibility of the ester to nucleophilic attack.®
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Figure 2.6 Dose-dependence of pic-DTZ (1 uM) with varying concentrations of Cu(ll) in the
presence of 120 nM rNluc.

Next we evaluated the selectivity of pic-DTZ for Cu(ll) over other biologically-relevant
metals including transition, alkali, and alkaline earth metals (Figure 2.4 b). The data shows that
pic-DTZ demonstrates selectivity for Cu(ll) over any of the other metals. Although a slight turn-
on is observed in the presence of Ni(Il). serum levels of Ni(ll) are estimated from 4 nM to 0.8
UM relative to Cu(ll) at 16 pM.*"3° Additionally, a labile nickel pool has not yet been observed
or characterized in mammalian systems. In addition to metal selectivity, pic-DTZ exhibits an
oxidation-state specific response to Cu(ll) with no detectable turn-on in the presence of Cu(l).
Lastly, we investigated the effect of pH on the efficiency of Cu(ll)-mediated uncaging. Because
conversion from pic-DTZ to DTZ requires self-immolation of the phenolate generated upon
hydrolysis of the picolinate we suspected that this would be a pH-sensitive process. We observed
Cu(Il-induced turn on at pH 6.2, 7.0, and 8.8 with increasing light output with increases in pH
likely due to stabilization of the phenolate and subsequent self-immolation (Figure 2.7).
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Figure 2.7 Calculated area under the curve for luminescence over 20 minutes of 1 uM pic-DTZ
in the presence of 120 nM rNluc at various pHs in DPBS.

2.2.3 Application of pic-DTZ to Measure Copper Levels in Human Serum
and Plasma

We next evaluated the capacity of pic-DTZ to detect labile Cu(ll) pools over tightly-bound
populations in serum and plasma (Figure 2.8 a). Detection of Cu(ll) in biological fluids by
optical methods are challenging due to the high background of these media from
autofluorescence of its components in the UV/visible excitation and emission ranges.!” We
reasoned that our system could overcome these challenges given the near-zero background signal
of bioluminescence imaging.“® We first determined whether holo-ceruloplasmin (copper-bound
form of the protein), the major carrier of Cu(ll) in the blood, would interfere with labile Cu(ll)
detection by pic-DTZ. While ceruloplasmin carries anywhere from 50-90% of serum copper,
they are tightly-bound.** When pic-DTZ is added to holo-ceruloplasmin at a physiologically

relevant concentration in the presence of rNluc, only a slight turn-on response was observed
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relative to the control (Figure 2.8 a), suggesting that pic-DTZ does not detect static copper pools.
We also assessed the response of pic-DTZ to serum albumin. While Cu(ll)-bound albumin
contributes to the labile extracellular pool, copper-free albumin has been shown to non-
specifically oxidize coelenterazine, the core from which DTZ is derived.*? However, pic-DTZ
again displayed only a slight turn-on response with copper-free aloumin in the presence of rNIluc,
showing that this particular system is not susceptible to significant auto-oxidation by albumin.
We then applied pic-DTZ to a 10% solution of pooled human serum. A strong
luminescent response was observed, suggesting that pic-DTZ can detect a copper pool that is
distinct from that of ceruloplasmin. To characterize this pool, we performed a study with copper-
loaded biological chelators to assess if pic-DTZ can turn-on in the presence of bound-copper
species (Figure 2.8 b). We loaded the tripeptide GHK (10 uM), histidine (10 uM), and albumin
(100 uM) with Cu(Il) in a 1:1 molar ratio and observed in all cases that pic-DTZ was still able to
turn on suggesting that pic-DTZ is able to detect reactive copper species that are bound by these

chaperones.

51



151 20+

Normalized
AUC
°
L

w
L
Normalized A.U.C.

o“o
(o d
1.5+ 2.0+
(3)
- - 3 1.54
z . 1.0" <
=0 o
25 g 1.0
< =
S 054 £
5 0.5
4
0.0~ 0.0-
CTR EDTA GSH NH,OH CTR 2-HQ DFP

Figure 2.8 (a) Calculated area under the curve of luminescence taken over 20 minutes of 1 uM
pic-DTZ in the presence of holo-ceruloplasmin (1000 mU/mL), albumin (645 uM), or 10%
pooled human serum in DPBS with 100 nM rNluc. (b) Calculated area under the curve of
luminescence taken over 20 minutes of 1 UM pic-DTZ in the presence of Cu(ll) (10 uM), Cu(ll)-
GHK (10:10 pM), Cu(I1)-Histidine (10:10 pM), and Cu(I1)-Albumin (100:100 puM) with 100 nM
rNIluc. (c) Calculated area under the curve of luminescence taken over 20 minutes of 1 UM pic-
DTZ in 10% pooled human serum with EDTA (1 mM), GSH (200 puM), or NH20H (200 uM)
with 100 nM rNluc. (d) Calculated area under the curve of luminescence taken over 20 minutes
of 1 uM pic-DTZ in 10% pooled human serum with esterase inhibitors 2-HQ and DFP (5 puM)
with 100 nm rNluc. For a-d above error bars denote SEM, n=3.

Controls with GHK and histidine alone at this concentration showed little to no effect relative to

the control (Figure 2.9). Although a slight turn-on is observed at the concentration of apo-
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albumin tested for this particular experiment (100 pM), the turn-on of pic-DTZ by holo-albumin

at this same concentration is significantly higher (Figure 2.10).
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Figure 2.9 Calculated area under the curve over 20 minutes of 1 uM pic-DTZ in the presence of
GHK and histidine (10 uM) with 120 nM rNIluc. Error bars denote SEM, n = 3.
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Figure 2.10 Calculated area under the curve over 20 minutes of 1 UM pic-DTZ in the presence
of albumin (100 uM) or copper loaded albumin (1:1 molar ratio, 100 uM) with 120 nM rNluc.
Error bars denote SEM, n = 3.
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To further validate that the observed signal in pooled human serum is resulting from reaction of
pic-DTZ with Cu(ll) we used the chelator, EDTA, and two reductants, glutathione (GSH) and
hydroxylamine (NH20H), to reduce Cu(ll) to Cu(l) as Cu(l) would not readily hydrolyze the
picolinate cage (Figure 2.8 c). As expected, EDTA and both reductants attenuated the turn-on
response. Similar assays in buffer alone (in the absence of serum) had no effect on pic-DTZ
activity, showing that EDTA and the reductants affect a pool of analytes that is present in serum

(Figure 2.11).
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Figure 2.11 Calculated area under the curve over 20 minutes of 1 uM pic-DTZ in the presence

of EDTA (1 mM), GSH (200 puM), or NH20H (200 uM) with 120 nM rNluc. Error bars denote
SEM, n=3.

Lastly, as esterases are present in serum, we assessed whether such enzymes could interfere with
pic-DTZ. We tested pic-DTZ’s susceptibility to esterase activity by evaluating pic-DTZ signal in
serum in the presence of diisopropylfluorophosphate (DFP) and 2-hydroxyquinoline (2-HQ),
inhibitors for the two major plasma esterase’s, butyrylcholinesterase (BChE) and paraoxonase
(PONL1), respectively (Figure 2.8 d).** The inhibitors did not decrease light output relative to the

control serum, suggesting that the esterase activity does not interfere with pic-DTZ reactivity.
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Taken together, this data further suggests that the observed signal in serum is resulting from
reaction of pic-DTZ with a pool of copper that is coordinatively unsaturated and accessible for
reaction with pic-DTZ, which we term here as “reactive”.

Having observed the applicability of pic-DTZ for detecting reactive copper in serum, we
assessed whether the probe could distinguish differences in labile plasma copper levels between
individuals with WD and healthy individuals (Figure 2.12). In WD, due to the absence of
functional ATP7B, copper-free ceruloplasmin fails to mature properly in the hepatocytes and is
rapidly degraded. Elevated levels of non-ceruloplasmin-bound copper is secreted from the
hepatocytes into systemic circulation.** The beneficial effects of chelation therapy in patients
with WD suggest that this secreted copper is a labile pool. Serum ceruloplasmin levels are
widely used as a screening and diagnostic test in WD, but this can lead to false negatives as most
of these clinically-available assays do not distinguish between copper-bound and copper-free
forms of the protein.*® Other diagnostic methods include determination of 24-hour urinary
copper excretion and serum "free" copper levels. Serum "free" copper has classically been
estimated via The Walshe’s index by calculating the difference between total copper, determined
by ICP-MS, and ceruloplasmin-bound copper.*® This index assumes that the measured
ceruloplasmin is fully loaded with 6 copper atoms, and is therefore susceptible to over-estimation
of copper-bound ceruloplasmin and underestimation of serum "free" copper. We reasoned that
pic-DTZ could overcome these challenges by providing a direct means for detecting reactive
copper(I1) in human plasma. Addition of pic-DTZ to the plasma of healthy controls and
individuals with WD resulted in a significant (P < 0.05) elevation in bioluminescent response in

the plasma of WD individuals (Figure 2.12 c).
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Figure 2.12 (a) Workflow for applying pic-DTZ for monitoring of labile copper status in human
serum samples (figured created with BioRender.com) (b) Representative Kinetic curve of
luminescence and (c) calculated area under the curve of luminescence over 20 minutes of plasma
(diluted to 10% in DPBS) from healthy individuals or patients with Wilson disease analyzed by
addition of 1 uM pic-DTZ and 100 nM recombinant Nanoluciferase. Error bar denotes SEM,
n=3. Statistical significance was assessed by calculating p-values using unpaired t-test, * p <
0.05

Notably, the serum albumin levels as well as overall protein levels between cohorts remained the
same as would be expected suggesting that the observed changes in light output with pic-DTZ
are indeed copper-dependent and not due to global changes (Figure 2.13). This demonstrates the
probe's potential utility as a direct means of monitoring labile copper in serum and its potential

as an alternative diagnostic tool for copper metabolism disorders.
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Figure 2.13 Clinically determined albumin and overall protein levels of healthy control and
Wilson’s diseased (WD) cohorts. Error bars denote SEM, n=3.

2.2.4 Monitoring Extracellular Copper(ll) in Response to Anti-cancer Agents

Copper has long been connected to cancer, with recent years identifying molecular
mechanisms responsible for this interplay in a framework termed cuproplasia (copper-dependent
cell proliferation).*” Stemming from these connections, chemicals that can chelate copper or
modify copper trafficking pathways are emerging as potential cancer therapeutic
agents.*84950.5152 These copper-associated anticancer agents have been proposed to work via
different mechanisms that perturb overall copper bioavailability to the cell, including
extracellular chelation, intracellular depletion, and disrupting molecular pathways to alter metal
distribution.>® However, studies that directly monitor the extracellular copper availability with
these treatments remain sparse, and research has primarily focused on monitoring intracellular

copper concomitant with tumor growth. We therefore explored the utility of pic-DTZ towards
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monitoring extracellular copper status of a metastatic breast cancer cell line, MDA-MB-231,

stably expressing secreted Nluc (secNluc MDA-MB-231) in response to these agents (Figure

2.14).
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Figure 2.14 (a) Experimental workflow for applying pic-DTZ to monitoring extracellular copper
in a breast cancer cell model. (Figure created with BioRender.com) (b) Calculated ratio of the
area under the curve over 20 minutes of pic-DTZ:DTZ luminescence from secNluc MDA-MB-
231 cells treated with a screen of cancer-associated agents reported to perturb copper
metabolism: 30 uM cisplatin and 5 mM metformin. Error bars denote SEM, n=3. Statistical
significance was assessed by calculating p-values using unpaired t-test, * p < 0.05. (c) Cell
viability in response to the cancer-associated agents in Figure 4b as determined by CellTiter-Glo
assay (Promega). Error bars denote SEM, (n=4). Statistical significance was assessed by
calculating p-values using unpaired t-test, * p < 0.05.

Specifically, we assessed response to cisplatin, a well-established chemotherapy drug that has

been shown to interfere with and hijack intracellular copper trafficking mechanisms;**° and
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metformin, an antidiabetic agent under consideration for cancer therapy and prevention, that has

been shown to complex to and potentially rely on copper for its drug action.>® Although these

agents have been associated with copper,

little is known about their effects on extracellular

copper populations. We treated cells with these agents using concentrations based on previous

reports®®°"°8 for 18 hours in a 96-well plate, followed by addition of either pic-DTZ or the parent

DTZ. Luminescence was recorded and the area under the curve (AUC) was calculated. The data

was analyzed using the ratios of the AUC pic-DTZ:DTZ to normalize any effects the treatments

may have on cell viability or secNluc expression. (Figure 2.14 b). We confirmed that neither

compound interfered with pic-DTZ signal in the presence or absence of exogenous Cu(ll)

(Figure 2.15).
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Figure 2.15 Calculated area under the curve over 20 minutes of 1 UM pic-DTZ in the presence
of Cu(ll) (10 uM) or cisplatin and metformin (30 uM and 5 mM respectively) with or without 10
MM Cu(ll) and 125 nM rNIluc. Error bars denote SEM, n = 3.
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Both treatments showed significant decreases in extracellular copper-dependent signal but
cisplatin treatment exhibited the most notable decrease in signal. Recent work by Akerfeldt et al.
showed that the complex increases cytosolic copper availability.>® Our findings may complement
this observation if this increase in intracellular copper stems from increased trafficking of copper
from the extracellular to intracellular space. We further characterized the effects of the tested
treatments by monitoring changes in protein expression of various copper-trafficking proteins via
western blotting (Figure 2.16) and observed that cisplatin induced the strongest changes in
protein expression relative to the untreated control in line with the observed drastic decrease in

light output observed with pic-DTZ of cisplatin treated cells.
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Figure 2.16 Western blot analysis of the copper chaperone for superoxide dismutase (CCS), and
the copper transporter ATP7A, from cell lysates of secNluc MDA-MB-231 cells treated with 30
MM cisplatin (CP) or 5 mM metformin (MF) compared to untreated control (CTR). *TTM is
included as a copper chelation control for the western blot experiments, but is not assessed with
pic-DTZ as we observed light inhibition with native DTZ in the presence of TTM.

Interestingly, analysis of the cell media after treatment by ICP-MS showed no significant
changes in total copper levels between the treated cells and untreated controls (Figure 2.17),

suggesting that while total copper levels may not be significantly altered, the treatments may

perturb a subpopulation of copper that is detectable with pic-DTZ.
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Figure 2.17 ICP-MS quantification of copper from cell media removed from secNluc MDA-
MB-231 cells after treatment for 18 hours by cisplatin (30 uM) or metformin (5 mM) relative to
untreated control (CTR). Error bars denote SEM, n=3.

Lastly, the copper-responsive signals were distinct from bioluminescent response from the
same treatments monitored with CellTiter Glo (Figure 2.14 c). CellTiter Glo is a widely used
assay for measuring cell viability using the firefly luciferase system. The differential response
between this bioluminescence-based cell viability assay and our pic-DTZ system shows the

potential for bioluminescence multiplexing for high-throughput screening of copper-perturbing

agents.

2.4 Conclusions and Outlook

We have demonstrated the design, synthesis, characterization, and biological application of pic-
DTZ, a new bioluminescent imaging probe for labile, extracellular Cu(Il) pools. To the best of
our knowledge, the pic-DTZ/Nluc system is the first such caged imidazopyrazinone probe paired

with the bright, thermostable Nluc as well as the first bioluminescent imaging probe for directly
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monitoring Cu(ll) in the extracellular space. pic-DTZ is metal- and redox state-specific for
Cu(I) in aqueous buffer with rNIuc and can differentiate plasma copper levels in clinical
samples. Additionally, the probe system can be easily applied to a 96-well format for cell-based
assaying of extracellular copper. We also show that that pic-DTZ can be integrated into existing
workflows and be multiplexed with existing firefly luciferase-based assays.

pic-DTZ offers unique advantages over traditionally explored methods of monitoring
labile, extracellular copper. For example, pic-DTZ requires no excitation light source resulting in
high signal-to-background ratios that are ideal for monitoring trace analytes like labile metal
micronutrient pools. The reaction-based nature of pic-DTZ allows for signal amplification
through the catalytic use of Cu(ll) relative to turn-on/turn-off probes. Paired with the locale-
specificity afforded by genetically encoding Nluc we envision that pic-DTZ has immense

potential for application in live-animal models alongside emerging Nluc applications.

2.5 Materials and Methods

General Methods. Reactions using moisture- or air-sensitive reagents were carried out in dried
glassware under an inert N> atmosphere . Dry solvents were all purchased from Sigma-Aldrich
(St. Louis, MO) and used immediately. All commercially purchased chemicals were used as
received without further purification. 2-aminopyrazine was purchased from Oakwood Products,
Inc. (Estill, SC); all other chemicals were purchased from Sigma-Aldrich. Silica Gel 60 F254
(precoated sheets, 200 um thickness, MilliporeSigma) were used for analytical thin layer
chromatography. Silica gel sorbent (230-400 mesh, grade 60, ThermoFisher) or aluminum oxide

(neutral, Brockmann 1, 50-200 um, grade 60, Sigma-Aldrich) were used for column
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chromatography. *H and *3C NMR spectra were collected at room temperature in CDCls,
DMSO-ds or CD2Cl> (Sigma-Aldrich) on a 400 or 800 MHz Bruker or 600 MHz Varian NMR
spectrometer. All chemical shifts are reported as o parts per million relative to the residual
solvent peak at 7.26 (CDClIs), 2.50 (DMSO-ds), or 5.32 (CD2Cl) for *H and 77.16 (CDCls),
39.52 (DMSO-ds) or 53.84 (CD:Cl,) for 1*C. Multiplicities are reported as s (singlet), d
(doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet), dt (doublet of triplets), or br
(broad). Electrospray ionization mass spectral analyses were performed using an LC-MSD
system (Agilent Technologies 1260 Infinity 11 coupled with an Agilent Technologies InfinityLab

LC/MSD).

2.5.1 Synthesis of pic-DTZ

2-amino-3,5-dibromopyrazine, 2. 2-aminopyrazine (2.00 g, 21.92 mmol, 1 equiv.) and N-
bromosuccinimide (7.86 g, 44.14 mmol, 2.1 equiv.) were dissolved in chloroform (45 mL). The
reaction was allowed to stir at room temperature for three hours. It was then quenched with water
and extracted with EtOAc (3 X 25 mL), washed with saturated sodium bicarbonate (5 X 100
mL), dried over Na>,SQO4, and concentrated in vacuo to yield 3 (2.51 g, 47%) as a pale brown
solid. *H NMR (400 MHz, CDCls) & 8.04 (s, 1H), 5.05 (br, 2H). Low-resolution mass

spectrometry (LRMS) (m/z): [M+H]" calculated for : C4sH4Br.N3s, 253.88; found, 253.8

3,5-diphenyl-2-aminopyrazine, 3. 2-amino-3,5-dibromopyrazine, 2, (812 mg, 3.22 mmol, 1
equiv.), phenylboronic acid (863 mg, 7.08 mmol, 2 equiv), Pd(PPhs)4 (373 mg, 0.322 mmol, 0.1
equiv.), and K>CO3 (1.450 g, 10.5 mmol, 3.25 equiv.) were added to a flame-dried 250 mL

round- bottom flask purged with N>. 1,4-dioxane (65 mL) and water (15 mL) were added to the
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flask and the reaction mixture was heated to 80 °C. The reaction was allowed to stir for 12 hours
before being quenched with water and extracted with DCM (3 X 25 mL), washed with brine,
dried over), dried over Na>SOs, and concentrated in vacuo. The crude product was then purified
by silica gel chromatography (60/40 Heptanes/EtOAc). Combined product fractions were
concentrated under reduced pressure to yield 4 (525 mg, 66%) as a green-brown solid. *H NMR
(400 MHz, CDCls) & 8.46 (s, 1H), 7.98 (d, 2H), 7.84 (d, 2H), 7.53 (t, 2H), 7.50 — 7.41 (m, 3H),
7.41 -7.35 (m, 1H), 4.84 (s, 2H). Low-resolution mass spectrometry (LRMS) (m/z): [M+H]"

calculated for : C1sH14N3, 248.12; found, 248.1.

1,1-diethoxy-3-phenylpropan-2-one, 10. Ethyl diethoxyacetate (1.00 g, 5.68 mmol, 1 equiv.)
was dissolved in THF (12 mL) and added to a flame-dried round-bottom flask purged with Na. It
was then cooled to -78 °C (dry ice-acetone bath). To the mixture was added benzyl magnesium
chloride (2 M solution in THF, 1.28 g, 4.26 mL, 1.5 equiv.) dropwise. The reaction was allowed
to stir for two hours and then quenched with saturated NH4Cl solution. The reaction was then
extracted with ethyl acetate (3 X 25 mL). The combined organic extract was washed with brine,
dried over Na>SOa, and concentrated in vacuo. The crude product was used without further

purification.

Diphenylterazine, 4. 3,5-diphenyl-2-aminopyrazine, 3, (0.240 g, 0.889 mmol, 1 equiv.) and 1,1-
diethoxy-3-phenylpropan-2-one, 10, were added to a N2-purged round-bottom flask followed by
ethanol (11 mL), water (2 mL), and hydrochloric acid (0.2 mL). The reaction was then refluxed
overnight. The reaction was then concentrated under reduced pressure and purified on an
alumina gel column (gradient 0-10% MeOH in DCM) to afford 4 (211 mg, 63%) of pure product

as a pale brown solid. tH NMR (400 MHz, DMSO) & 8.73 (s, 1H), 8.54 (s, 2H), 8.19 (d, 2H),
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7.57-7.64 (m, 3H) 7.51-.755 (t, 2H), 7.42-7.46 (t, 1H), 7.27-7.33 (m, 4 H), 7.16-7.20 (t, 1 H),
4.24 (s, 2H). Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for :

C2sH20N30, 378.16; found, 378.1.

4-(((tert-butyldimethylsilyl)oxy)methyl)phenol, 6. 4-hydroxybenzyl alcohol (1.00 g, 8.06
mmol, 1 equiv.), TBDMS-CI (1.58 g, 10.47 mmol, 1.3 equiv.) and imidazole (1.31 g, 19.3 mmol,
2.6 equiv.) were added to a dry round-bottom flask and dissolved in DMF (5 mL) and allowed to
stir under ambient conditions for 1 hour. The reaction was then quenched in water and extracted
with ethyl acetate (3 x 25 mL). The combined ethyl acetate extracts were then washed with 0.1
M HCI (1X 50 mL), sat. NaHCO3 (1 X 50 mL) and then brine (1 X 50 mL) and then dried over
Na>SO4and concentrated under reduced pressure. The crude product was then purified by silica
gel column chromatography (50/50 hexanes/EtOAC) to afford 6 (1.7 g, 88% vyield) as a pale-
yellow oil. *H NMR (400 MHz, CDCl3) 6 7.18 (d, 2H), 6.79 (d, 2H), 4.67 (s, 2H), 0.94 (s, 9H),
0.10 (s, 6H). 3C NMR (100 MHz, CDCl3) § 155.01, 133.27, 127.99, 115.29, 77.48, 65.02, 26.12,
18.99, -5.04. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for :

C13H230:2Si, 239.15; found, 239.1.

4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl picolinate, 7. 4-(((tert-
butyldimethylsilyl)oxy)methyl)phenol, 6, (1.46 g, 5.71 mmol, 1 equiv.), 2-picolinic acid (0.878
g, 7.13 mmol, 1.25 equiv.), EDCI (1.37 g, 7.13 mmol, 1.25 equiv.), and DMAP (0.261 g, 2.14
mmol, 0.375 equiv.) were added to a dry round-bottom flask and dissolved in DCM (8 mL). The
reaction was allowed to stir for three hours under ambient conditions until complete conversion

was observed by LCMS. The reaction mixture was quenched in 100 mL of water and extracted
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with ethyl acetate (3 X 25 mL) and the combined ethyl acetate extracts were washed with brine,
dried over Na>SOg, and then concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (50/50 hexanes/EtOAc) to afford 7 (1.6 g, 82%) as
a pale-yellow oil. *H NMR (400 MHz, CDCls) § 8.2-8.5 (d, 1H), 8.26 (d, 1H), 7.88-7.92 (dt,
1H), 7.52-7.56 (m, 1H), 7.37-7.39 (d, 2H), 7.20-7.22 (d, 2H), 4.76 (s, 2H), 0.94 (s, 9H), 0.11 (s,
6H). 13C NMR (100 MHz, CDCl3) § 164.00, 150.12, 149.73, 147.56, 139.38, 137.22, 127.41,
127.08, 125.87, 121.39, 120.15, 64.43, 25.97, 25.67, 18.43, -5.24. Low-resolution mass

spectrometry (LRMS) (m/z): [M+H]" calculated for : C19H26NO3Si, 344.17; found, 344.2.

4-(hydroxymethyl)phenyl picolinate, 8. 4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl
picolinate, 7, (1.6 g, 4.66 mmol) was dissolved in 0.1% HCI in methanol (10 mL) and was
allowed to stir under ambient conditions for 30 minutes. The reaction mixture was then quenched
with 100 mL of water and extracted into ethyl acetate (3 X 25 mL), washed with brine, dried
over Na;SQO4 and concentrated under reduced pressure. The product 8 (920 mg, 86%) was
obtained as a white powder and used without further purification. *H NMR (400 MHz, CDCl3) &
8.74-8.76 (d, 1H), 8.22-8.24 (d, 1H), 7.86-7.90 (dt, 1H), 7.50-7.54 (m, 1H), 7.36-7.38 (d, 2H),
7.16-7.18 (d, 2H), 4.65 (s, 2H). 13C NMR (100 MHz, CDCls) & 163.93, 156.27, 150.05, 147.29,
139.17, 137.43,128.79, 128.12, 127.62, 125.95, 121.66, 115.55, 77.16, 63.93. Low-resolution
mass spectrometry (LRMS) (m/z): [M+H]" calculated for : C13H12NOs, 230.08; found, 230.1.
4-(bromomethyl)phenyl picolinate, 9. 4-(hydroxymethyl)phenyl picolinate, 8, (856 mg, 3.73
mmol, 1 equiv.) was added to a flame-dried round-bottom flask and the flask was purged with
N2. DCM (7 mL) was then added to the flask followed by PBr3 (1.3 g, 4.85 mmol, 1.2 equiv.).

The reaction was allowed to stir at room temperature under a N2 atmosphere for two hours and
66



was then quenched with water (100 mL) and extracted into ethyl acetate (3 X 25 mL). The
combined ethyl acetate extract was then washed with brine and dried over Na,SO4 and then
concentrated under reduced pressure. The crude product was then purified by silica gel column
chromatography (25/75 petroleum ether/ethyl acetate) to obtain 9 (990 mg, 91%) as a white
solid. 'H NMR (400 MHz, CDCls) & 8.80-8.82 (d, 1H), 8.22-8.24 (d, 1H), 7.86-7.90 (dt, 1H),
7.50-7.54 (m, 1H), 7.42-7.44 (d, 2H), 7.20-7.22 (d, 2H), 4.48 (s, 2H). 13C NMR (100 MHz,
CDCls) 6 163.71, 150.77, 150.17, 147.24, 137.33, 135.70, 130.36, 127.60, 125.96, 122.08, 32.71.
Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for C13H11BrNO2, 292.00;

found 292.0.

pic-DTZ. Diphenylterazine, 4, (72 mg, 0.19 mmol, 1 equiv.), 4-(bromomethyl)phenyl picolinate,
9, (112 mg, 0.38 mmol, 2 equiv.), Cs2COz (25 mg, 0.076 mmol, 0.4 equiv.), and KI (35 mg, 0.21
mmol, 1.1 equiv.) were added to a flame-dried round-bottom flask that was then purged with No.
The reagents were then dissolved in anhydrous acetonitrile (2 mL) and the reaction was allowed
to stir overnight. The reaction mixture was subsequently quenched in 20 mL of water and
extracted in DCM (3 x 10 mL). The combined DCM extract was then washed with brine, dried
over Na;SQOj4, and concentrated under reduced pressure. The crude product was then purified by
reverse-phase HPLC (gradient, 70%:30% H>O/MeCN to 100% MeCN over 50 minona T3
Atlantis column (Waters) and dried under reduced pressure to obtain pic-DTZ (14 mg, 13%
yield) as a brown-red solid. *H NMR (600 MHz, CDCl,) & 8.86-8.88 (d, 2H), 8.79-8.81 (d, 1H),
8.22-8.24 (d, 1H), 8.09 (s, 1H), 8.01-8.03 (d, 2H), 7.91-7.94 (t, 1H), 7.49-7.58 (m, 6H), 7.36-
7.44 (m, 5H), 7.27-7.32 (M, 4H), 7.20-7.23 (t, 1H), 5.08 (s, 2H), 4.18 (s, 2H). 3C NMR (150

MHz, CD.Cl) 6 164.02, 151.92, 150.49, 147.68, 139.79, 138.37, 137.59, 137.39, 137.29,
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136.73, 134.19, 134.16, 132.36, 130.59, 130.50, 130.14, 129.17, 128.90, 128.83, 128.55, 127.91,
126.76, 126.53, 126.15, 122.54, 109.89, 76.99, 33.82. Low-resolution mass spectrometry

(LRMS) (m/z): [M+H]" calculated for : C3sH29N4O3, 589.22; found, 589.2.

2.5.2 Synthesis of pic-CTZ400a

3-benzyl-5-bromopyrazin-2-amine, 3b. Zinc mesh 20-30 (1.18 g, 18 mmol, 3.5 equiv.), zinc
dust (1.18 g, 18 mmol, 3.5 equiv.), and iodine (70 mg, 0.9 mmol, 5 mol%) were added to a
flame-dried round-bottom flask purged with N2. Benzyl bromide (967 mg, 5.65 mmol, 1.1
equiv.) in N,N-DMA (8 mL) was then added to the round-bottom flask and the reaction was
heated to 80 °C and allowed to stir for three hours. A suspension of 3,5-dibromo-2-
aminopyrazine (1.3 g, 5.14 mmol, 1 equiv.) and PdCl2(PPhz)2 (180 mg, 0.257 mmol, 5 mol%) in
N,N-DMA (8 mL) was added to the reaction mixture. The reaction was allowed to stir for 72
hours. The reaction was quenched in water (100 mL) and extracted with ethyl acetate (3 X 25
mL). The combined ethyl acetate extract was washed with brine, dried over Na>SO4, and
concentrated under reduced pressure. The crude product was then purified by silica gel column
chromatography (60/40 hexanes/EtOAC) to afford 3b (1.25 g, 92%) as a brown solid. *H NMR
(400 MHz, CDCl3) 6 8.02 (s, 1H), 7.26-7.36 (m, 5H), 4.40 (bs, 2H), 4.08 (s, 2H). Low-resolution
mass spectrometry (LRMS) (m/z): [M+H]* calculated for C1:H10BrNs, 264.0; found [M+H]*

264.0.

3-benzyl-5-phenylpyrazin-2-amine, 4b. 3-benzyl-5-bromopyrazin-2-amine, 3b, (339 mg, 1.283
mmol, 1 equiv.), phenylboronic acid (188 mg, 1.54 mmol, 1.2 equiv.), Pd(PPhs)s (148 mg, 0.128

mmol, 0.1 equiv.), and K>COz3 (310 mg, 2.25 mmol, 1.75 equiv.) were all added to a round-
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bottom flask purged with N2, then water (5 mL) and 1,4-dioxane (25 mL) were added. The
reaction was heated to 80 °C and was allowed to stir overnight. The reaction was then quenched
in water (100 mL) and extracted into ethyl acetate (3 X 25 mL). The combined ethyl acetate
extract was then washed with brine, dried over Na2SQO4, and concentrated under reduced
pressure. The crude product was then purified by silica gel column chromatography (70/30 pet.
ether/hexanes) to afford 3¢ (282 mg, 84%) as a brown solid.'"H NMR (400 MHz, DMSO) § 8.43
(s, 1H), 7.90-7.92 (d, 2H), 7.27-7.43 (m, 7H), 7.20 (t, 1H), 6.40 (s, 2H), 4.09 (s, 2H). Low-
resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for C17H16N3, 262.1; found

262.2.

CTZ400a, 5b. 3-benzyl-5-phenylpyrazin-2-amine, 4b, (217 mg, 0.830 mmol, 1 equiv.) and 1,1-
diethoxy-3-phenylpropan-2-one, 10, (277 mg, 1.246 mmol, 1.5 equiv.) were added to a N»-
purged round-bottom flask followed by ethanol (16 mL), water (2 mL), and hydrochloric acid
(0.4 mL). The reaction was then refluxed overnight. The reaction was then concentrated under
reduced pressure and purified on alumina gel column (gradient 0-10% MeOH in DCM) to afford
5b (150 mg, 46%) of pure product as a bright yellow solid. *H NMR (400 MHz, DMSO) § 7.16-
7.92 (m, 16H), 4.34 (s, 2H), 4.09 (s, 2H). Low-resolution mass spectrometry (LRMS) (m/z):

[M+H]* calculated for: C26H22N30, 392.18; found [M+H]* 392.1.

pic-CTZ400a. CTZ400a, 5b, (86 mg, 0.219 mmol, 1 equiv.), 4-(bromomethyl)phenyl picolinate,
9, (128 mg, 0.439 mmol, 2 equiv.), Cs2CO3 (30 mg, 0.087 mmol, 0.4 equiv.), and KI (40 mg,
0.241 mmol, 1.1 equiv.) were added to a flame-dried round-bottom flask that was then purged

with N2. The reagents were then dissolved in anhydrous MeCN (2 mL) and the reaction was
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allowed to stir overnight. The following morning the reaction mixture was quenched in 20 mL of
water and extracted in DCM (3 x 10 mL). The combined DCM extract was then washed with
brine, dried over Na,SOj4, and concentrated under reduced pressure. The crude product was then
purified by reverse-phase HPLC (gradient, 70% H>0/30% MeCN to 100% MeCN over 50
minutes on an Agilent C3 column) and dried under reduced pressure to obtain pic-CTZ400a (31
mg, 24% yield) as a brown-red solid. *tH NMR (800 MHz, CD,Cl.) & 8.80-8.82 (d, 1H), 8.22-
8.24 (d, 1H), 7.87-7.97 (m, 4H), 7.54-7.58 (m, 3H), 7.17-7.47 (m, 15H), 5.03 (s, 2H), 4.55 (s,
2H), 4.13 (s, 2H). 3C NMR (200 MHz, CD2Cly) & 152.54, 151.48, 139.40, 138.31, 138.17,
137.14, 136.99, 133.80, 133.62, 132.53, 130.82, 130.34, 129.99, 129.55, 128.97, 128.79, 128.70,
128.43, 128.29, 128.20, 127.52, 126.82, 126.35, 126.32, 126.11, 125.72, 124.98, 122.11, 109.32,
76.57, 39.32, 33.34, 29.68. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated

for: CagH31N4O3, 603.24; found [M+H]* 603.2.

2.5.3 Synthesis of pic-CTZ

pic-CTZ Coelenterazine (Goldbio), (25 mg, 0.06 mmol, 1 equiv.), 4-(bromomethyl)phenyl
picolinate, 9, (20 mg, 0.07 mmol, 1.1 equiv.), Cs2COz (8 mg, 0.02 mmol, 0.4 equiv.), and KI (10
mg, 0.07 mmol, 1.1 equiv.) were added to a flame dried round-bottom flask that was then purged
with nitrogen. The reagents were then dissolved in anhydrous acetonitrile (0.5 mL) and the
reaction was allowed to stir overnight. The following morning the reaction mixture was
quenched in 20 mL of water and extracted in DCM (3 x 10 mL). The combined DCM extract
was then washed with brine, dried over Na2SO4, and concentrated under reduced pressure. The
crude product was then purified by reverse-phase HPLC (gradient, 70% H>0O/30%MeCN over 50

minutes 100% MeCN on a T3 Atlantis column) and dried under reduced pressure to obtain pic-
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CTZ (0.5 mg, 1.3% yield) as a brown-red solid. Low-resolution mass spectrometry (LRMS)

(m/z): [M+H]" calculated for: C3gH3oN4Os, 635.23; found [M+H]" 635.3.

2.5.4 Synthesis of Heterocyclic Esters

Thiophene ester, 7a. Phenol 6 (200 mg, 0.840 mg, 1 equiv.) and thiophene-2-carbonyl chloride
(148 mg, 1.01 mmol, 1.2 equiv.) were added to a flame-dried round-bottom flask purged with N>
and then dissolved in anhydrous pyridine/DMF (1:1, 2 mL) and allowed to stir at room
temperature for three hours. The reaction was then quenched in water and extracted into ethyl
acetate (3 X 10 mL). The combined ethyl acetate extract was then washed with brine, dried over
Na2SO4 and concentrated under reduced pressure. The crude product was purified by silica gel
column chromatography (70/30 hexanes/EtOAC) to obtain the desired product 7b (224 mg, 77%)
as a yellow oil. 'H NMR (400 MHz, CDCI3) & 7.98-8.00 (dd, 1H), 7.64-7.66 (dd, 1H), 7.37-7.39
(d, 2H), 7.16-7.20 (m, 3H), 4.72 (s, 2H), 0.97 (s, 9H), 0.13 (s, 6H). 13C NMR (100 MHz,
CDCI3) 6 160.82, 149.51, 139.32, 134.75, 133.56, 133.06, 128.12, 127.80, 127.16, 121.48,
115.16, 64.87, 64.55, 26.07, 18.52, -5.12. Low-resolution mass spectrometry (LRMS) (m/z):

[M+H]" calculated for: C1gH2503SSi, 349.1; found [M+H]* 349.1.

Furan ester, 7b. Phenol 6 (200 mg, 0.840 mg, 1 equiv.) and furan-2-carbonyl chloride (132 mg,
1.01 mmol, 1.2 equiv.) were added to a flame-dried round-bottom flask purged with N2 and then
dissolved in anhydrous pyridine/DMF (1:1, 2 mL) and allowed to stir at room temperature for
three hours. The reaction was then quenched in water and extracted into ethyl acetate (3 X 10
mL). The combined ethyl acetate extract was then washed with brine, dried over Na.SOs, and

concentrated under reduced pressure. The crude product was purified by silica gel column
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chromatography (70/30 hexanes/EtOAC) to obtain the desired product 7b (230 mg, 83%) as a
white solid. 'H NMR (400 MHz, CDCI3) & 7.66 (s, 1H), 7.36-7.38 (m, 3H), 7.16-7.18 (d, 2H),
4.75 (s, 2H), 0.95 (s, 9H), 0.11 (s, 6H). 13C NMR (100 MHz, CDCI3) & 159.77, 149.11, 147.22,
144,57, 139.44, 127.19, 121.85, 119.92, 112.30, 64.52, 26.54, 17.19, -5.13. Low-resolution mass

spectrometry (LRMS) (m/z): [M+H]" calculated for C1gH250.4Si, 331.15; found [M+H]" 331.1.

2.5.5 Luminescence Assays

In Vitro Luminescence Assays. Milli-Q water (18.2 MQ) was used to prepare all aqueous
solutions. Metal ion solutions were prepared to 15 puM in water (MgCl., NaCl, KCI, CaCly,
MnCl2, (NH4)2Fe(SO4)-6H20, FeClz, CoCly, NiCl,, Cu(MeCN)4(PFg), CuCl, and ZnCly). A 15
MM solution of pic-DTZ was prepared by initially dissolving pic-DTZ in 5% pure ethanol of the
total volume and bringing it up in DPBS (Gibco) at pH 7.4 to a final concentration of 15 uM. A
120 nM solution of rNluc was prepared by adding 4 pL of 0.4 mg/mL stock solution (Promega,
Nano-Glo Assay Kit) into 699 pL of DPBS at pH 7.4. 25 pL of rNluc solution was added to the
wells of a white, opaque, flat-bottom 96-well plate followed by 25 pL of metal solution. Finally,
pic-DTZ (25 pL) was added to all the wells using a multi-channel pipette and mixed well. The
bioluminescent signal was immediately measured using a Molecular Devices SpectraMax i3x
plate reader at 37 °C for 1 hour. For in vitro assays using albumin, ceruloplasmin and pooled
human serum, a 645 uM solution of albumin (Fatty Acid Free, ThermoFisher) was prepared in
DPBS, a 1000 mU/mL solution of ceruloplasmin was prepared from a stock solution
(ceruloplasmin colorimetric activity kit, ThermoFisher), and a 10% pooled human serum
solution was prepared in DPBS from a stock solution (Sigma-Aldrich). A 1 uM solution of pic-

DTZ was prepared in 5% pure ethanol in DPBS from a frozen aliquot and a 100 nM solution of
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rNluc was prepared in DPBS from a frozen stock solution (0.4 mg/mL, Promega, Nano-glo assay
kit). For experiments using EDTA, GSH, and NH2OH (Sigma-Aldrich) solutions were prepared
in DPBS (pH 7.4). For experiments using GHK (Bachem), histidine (Sigma-Aldrich) and
albumin (Sigma-Aldrich), stock solutions were prepared in water with or without CuSO4 and
allowed to incubate for 15 minutes before measuring luminescence. For experiments using 2-HQ
and DFP (Sigma-Aldrich), stock solutions were prepared in ethanol and were added to 10%
serum to a final concentration of 5 UM (ethanol final concentration was less than 5%) and
incubated for 15 minutes before reading the luminescence. When reporting area under the curve,

these values were calculated using GraphPad Prism software.

Bioluminescent Response to Copper in Plasma. Human plasma samples from healthy
individuals (n=3) and individuals with Wilson disease (n=3) were obtained from Dr. Valentina
Medici (UC Davis). All subjects provided written informed consent prior to participation
following the Declaration of Helsinki. The protocol was approved by UCD Institutional Review
Board (protocol # 818454). A 10% sample of plasma for each condition was prepared in DPBS
and rNluc (Promega, 0.4 mg/mL) from a frozen stock solution was added to obtain a final
concentration of 100 nM enzyme. 100 pL of each sample was added into wells of a 96-well,
white, flat-bottom opaque plate and 1 pL of a 100 uM pic-DTZ (5% pure ethanol in DPBS)
solution was added to each well using a multi-channel pipette. Luminescence was immediately

measured as described previously.

Evaluation of pH responsiveness of pic-DTZ. DPBS solutions were prepared from a stock

commercial solution to desired pH using either 6 M HCI or NaOH and then 125 nM rNluc
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solutions were made from a stock solution of rNluc (Promega) and these were plated in a 96-well
white, opaque plate. To the wells were added Cu(ll) to a final concentration of 10 uM when
appropriate. Lastly, 1 uL of a 100 uM pic-DTZ (in ethanol) solution was added to all wells and

the luminescence was measured immediately as previously described.

2.5.6. Cell Culture and Cellular Luminescent Assays

Cell Culture Procedures. MDA-MB-231 cells stably expressing secreted Nanoluciferase
(secNluc MDA-MB-231) were a kind gift from Drs. Gary and Kathy Luker (University of
Michigan). Cells were maintained in Dulbecco’s modified medium (DMEM) supplemented with
10% fetal bovine serum (FBS) (Gibco) 1x penicillin-streptomycin (Corning), 2 mM L-glutamine

(Gibco), 1 mM sodium pyruvate (Gibco) at 37 °C and 5% CO..

Bioluminescent Response to Copper in secNluc MDA-MB-231 cells. Cells were plated at
10,000 cells per well in a 96-well, white, opaque flat-bottom plate. Eight hours later, the media
was removed and the cells were washed with pre-warmed (37 °C) DPBS and 100 pL of
OptiMem (Gibco) was added to each well. A 3 mM solution of cisplatin and 500 mM solution of
metformin were prepared in water. 1 pL of these solutions were added to the wells for final
concentrations of 30 uM cisplatin and 5 mM metformin. At the 18-hour time point solutions of
100 uM pic-DTZ and 100 uM DTZ (5% pure ethanol in DPBS) were prepared and 1 pL was
added per well per treatment (n=3). Luminescence was immediately recorded as previously
described. The area under the curve was calculated using GraphPad Prism software and the ratio

of the A.U.C. from pic-DTZ to DTZ was calculated.
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2.5.7 ICP-MS Analysis

Cells were plated at 100,000 cells per well in a 12-well clear, flat-bottom plate. Eight hours later,
the media was removed and the cells were washed with pre-warmed (37 °C) DPBS and 100 pL
of OptiMem (Gibco) was added to each well. A 3 mM solution of cisplatin and 500 mM solution
of metformin were prepared in water. 10 pL of these solutions were added to the wells for final
concentrations of 30 uM cisplatin and 5 mM metformin. At the 18-hour time point cell media
was removed and was digested in concentrated acid overnight. The following morning the
solutions were diluted in 2% (v/v) aqueous nitric acid. Metal analysis was performed at the
Northwestern University Quantitative Bio-element Imaging Center generously supported by

NASA Ames Research Center NNA0O6CB93G.

2.5.8 Cell Stimulations & Western Blot Analysis

secNluc MDA-MB-231 cells were plated in a 6 well plate at 200,000 cells per well. 6 hours after
plating the media was removed, the cells were washed with prewarmed (37°C) DPBS, and fresh
OptiMem was added. TTM, Cis-platin, and metformin solutions were prepared in water and
added to wells at a final concentration of 30 uM, 30 uM, and 5 mM, respectively. At the 18-hour
time point cells were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris pH 7.4) with EDTA free protease inhibitor
(ThermoFisher) and phosphatase inhibitor (Sigma). Lysates were put one ice for 15 minutes
before being vortexed and centrifuged at 15000 x G at 4°C. Protein was quantified after freezing
the lysates by BCA assay (Invitrogen). For Ctrl, ATP7A, and CCS, samples were made using 10
Mg of protein with PBS (Gibco), sample buffer (Invitrogen), and 2-mercaptoethanol (BioRad).

Samples were loaded into a 4-12% bis-tris 10 well gel (Invitrogen) and run for one hour at 100V
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and then was transferred on to a PVDF membrane using a Trans-Blot Turbo Transfer System
(BioRad). The membranes were blocked for one hour in 5% milk in TBST buffer. Membranes
were then incubated overnight at 4°C with primary antibodies and washed three times the
following day with TBST buffer before incubating secondary antibodies for one hour.
Membranes were imaged on a Chemidoc MP Imager (BioRad). Primary antibodies used were
Anti-Ctrl (1:2,000 Cell Signaling Technologies), Anti-ATP7A (1:2,000 Santa Cruz
Biotechnology), Anti-CCS (1:1,000 Santa Cruz Biotechnology), and Anti-Actin (Ms 1gG and Rb
IgG, 1:5000 or 1,10,000 respectively, Santa Cruz Biotechnology and Cell Signaling
Technologies respectively). Secondary antibodies used were anti-rabbit IgG HRP-conjugated
antibody (1:2,000 Cell Signaling Technologies) for Ctrl, anti-mouse 1gG HRP-conjugated
antibody (1:2,000 Cell Signaling Technologies) for ATP7A and CCS, anti-rabbit 1IgG Alexafluor
800 (1:10,000 Invitrogen) for actin and anti-mouse IgG Alexafluor 800 (1:5,000 Invitrogen) for

actin.
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Chapter 3

Copper Mediated Oxidation of
Imidazopyrazinones Inhibits Marine Luciferase
Activity*

*This chapter is adapted from a submitted manuscript for publication entitled: Copper Mediated
Oxidation of Imidazopyrazinones Inhibits Marine Luciferase Activity. Vanessa Lee collected all
spectroscopic data including the electronic absorption spectra.
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3.1 Abstract

The development of bioluminescent based tools has seen steady growth in the field of chemical
biology over the past few decades ranging in uses from reporter genes to assay development and
targeted imaging. More recently marine based luciferases such as Gaussia, Renilla, and the
engineered Nano- luciferases have been utilized due to their intense luminescence relative to
firefly luciferin/luciferase. The emerging importance of these systems warrants investigations
into the components that affect their light production. Previous work has reported that one
marine luciferase, Gaussia, is potently inhibited by copper salt. The mechanism for inhibition
was not elucidated but was hypothesized to occur via binding to the enzyme. In this study, we
provide the first report of a group of non-homologous marine luciferases also exhibiting marked
decreases in light emission in the presence of copper(ll). We investigate the mechanism of action
behind this inhibition and demonstrate that the observed copper inhibition does not stem from a
luciferase interaction but rather the chemical oxidation of imidazopyrazinone luciferins

generating inert, dehydrated luciferins.
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3.2 Introduction

Bioluminescence is a natural phenomenon where a small molecule substrate, luciferin, is
oxidized by its enzyme, luciferase. This enzyme-catalyzed reaction results in the production of
photons through relaxation of an excited state intermediate. Though observed in nature for
thousands of years, it was not until the second half of the 20th century that scientists began to
fully characterize and elucidate the molecular mechanisms of bioluminescence.1 Since then,
bioluminescent systems have steadily gained popularity as a unique tool in biochemical research
ranging in uses from reporter genes to molecular imaging probes.?**>® Compared to other
optical modalities such as fluorescence, bioluminescence-based platforms find a key advantage
in requiring no excitation light, affording near-zero background signal and minimizing
phototoxicity.’

The three most well-studied classes of bioluminescent systems are insect, bacterial, and
marine luciferin/luciferases.® The marine ecosystems in particular contain a vast diversity of
luminescent organisms. For example, in one study about 76% of individuals in the water column
were observed to have luminescent capability.® Currently known marine-based bioluminescent
systems are representative of different taxa, are of various complexity, and are of different
molecular mechanisms. Interestingly, while diverse in the structures of their enzymes, most of
these systems show similarities in their substrates, utilizing luciferins with a shared
imidazopyrazinone core, with coelenterazine (CTZ, Figure 3.1) being the most well-studied and

commonly used.?
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Figure 3.1 Chemical structures of native marine luciferin, coelenterazine, and synthetic analog, diphenylterazine.

3.3 Results and Discussion

Biochemical research on coelenterazine-utilizing organisms to date have primarily focused on
the Renilla reniformis, Gaussia princeps, and Oplophorus gracilirostis organisms. 11213
Additionally, Nanoluciferase (Nluc), a recently engineered luciferase derived from Oplophorus
luciferase, has gained notable traction due to its small size, high thermal stability, and intense
light emission in the presence of its partner imidazopyrazinone, furimazine.!* It has previously
been reported that Gaussia luciferase is potently inhibited by Cu(ll) ions. > Inhibition was
posited to occur via direct interactions with the enzyme. However, in our previous work
developing a copper-responsive bioluminescent imaging probe based on the imidazopyrazinone,
diphenylterazine (DTZ, Figure 3.1), and luciferase, Nluc, we observed bioluminescence
inhibition at high Cu(Il) concentrations despite the dissimilarities between the Gaussia luciferase
and Nluc structure.!’ This led us to the hypothesis that copper-mediated inhibition of marine
luciferase bioluminescence may actually arise from transformation of the imidazopyrazinone
substrate core.

We validated that Cu(lIl) ions could alter the activity of a series of imidazopyrazinone-
based luciferases. We investigated the effects of Cu(ll) on the bioluminescence of Renilla, Nano-

, and Gaussia luciferases. These marine luciferases are non-homologous as they evolved
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independently.'® For these studies we used CTZ for all three luciferases (Figure 3.2a-c) as well
as DTZ with Nanoluciferase (Figure 3.2d) as Renilla and Gaussia luciferases do not accept DTZ.

In all cases, bioluminescence was potently inhibited by Cu(ll).
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Figure 3.2 Calculated area under the curve over twenty minutes of kinetic luminescence
measurements of CTZ (10 uM) in the absence or presence of Cu(ll) ions (100 uM) with A)
Renilla, B) Nano- or C) Gaussia luciferases (0.4 pg/mL), or D) of DTZ (10 uM) in the absence
or presence of Cu(ll) ions (100 uM) with Nanoluciferase (0. 4 pug/mL).

We therefore aimed to determine the structural impact of Cu(ll) on the partner luciferins
(DTZ and CTZ) by Cu(ll) as the driver of bioluminescence inhibition. As inhibition was
observed with both substrates, we chose to use DTZ for the majority of studies due to its
increased stability relative to CTZ and its facile synthesis. The conjugated nature of marine
luciferins lends itself to study by electronic absorption spectroscopy. To begin understanding the
interactions between the luciferins and Cu(ll), we performed a metal screen with CTZ and DTZ

in the presence and absence of a panel of biologically relevant metals (Figure 3.3). We noted

significant spectral changes upon addition of both copper(ll) and iron(lll).
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Figure 3.3 Electronic absorption spectra of 50 uM (A) CTZ and (B) DTZ alone (black) and upon
addition of 50 uM biologically relevant metal ions. Significant spectral changes occur in both
CTZ and DTZ spectra upon addition of Cu(ll) and Fe(l11) ions indicating interactions between
the luciferins and these metal ions.

Interestingly, in enzyme studies analogous to those presented in Figure 3.2 but performed with
Fe(lI11), no inhibition of light output was observed (Figure 3.4). This could mean that the
interaction with Fe(l11) is either not as strong as in the case with Cu(ll) or may have slower

kinetics than the enzymatic oxidation reaction.
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Figure 3.4 Calculated area under the curve over twenty minutes of kinetic luminescence
measurements of 10 uM (A) CTZ or (B) DTZ in the absence or presence of Fe(lll) ions (100
M) with recombinant Nluc (0.4 pg/mL).
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Furthermore, the original spectrum was not able to be restored after addition of the non-specific
chelator EDTA (Figure 3.5). This would suggest that the interaction occurring is non-reversible

and therefore would be unlikely to be a metal-coordination complex.

D7Z
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Figure 3.5 Electronic absorption spectrum of 50 uM DTZ with and without addition of 50 uM
CuSOys in ethanol. Spectral changes suggest oxidation of DTZ upon interaction with copper.
Upon addition of 500 uM EDTA, the DTZ spectrum is not restored which confirms that the
interaction is irreversible by chelation of the metal ion.

The same electronic absorption spectroscopy studies were performed with CTZ resulting
in similar spectral changes (Figure 3.3a), suggesting the Cu(ll) interaction is nota DTZ
dependent effect and is likely occurring at the shared imidazopyrazinone core. The irreversible
nature of the interaction as well as the similarity in effect with Fe(l11) led us to investigate
potential redox events involving Cu(ll). To determine if Cu(ll) is reduced to Cu(l) in the

presence of DTZ, we used a colorimetric Cu(l) chelator, bathocuproine disulfonic acid (BCS), to

confirm the presence of Cu(l) in solution (Figure 3.6).
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Figure 3.6 Bathocuproine disulfonic acid (BCS) is a copper(l)-specific colorimetric chelator that
absorbs at 480 nm when complexed. Addition of 500 uM BCS to a solution of 50 uM DTZ and
50 uM CuSOs4 results in increased absorbance at 480 nm indicating reduction of Cu(ll) by DTZ.

Indeed BCS shows a significant increase in absorption at 480 nm in the presence of DTZ
and CuSQg4 suggesting that DTZ is able to reduce Cu(ll) to Cu(l). These spectroscopic data point
to a redox-driven chemical reaction over Cu(ll) coordination as the cause of the observed
enzyme inhibition.

We thus tested the hypothesis that Cu(ll) addition may drive DTZ oxidation towards a
luciferase-inert compound. Reverse-phase LC-MS analysis of DTZ in the presence of Cu(ll)
showed the emergence of a peak exhibiting a ten-minute increase in retention time relative to
DTZ alone (Figure 3.7). The increased retention time suggests that the oxidized product is more

non-polar than DTZ. The mass of the species in this peak (m/z = 376.1, Figure 3.8), corresponds

to a loss of 2 protons corroborating an oxidation reaction.
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Figure 3.7 Chromatograms of (a) DTZ and (b) DTZ after reaction with Cu(ll) reveal a 10 minute
longer retention time.
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Figure 3.8 Mass spectra of (a) DTZ and (b) DTZ after reaction with Cu(ll) show an m/z of
378.2 and 376.1 for DTZ and Cu(ll) reacted DTZ respectively.
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We applied NMR spectroscopy to observe any changes in the 1H spectra (Figure 3.9).
DTZ was reacted with excess Cu(Il) until full conversion to oxidized DTZ was observed by LC-
MS. As Cu(ll) is paramagnetic and may cause universal peak broadening, a liquid extraction

with DCM/H>0 was performed to remove the metal ion from the sample prior to NMR analysis.
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Figure 3.9 'H NMR spectra of oxidized DTZ (top) and DTZ (bottom) measured in CD2CI2 as
solvent shows a loss of methylene proton signals at 4.09 ppm and appearance of a vinyl proton
signal at 7.91 ppm after oxidation by Cu(ll).

The most notable changes in the NMR spectra were the absence of methylene proton
signals from the benzyl group of DTZ at 4.09 ppm and the appearance of a peak at 7.91 ppm.
This coupled with the LC-MS data suggests the formation of a vinyl proton which could only
occur at the benzylic carbon of DTZ. Therefore, we hypothesized that Cu(lIl) oxidized DTZ to
dehydrated DTZ (dhDTZ, Figure 3.10).
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Figure 3.10 Structure of dehydrated diphenylterazine (dhDTZ) and dehydrated coelenterazine
(dhCTZ).

Indeed, copper mediated oxidation of similar molecules containing dihydropyrazine
moieties have been previously reported in the literature.®2° Brook et al. noted the structural
uniqueness of 1,4-dihydropyrazines related to the cyclic 8 electron system they possess
imparting antiaromatic character.'® This electron richness allows them to readily undergo the loss
of an electron generating a radical cation. In 2016, Li et al. reported a new Cu(ll) sensor that is
based on the oxidation of a dihyropyrazine containing compound.? Taken together, this strongly
supports the hypothesis that Cu(ll) is able to oxidize coelenterazine and related marine
luciferases generating the dehydrated forms depicted in Figure 3.10.

Interestingly, dehydrated coelenterazine (dhCTZ) has previously been observed in nature
and reported in the literature independent of any Cu(ll)-mediated mechanism. The first report of
a dehydrated coelenterazine was in 1977 from Inouye et. al where dhCTZ was isolated from the
liver of the squid, Watasenia scintillans, suggesting perhaps the dehydrated form plays a role in
storage.?° Here researchers noticed that the isolated compound was two mass units less then CTZ
and found that reduction with NaBH, restored CTZ. Similarly, when we treated dhDTZ with

NaBHa, we were able to restore light output with Nanoluciferase (Figure 3.11).
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Figure 3.11 Calculated area under the curve over fifteen minutes of kinetic luminescence
measurements of 10 uM dhDTZ with or without preincubation with NaBH4 (100 pM) in the
presence of recombinant Nluc (0.4 pg/mL)

Furthermore, in 1993, dehydrated coelenterazine was found in the light organs of another
luminous squid, Symplectoteuthis oualaniensis.?? In this report, the authors further found that
dehydrocoelenterazine had no luminescent activity but acetone and dithiothreitol adducts formed
by addition to the vinyl group had luminescent activity. Thus, the authors proposed a mechanism
in which protein-dhCTZ adducts served to stabilize the chromophore in the protein binding
pocket. Indeed, fifteen years later in 2008 Isobe et al. confirmed that cysteine-390 is the binding
site of the photoprotein symplectin where Cys390 forms an adduct at the vinyl group of dhCTZ
to yield the luminescent chromophore.?®

More recently in 2008, a second marine organism, Pholas dactylus, which is a marine

bivalve mollusk was proposed to utilize dhCTZ for its luminescent activity.?* Indeed, a year later

the same group successfully showed that similar to symplectin, pholasin’s prosthetic group was
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also formed through an adduct formation of dnCTZ at a free cysteine in the protein.®
Interestingly the luciferase is a 150-kDa copper containing enzyme characterized as a
peroxidase.?® Taken together with our findings, we propose that the copper center may have
functions beyond peroxidase activity. For example, it is possible that CTZ is converted to dhCTZ

by the copper-containing luciferase before being loaded into pholasin to form the active adduct.

3.4 Conclusion & Outlooks

In conclusion, we have determined for the first time that the copper-dependent inhibition
of non-homologous marine luciferases originates from Cu(ll)-mediated oxidation of the shared
imidazopyrazinone structure rather than from interactions with the enzyme. This is, to our
knowledge, the first example of a metal mediated transformation of marine luciferin substrates.
This information not only provides valuable insight towards the development of future
biotechnologies with said marine luciferin/luciferase systems but also opens the door to further
questions and possibilities for the evolution and molecular mechanisms surrounding native

marine bioluminescent systems.

3.5 Materials & Methods

Materials. Gaussia, Renilla, and Nano- luciferases were all purchased commercially (Promega,
Raybiotech, & Nanolight technologies). Diphenylterazine (DTZ) was synthesized as previously
described.'® Coelenterazine (CTZ) was purchased from GoldBio. *H and *C NMR spectra were
collected at room temperature in CD2Cl, on a 400 Bruker Varian NMR spectrometer. All
chemical shifts are reported as 6 ppm relative to the residual solvent peak at 5.32 (CD2Cly) for
1H. Electrospray ionization mass spectral analyses were performed using an LC-MSD system
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(Agilent Technologies 1260 Infinity Il coupled with an Agilent Technologies InfinityLab

LC/MSD).

Luminescence Measurments. All luminescence measurements were performed similarly to
previously reported methods.® In short, metal ion solutions were prepared in water, luciferin
stock solutions were prepared in pure ethanol and diluted in phosphate buffer, and luciferase
solutions were prepared freshly in phosphate buffer. Readings were measured on a SpectraMax

i3x plate reader.

Reaction of DTZ with Cu(ll). DTZ (245 mg, 0.650 mmol) was dissolved in methanol and to
this was added CuSO4 (161 mg, 0.650 mmol). The solution was stirred at room temperature until
complete conversion was observed by LCMS. After this the reaction was poured into water and
extracted into dichloromethane. The combined dichloromethane extracts were then washed with
saturated sodium chloride, collected, and dried over magnesium sulfate. After filtration, the
crude product was concentrated under reduced pressure. The crude mixture was then purified by
silica gel column chromatography using DCM as eluent and was subsequently recrystallized in
acetonitrile to afford dhDTZ as dark purple powder (100 mg, 40% yield). *H NMR (400 MHz,
CD.Cly) 5 8.81- 8.83 (m, 2H), 8.33-8.35 (m, 2H), 7.99-8.01 (d, 2H), 7.91 (s, 1H), 7.60-7.62 (t,
3H), 7.58 (s, 1H), 7.48-7.55 (m, 5H), 7.39-7.43 (m, 1H). Low-resolution mass spectrometry

(LRMS) (m/z): [M+H]" calculated for C2sH17N3O 376.1; found, 376.1.

Electronic absorption spectroscopy. UV-Vis studies were performed on a Shimadzu UV-1900i

at room temperature using quartz cuvettes (Starna) with a pathlength of 1 cm. All spectra were
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referenced to water and buffer subtracted. Stock solutions of 1 mM luciferin in ethanol, 1 mM
metal salts in water, 10 mM EDTA in water, and 10 mM BCS in water were prepared. The final
concentrations were 50 uM luciferin, 50 uM metal salts, 500 uM EDTA, and 500 uM BCS using
ethanol as the buffer to prevent precipitation of the luciferin. Excess BCS was used to detect the

presence of copper(l) in solution, and excess EDTA chelated free copper ions in solution
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Chapter 4

Development of an ATP-Independent
Bioluminescent Probe for Detection of
Extracellular Hydrogen Peroxide*

* This chapter is a modified version of the following published article: O’Sullivan, J.J.; Heffern,
M.C. Development of an ATP-independent bioluminescent probe for detection of extracellular
hydrogen peroxide, Organic & Biomolecular Chemistry, 2022, 20, 6231-6238.
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4.1 Abstract

This work reports a new ATP-independent bioluminescent probe (bor-DTZ) for detecting
hydrogen peroxide that is compatible with the Nanoluciferase enzyme. The probe is designed
with an arylboronate ester protecting group appended to a diphenylterazine core via a self-
immolative phenolate linker. Reaction with hydrogen peroxide reveals diphenylterazine, which
can then react with Nanoluciferase to produce a detectable bioluminescent signal. Bor-DTZ
shows a dose-dependent response to hydrogen peroxide and selectivity over other biologically
relevant reactive oxygen species and can be applied to detect either intra- or extracellular
species. We further demonstrate the ability of this platform to monitor fluxes in extracellular

hydrogen peroxide in a breast cancer cell line in response to the anticancer treatments, cisplatin.
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4.2 Introduction

Hydrogen peroxide (H20.) is a key molecule in biological redox metabolism and stress.? On the
one hand, H20; is a hallmark of oxidative stress? whereby its generation alongside other reactive
oxygen species results in direct or indirect oxidation of various biomolecules such as lipids?,
DNA®* RNA?, and proteins®. On the other hand, endogenous levels of H,02 have been shown to
play important roles in cellular signaling in processes ranging from immune response to cell
proliferation.’ 891011 For example, neutrophils have been shown to utilize NADPH oxidase
systems to generate millimolar quantities of H.O; as a defense against foreign microbes.!? H,0.
imbalances have been implicated in variety of disease pathologies such as cancer,t4
diabetes,'>1® inflammation”8 and cardiovascular diseases'®?°. Tools for monitoring H2O; fluxes
are vital for understanding the molecular mechanisms at play regarding both the physiological
and pathological roles H.O> plays in biological systems.

Small molecules?!:22232425 employing various reaction triggers such as sulfonic esters??,
diketones?®2’, and arylboronates?® have been widely employed for fluorescence-based sensing of
H20.. In particular, the arylboronate reaction-based triggers have been extensively adopted
mainly owing to their high selectivity and sensitivity in addition to their fast reaction kinetics
relative to other H,O2 reactive moieties.?%30:313233 Although fluorescence-based imaging probes
have provided valuable insight into H202 dynamics, they are primarily applied to monitoring
intracellular H2O. dynamics, given that the larger volume and diffuse nature of the extracellular
space and extracellular fluids can lead to signal dilution. Aside from fluorescence-based imaging

probes researchers have also turned to the development of alternative modalities with improved
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sensitivity, such as such as electrochemical sensors, but many of these are not amenable to in
vivo work, 343536

To fill this gap, bioluminescence has become an increasingly favorable candidate for
molecular imaging platforms.®” Bioluminescence results in the emission of photons via the
enzymatic oxidation of a small molecule luciferin by its cognate luciferase enzyme. Imaging
with this technique offers the benefits of high signal-to-noise ratio as well as the ability to endow
cell and tissue specificity through the genetic encoding of the luciferase.® The phenomenon has
been adapted for sensing molecular analytes of interest by chemical modification of the luciferin,
termed “caging”, which precludes interaction with its luciferase pair.3>*° Upon chemo-selective
reaction with the analyte the native luciferin is restored and subsequent oxidation by its
luciferase results in the production of detectable photons. This strategy has been successfully
employed for the detection of intracellular H2O> using a firefly luciferin caged with an
arylboronic acid.**#> While capable of detecting intracellular H2O2 and in the tissues of living
mice, an inherent property of the firefly luciferin/luciferase system is its dependence on ATP,
therefore limiting the probes’ applicability to intracellular applications and regimes where ATP
levels are not significantly perturbed. Development of probes for the extracellular space are of
particular interest due to the transient nature of signaling biomolecules like H2O2. The ability to
monitor extracellular HO2 would provide valuable insight into both the physiological roles that
this oxidative metabolite plays in extracellular signaling as well as a means to monitor oxidative
stress in disease progression. Unlike the firefly luciferases, marine luciferases and their
derivatives do not require ATP, making these platforms adaptable to extracellular

applications.*344
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To this end, we report the design, synthesis, and evaluation of a new bioluminescent based
probe for detecting H20: in the extracellular space using a marine luciferin/luciferase pair. We
report a boronate ester caged diphenylterazine (bor-DTZ), a small molecule luciferin with an
H>0> reactive boronate ester and self-immolative linker attached to the carbonyl of the parent
diphenylterazine (DTZ). Upon H20- induced oxidative hydrolysis and subsequent self-
immolation, DTZ is generated which can then interact with the engineered marine luciferase,
Nanoluciferase (Nluc)*, to produce a detectable bioluminescent signal. We demonstrate the
ability of bor-DTZ to selectively detect H2O. over other biologically relevant ROS and show that
it can detect exogenous and endogenous H2O: in live cells. We further show the probes utility in
monitoring changes to extracellular H2O2 in response to a clinically relevant cancer treatment in
a human breast cancer cell model.

Scheme 3.1 Design of bor-DTZ for H20.-responsive Bioluminescence?
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@ Red: H202-responsive cage, blue: self-immolative linker, black: diphenylterazine (DTZ) core.
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4.3 Results and Discussion

4.3.1 Synthesis and reactivity of bor-DTZ

The recently engineered Nanoluciferase (Nluc) is a marine based luciferase derived from a deep
sea shrimp which has gained attention due to its small size, high thermal stability, and highly
intense luminescence in the presence of its engineered substrate, furimazine, relative to firefly
luciferase.*® We recently demonstrated that modifying imidazopyrazinone substrates at the
imidazoyl carbonyl with a reactive group responsive to copper(ll) could yield caged luciferins
compatible with Nluc, with the synthetic imidazopyrazinone, diphenylterazine (DTZ), yielding
optimal response among a series of caged imidazopyrazinone derivatives.*” Thus, to design a
bioluminescence agent for the Nluc system that could respond to hydrogen peroxide, we paired
the well-studied arylboronate ester cage to diphenylterazine (DTZ) with a self-immolating
phenolate linker (scheme 2). The arylboronate ester cage is expected to undergo selective
oxidative hydroxylation by H20», which in turn triggers an electron cascade to reveal the parent
DTZ for recognition by Nluc. We synthesized the native DTZ according to previously published
methods*"* and then performed a nucleophilic substitution with 4-bromomethylphenylboronic
acid pinacol ester under basic conditions to afford bor-DTZ in 18% yield. We attributed the
relatively low yield due to a side product where the pinacol ester adds to the alkene at the C2
position as well as DTZ being inherently prone to oxidation. However, it is important to note that
for subsequent biological assays bor-DTZ can be used in concentrations as low as 1 UM such
that low milligram quantities of bor-DTZ can be used for hundreds of assays depending on

sample size.
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Scheme 3.2 Synthesis of bor-DTZ
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@Reagents and conditions: (i) NBS, CHCIs, 3 h; (ii) Phenylboronic acid, Pd(PPhs)s, K2COs,
1,4-dioxane, H->O, 80 °C, 12 h; (iii) 1,1-diethoxy-3-phenylpropan-2-one, EtOH, H>0O, cat. HCI,
80 °C, 12 h; (iv) 4-Bromomethylphenylboronic acid pinacol ester, Cs,COs, KI, MeCN, 12 h.

To evaluate the reactivity of bor-DTZ, its luminescence output was measured upon addition of
analytes of interest in the presence of purified recombinant Nanoluciferase (rNluc) in aqueous
buffer. Selectivity was assessed by comparing reactivity with H2O; to a panel of reactive oxygen
species as well as glutathione, a biologically relevant reducing agent. The normalized total

photon flux was determined by calculating the area under the curve of the kinetic reading over 30

minutes and normalizing values from all ROS tested to that of bor-DTZ alone (Figure 3.1 a).
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Figure 3.1 Reactivity of bor-DTZ (1uM) reported as calculated area under the curve of
luminescence output over 20 minutes in the presence of analytes and rNIluc (0.4 pg/mL),
normalized to bor-DTZ in the absence of analytes; all solutions in DPBS, pH 7.4, 37°C, emission
range: 300-850 nm. (a) Reactivity of bor-DTZ in the presence of various biologically relevant
ROS (100 pM) and glutathione (GSH, 10 mM) . Error bars denote n=3, SEM. (b) Light output of
bor-DTZ in the presence of various concentrations of H>O> (0-250 uM) and rNluc (0.4 pg/mL).
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(c) Responsiveness of bor-DTZ to H202 (100 uM) in the presence of ATP (10 mM). Data points
are normalized to the control without H>O> added.

A representative kinetic curve for bor-DTZ in the presence of 100 uM H20- can be seen in
Figure 3.2. We observed that bor-DTZ exhibits exceptional selectivity towards H.O> relative to
the other ROS tested. We confirmed that the turn-on response was due to H>O> by observing a
loss in signal upon addition of catalase, an enzyme that rapidly degrades H.O>. Moreover, bor-
DTZ demonstrated a dose-dependent response to the H>O> from 50-250 uM (Figure 3.1 b),
which is within a biologically-relevant range in the context of the tumor

microenvironment. 95051
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Figure 3.2 Representative kinetic curve of luminescence of bor-DTZ (1 uM) with rNluc (0.4
pg/mL) measured over twenty minutes in the presence and absence of H2O> (100 uM). All
solutions in DPBS, pH 7.4, 37°C, emission range: 300-850 nm.

We next assessed whether the signal produced by bor-DTZ was affected by ATP. Previously
reported bioluminescence probes for H.O> rely on the firefly luciferase enzyme, which utilizes

ATP as a cofactor. The need for ATP limits the probe to mainly intracellular applications where

ATP is abundant; additionally, various cellular processes can result in significant changes to
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ATP levels, making this cofactor a confounding variable for firefly luciferase-based sensors.
Comparison of light output of bor-DTZ to 100 uM H>0: in the presence and absence of 10 mM
ATP showed little to no difference (Figure 3.1 c), demonstrating that the probe is indeed ATP-
independent, permitting its application to extracellular environments and systems where ATP

levels are perturbed.

4.3.2 Detection of Intracellular H20O by bor-DTZ

Having established the selectivity and sensitivity of bor-DTZ towards H20- in buffer we next
evaluated the H2O. responsiveness in cells. We utilized a breast cancer cell line, MDA-MB-231,
engineered to express Nluc intracellularly. To stimulate an increase in intracellular H2O» we
treated cells with 500 uM paraquat for 24 hours, which generates intracellular ROS through
disruption of mitochondrial respiration.>> We monitored light output in the presence of both bor-
DTZ, and analogous experiments were performed using the parent DTZ. The data is presented as
the ratio of the area under the curve of the 1 hour luminescence of bor-DTZ:DTZ in order to
normalize for any changes in Nluc expression or cell proliferation due to paraquat treatment
(Figure 3.3 a). Representative kinetic curves for the luminescence of both bor-DTZ and DTZ are

presented in Figure 3.4.
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Figure 3.3 (a) Calculated ratio of the area under the curve over 1 hour of bor-DTZ:DTZ (10 uM
for both) luminescence from MDA-MB-231 cells expressing Nluc in the absence (control, CTR)
or presence of 500 uM paraquat (PQ) for 24 hours. Error bars denote n=3, SEM. Statistical
significance was assessed by calculating p-values using unpaired t-test, * p < 0.005.
Measurements performed in DPBS, pH 7.4, 37°C, emission range: 300-850 nm. (b) Average
absorbance at 490 nm of Nluc MDA-MB-231 cells after an 8-hour incubation with bor-DTZ
followed by the addition of MTS for one hour. Error bars denote n=6.
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Figure 3.4 Representative kinetic curves of intracellular luminescence of (a) DTZ (10 uM) or (b)
Bor-DTZ (10 uM) in Nluc MDA-MB-231 cells that have either been untreated (CTR) or treated

with paraquat (500 puM) for 24 hours. All solutions in DPBS, pH 7.4, 37°C, emission range: 300-
850 nm.
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Indeed, bor-DTZ detected a significant (p < 0.005) increase in signal of paraquat-treated cells
relative to untreated cells showing the biological utility of this probe in cell-based models. As
this particular cell-line is expressing a form of Nluc without a secretion signaling domain the
observed signal indicates that bor-DTZ is able to diffuse through the cell membrane.
Additionally, the cells are washed with PBS prior to imaging in order to remove any extracellular
hydrogen peroxide or Nluc that may be present. We also performed an experiment to assess the
toxicity of bor-DTZ towards the cells using an MTS assay where cell viability is measured
through reduction of the MTS tetrazolium compound by viable cells to form a colorimetric
compound. We found that when Nluc MDA-MB-231 cells are incubated with bor-DTZ (10 uM)
for 8 hours there is no significant effect on cell viability (Figure 3.3 b) suggesting minimal to no

toxicity.

4.3.3 Detection of extracellular H20O by bor-DTZ

To determine the ability of bor-DTZ to detect changes in extracellular H2O., we applied bor-
DTZ in the media of MDA-MB-231 cells engineered to stably express and secrete
Nanoluciferase (secNluc MDA-MB-23). Cells were plated and cultured in Optimem media for
24 hours, then media was removed and placed in a new well plate, H.O> was spiked in and the
samples were treated with bor-DTZ, then analyzed for light output over a 20-minute period. As
the cells secrete Nluc, no addition of rNluc was required for these experiments. Furthermore,
media was removed from cells and the assay was done in the absence of cells to prevent any
signal occurring from intracellular activation. We observed slight increases in light output in the

0-10 uM range followed by large increases from 50-250 uM (Figure 3.5 a). This range is in line
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with physiologically-relevant levels of tumor microenvironments wherein H2O2 concentrations

can reach as high as 50-100 pM. 49201
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Figure 3.5 (a) Dose-dependent light output as monitored by calculated area under the curve for
luminescence over 20 minutes of bor-DTZ (1 uM) in the presence of various concentrations of
H202 (0-250 puM) in cell media removed from secNluc MDA-MB-231 cells. Data points are
normalized to the control without H20, added. (b) Calculated area under the curve of
luminescence over 20 minutes of cell media from secNluc MDA-MB-231 cells in the presence or
absence of catalase (1 x 10* U/L) with 1 uM bor-DTZ. Error bars denotes SEM, n=3. (c)
Calculated ratio of the area under the curve over 20 minutes of bor-DTZ:DTZ luminescence
from secNluc MDA-MB-231 cells treated with cisplatin (30 uM). Error bars denote SEM, n=3.
Statistical significance was assessed by calculating p-values using unpaired t-test, * p < 0.05.
Measurements performed in Optimem, pH 7.4, 37°C, emission range: 300-850 nm.

To determine if bor-DTZ could detect endogenous levels of H20: in the media, the
bioluminescent response of the media was measured in the absence or presence of catalase
without addition of exogenous H20- (Figure 3.5 b). We observe a drastic decrease in light output
in cell media that had been spiked with catalase suggesting bor-DTZ could detect basal levels of

H>02 in the media. Notably, catalase has little to no effect on the native DTZ/Nluc system

(Figure 3.6).
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Figure 3.6 Calculated area under the curve of luminescence over 30 minutes of cell media from
secNluc MDA-MB-231 cells in the presence or absence of catalase (1 x 10* U/L) with 1 uM
DTZ. Error bars denotes SEM, n=3.

As oxidative stress and ROS production is a hallmark of breast cancer,> we applied bor-DTZ
to assess how extracellular H2O> levels are perturbed in the presence of cisplatin, a well-studied
anti-cancer agent.>* The secNluc MDA-MB-231 cells were plated and treated with cisplatin for
16 hours before removing the media from the cells and monitoring luminescence in the presence
of bor-DTZ or the parent DTZ for 20 minutes. The ratio of the area under the curve for bor-
DTZ:DTZ was calculated in order to account for any effects that the treatments had on secNluc
expression or cell proliferation (Figure 3c). We observe that cisplatin treatment induces a
decrease in light output relative to the control. Interestingly, our previous report on a copper(ll)
responsive DTZ showed that cisplatin also decreases extracellular levels of copper(ll). These
findings provide a basis and tool for further investigations into the interplay between trafficking
of H202 and copper in both physiological and pathological states. The above study also

demonstrates the high-throughput and accessible nature that the bor-DTZ probe offers through

use of a 96-well plate and luminometer or plate reader. This lays the foundation for a unique new
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tool for future high-throughput studies investigating the effect of external stimuli on H.O>

dynamics.

4.4 Conclusions and Outlook

We have demonstrated the design, synthesis, and evaluation of a new bioluminescent probe, bor-
DTZ, for monitoring H2Oz in vitro in an ATP-independent manner. Bor-DTZ shows a high level
of selectivity towards H20, over other biologically relevant reactive oxygen species and shows
sensitivity down to the low-mid pM range. The probe can detect H.O; in either intracellular or
extracellular environments based on where the Nluc enzyme is expressed. We also demonstrate
that bor-DTZ can be applied to a 96 well-plate for cell-based assays for high-throughput analysis
of H202 dynamics in a cancer cell line.

Bioluminescence-based sensing of H.O> offers the advantages of in vivo compatibility as
well as high sensitivity due to near-zero background and signal output that does not require an
excitation light source. Among the caged bioluminescence agents that have been reported, bor-
DTZ is one of the first diphenylterazine-based imaging probes to be paired with the bright,
thermostable Nluc. The ATP-independent nature of Nluc allows bor-DTZ to be used in both
intracellular and extracellular applications broadening the scope of currently available tools for
H>0>. Paired with Nluc and emerging analogs for deep-tissue imaging, bor-DTZ has broad

potential for investigating oxidative biology in both cell-based and live-animal studies.

4.5 Materials and Methods

General Methods. Reactions using moisture- or air-sensitive reagents were carried out in dried
glassware under an inert N, atmosphere. DTZ (4) was synthesized according to previously
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published methods.*"*8 Dry solvents were all purchased from Sigma-Aldrich and used
immediately. All commercially purchased chemicals were used as received without further
purification. 2-aminopyrazine was purchased from Oakwood Products. All other chemicals were
purchased from Sigma-Aldrich unless otherwise noted. Silica Gel 60 F254 (precoated sheets, 200
pum thickness, MilliporeSigma) were used for analytical thin layer chromatography. Silica gel
sorbent (230-400 mesh, grade 60, ThermoFisher) or aluminum oxide (neutral, Brockmann I, 50-
200 um, grade 60, Sigma-Aldrich) were used for column chromatography. *H and **C NMR
spectra were collected at room temperature in DMSO-d6 (Sigma-Aldrich) on a 600 MHz Varian
NMR spectrometer. All chemical shifts are reported as & parts per million relative to the residual
solvent peak at 2.50 (DMSO-d6) for 1H and 39.52 (DMSO-d6) for 13C. Multiplicities are
reported as s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), h (hextet), m (multiplet), dt
(doublet of triplets), or br (broad). Electrospray ionization mass spectral analyses were
performed using a Thermo Q-Exactive HF Orbitrap.

Synthesis of bor-DTZ. Diphenylterazine, 4, (14 mg, 0.037 mmol, 1 equiv.), 4-
bromomethylphenylboronic acid pinacol ester (11 mg, 0.037 mmol, 1 equiv.), Cs.CO3 (5 mg,
0.015 mmol, 0.4 equiv.), and KI (7 mg, 0.041 mmol, 1.1 equiv.) were added to a flame-dried
round-bottom flask that was then purged with N2. The reagents were then dissolved in anhydrous
acetonitrile (1 mL) and the reaction was allowed to stir overnight. The reaction mixture was
subsequently quenched in 10 mL of water and extracted in DCM (3 x 5 mL). The combined
DCM extract was then washed with brine, dried over Na2SOs, and concentrated under reduced
pressure. The crude product was then purified by reverse-phase HPLC (isochratic, 80/20
MeCN:H20 over 2 hours on a T3 Atlantis column (Waters)) and dried under reduced pressure to

obtain bor-DTZ (4 mg, 18% yield) as a yellow-brown solid. *H NMR (600 MHz, DMSO-d6) &
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8.83-8.85 (d, 2H), 8.44 (s, 1H), 8.09-8.11 (d, 2H), 7.68-7.70 (d, 2H), 7.50-7.60 (m, 5H), 7.46-
7.47 (d, 2H), 7.41-7.43 (t, 1H), 7.27 (m, 4H), 7.18 (m, 1H), 5.25 (s, 2H), 4.07 (s, 2H), 1.27 (s,
12H). 13C NMR (151 MHz, DMSO-d6) § 146.08, 139.64, 139.59, 137.25, 137.11, 136.84,
136.19, 135.09, 134.15, 131.55, 130.77, 129.75, 129.17, 129.13, 129.03, 128.88, 128.86, 128.82,
128.74, 126.62, 126.48, 110.99, 84.18, 77.02, 32.95, 25.11. . High-resolution mass spectrometry
(HRMS) (m/z): [M+H]" calculated for : C3gH37BN3O3, 594.2927; found, 594.2915

In Vitro Luminescence Assays. Milli-Q water (18.2 MQ) was used to prepare all aqueous
solutions. Reactive oxygen species solutions were prepared to 10 mM in water. Hydrogen
peroxide (H20), tert-butyl hydroperoxide (TBHP), and hypochlorite (OCI) stock solutions were
prepared from 30%, 70%, and 2-3% aqueous solutions, respectively. Hydroxyl radical (*OH)
and tert-butoxy radical (*OtBu) were generated in situ by reaction with excess Fe(ll). Nitric
oxide (NO*) was generated using PROLI NONOate (Cayman Chemical). Superoxide (O2) was
delivered from a stock solution of potassium superoxide (KO2) in DMSO. A 100 uM solution of
bor-DTZ was prepared by dissolving bor-DTZ in pure ethanol. A 0.4 pg/mL solution of rNluc
was prepared by adding 1 pL of 0.4 mg/mL stock solution (Promega, Nano-Glo Assay Kit) into
999 uL of DPBS at pH 7.4. 100 pL of rNluc solution was added to the wells of a white, opaque,
flat-bottom 96-well plate followed by 1 pL of ROS 10 mM stock solution. Finally, bor-DTZ (1
pL) was added to all the wells using a multi-channel pipette and mixed well. The bioluminescent
signal was immediately measured using a Molecular Devices SpectraMax i3x plate reader at 37
°C for 1 hour. For dose-dependence studies 100x stock solutions of H202 were prepared in
Millipore water from a 30% (w/w/) aqueous solution and 1 pL of these stock solutions were
added to 100 uL of rNluc solution in wells of a 96-well white plate. Bor-DTZ (1 pL of a 100 uM

solution) was added via a multichannel pipette and the luminescence was immediately measured.
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For ATP studies a 10 mM solution of ATP was prepared in DPBS pH 7.4 by adding 100 pL of a
100 mM stock (ThermoScientific) into 900 puL of DPBS. To this was added 1 pL of 0.4 mg/mL
rNluc (Promega) to get a final volume of 0.4 pg/mL rNIluc. The control rNluc solution was
prepared to 0.4 ug/mL as described previously and 100 pL aliquots of control and ATP
containing solutions were plated in 96-well white plate. Bor-DTZ (1 pL of a 100 uM solution)
was added to the wells and the luminescence was measured immediately. When reporting area
under the curve, these values were calculated using GraphPad Prism software.

Cell Culture. MDA-MB-231 cells stably expressing secreted or intracellular Nanoluciferase
(secNluc MDA-MB-231 or Nluc MDA-MB-231 respectively) were a kind gift from Drs. Gary
and Kathy Luker (University of Michigan). Cells were maintained in Dulbecco’s modified
medium (DMEM, 4.5 g/L glucose) supplemented with 10% fetal bovine serum (FBS) (Gibco) 1x
penicillin-streptomycin (Corning), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco)
at 37 °C and 5% CO:..

Detecting H20: intracellularly in Nluc MDA-MB-231 Cells. Cells were plated at 10,000 cells
per well in a 96-well white, opaque, flat bottom plate. Twenty-four hours later media was
replaced with fresh media and paraquat was added from a freshly prepared stock solution to a
final concentration of 500 uM. Cells were then incubated for 24 hours and then the media was
removed and washed with warm DPBS before adding 100 pL of fresh DPBS to wells. Bor-DTZ
(1 pL of a 1 mM solution) was added to wells and luminescence was measured immediately over

one hour.

Detecting H20:2 in Media of secNluc MDA-MB-231 Cells. Cells were plated at 10,000 cells per

well in a 96-well black clear bottom plate. Twenty-four hours later the media was removed from
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the wells and added to a fresh 96-well white, opaque, flat bottom plate. Catalase (Sigma Aldrich)
was added to wells in triplicate to a final concentration of 1 x 104 U/L from a stock solution.
Following this bor-DTZ (1 pL of a 100 uM solution) was added to wells and luminescence was
measured immediately. For dose-response experiments 100X solutions of HO2 were prepared in
water and 1 pL of this was added to secNluc MDA-MB-231 cells 24 hours after plating as
previously described. Bor-DTZ (1 pL of a 100 uM solution) was added to wells and
luminescence was measured immediately.

Monitoring secNluc MDA-MB-231 response to cisplatin. Cells were plated at 10,000 cells per
well in a 96-well, white, opaque flat-bottom plate. Eight hours later, the media was removed, and
the cells were washed with pre-warmed (37 °C) DPBS and 100 pL of OptiMem (Gibco) was
added to each well. A 3 mM solution of cis-platin was prepared in water. 1 pL of this was added
to the wells for a final concentration of 30 uM cisplatin. At the 16-hour time point solutions of
100 uM bor-DTZ and 100 uM DTZ (in ethanol) were prepared and 1 pL was added per well per
treatment (n=3). Luminescence was immediately recorded as previously described. The area
under the curve was calculated using GraphPad Prism software and the ratio of the A.U.C. from

bor-DTZ to DTZ was calculated.
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Chapter 5

Development of Raman Active Probes for
Early-Stage Diagnosis of Ovarian Cancer*

*This chapter is adapted from a manuscript currently in preparation and in collaboration with Dr.
Randy Carney and his lab in the UC Davis Biomedical Engineering department. The
contributions from Justin O’Sullivan are the synthesis of the Raman tags and their conjugation to
antibodies. Extensive work on the synthetic development of polyynes for surface enhanced
Raman spectroscopy (SERS) applications was also done by Justin O’Sullivan but cannot be
disclosed at this time. For the work presented here, Hanna J. Koster performed the bulk of the
data acquisition including extracellular vesicle isolation and SERS analysis. Rachel Mizenko
performed extracellular vesicle characterization and data analysis. Tatu Rojalin contributed to the
design of the study. Randy Carney contributed to the conception and design of the study as well
as custom software developed and used in the work.
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5.1 Abstract

Cancer is a global health issue that researchers have been investigating for decades. To date, it
remains one of the leading causes of death in the world. Early-stage diagnosis of cancers often
lead to increased mortality rates and there is therefore a need to develop new screening tools for
early-stage screening of various cancers. Ovarian cancer in particular has few screening methods,
yet studies have shown that early-stage detection results in much more favorable patient outcome
relative to late-stage detection. The clinical method of ovarian cancer screening is blood CA125
measurement. Here we report the use of Raman active tagged antibody conjugates for ovarian
cancer specific biomarkers (including CA125) and apply them to extracellular vesicle (EV)
analysis. We show that EVs isolated from patients undergoing clinically ordered CA125 screens
contain useful diagnostic information through surface enhanced Raman spectroscopic analysis.
Furthermore, we show that the inclusion of our in-house synthesized Raman-tagged antibody
conjugates can pick up populations of EVs with unique chemical features and also increases the
sensitivity, specificity, and accuracy towards distinguishing cancer and non-cancer derived

exosomes.
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5.2 Introduction

To date, cancer remains one of the most heavily researched diseases with the second leading
cause of mortality worldwide with more than 277 different subtypes.! Researchers have
identified different stages of cancer indicating that several gene mutations are involved in the
pathology. Such genetic mutations result in the hallmark abnormal cell proliferation associated
with cancer. Over recent years the prevalence of cancer has actually increased despite advances
in medicine. In fact, recent studies revealed that the incidence of cancers of various organs
(including breast, colorectum, endometrium, esophagus, gallbladder, head and neck, liver, bone,
pancreas, prostate, stomach, and thyroid) has been rising in the under 50 years of age population
in many parts of the world.?

Prior to the advent of new diagnostic technologies cancer was typically detected only
after the development of clinical symptoms and subsequent biopsy. At this stage tumor
development and metastasis are typically quite advanced. Because of this, late-stage diagnosis
often results in much higher mortality rates relative to early-stage diagnosis.'? Indeed, it has been
shown that the earliest stages of cancer detection are when existing clinical interventions show
the most success.!® The detection of primary, pre-invasive tumors generally increases the rate of
remission namely through the surgical removal of the cancerous mass. In fact, when accurate
testing is available the general population is encouraged to undergo risk-based screenings such as
with mammograms for breast cancer detection, colonoscopy for colon cancers, and Papanicolaou
test (Pap test) for cervical cancer.***®> However, of over 250 cancer subtypes the vast majority of

them do not have robust, non-invasive, and accurate methods of early-diagnosis screening
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creating an unmet challenge that can potentially be solved with current molecular imaging
strategies.

The need for early-stage diagnosis and the vast diversity in subtypes of cancer has led
researchers to try and identify cancer specific biomarkers. One of the most well-known examples
for a blood-based cancer biomarker used in the clinic today is the prostate specific antigen which
has been used to screen for prostate cancer (PSA).*%1” However, it is worth noting that debate
continues over if PSA based screens have resulted in decreased mortality rates.'®° In addition to
PSA biomarker other biomarkers of interest include nucleic acids, peptides, proteins, lipids, and
small molecule metabolites present in the blood or other biofluids.?%21:30-3522-2% Recent progress
in the sequencing of cancer associated genes has resulted in significant strides in the use of
circulating tumor DNA as a diagnostic handle.*-3 However, the detection of tumor associated
DNA in the blood often does not distinguish cancer subtype.

One cancer subtype of particular interest for developing early-stage diagnostic screening
methods is ovarian cancer.®® Ovarian cancer is a global disease that is typically diagnosed at late
stage and currently has no effective screening methods. However, early-stage detection of
ovarian cancer has been shown to result in a 5-year survival rate of over 90% where this rate is
decreased to 29% for those diagnosed at late stage.*®*' Because of the lack of specific
biomarkers for ovarian cancer only about 15% of women are diagnosed at stage 1 where patient
outcomes are more favorable.*? Screening strategies to date for ovarian cancer have largely
remained on the biomarker carbohydrate antigen 125 (CA125) (also known as mucin 16) and the
use of transvaginal ultrasonography.**#* Combinations of these screenings have shown some
success in detecting early-stage cancers, but they have not yet demonstrated definitive

improvements in patient mortality.*4® Furthermore, the use of CA125 as a biomarker for ovarian
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cancer is below the acceptable accuracy and endogenous levels can be increased due to other
factors such as endometriosis and pregnancy.** Because of this, there is a need for the
development of new biomarkers that are highly specific to ovarian cancer and are at detectable
levels at an early stage.

Recently, extracellular vesicles (EVs) have emerged as a potentially powerful biomarker
for various cancers.**® Exosomes are nanoscale, bilipid membrane particles ranging from 30-
150 nm in size.>° Though traditionally thought to only contain cellular “junk” and provide a
means of getting rid of cellular debris, recent work has shown that EVs can be used to shuttle
important information and cellular cargo from cell to cell.>5? EVs express various
transmembrane proteins that are reflective of their parent cells. All cells in the body produce EVs
including cancerous cells and indeed it has been seen that cancer derived EVs are capable of
inducing metastasis and can promote secondary tumor growth.5® Because of this there has been
an increase in research trying to understand the potential of EVs as biomarker rich biomaterials.
Regarding ovarian cancer researchers have found ovarian cancer derived exosomes express
CA125, CA19-9, and HE4 in higher levels relative to non-ovarian cancer derived EVs making
EVs an attractive new candidate for biomarker screening.>>°

Isolation of EVs from patients can routinely be performed through the processing of
blood samples as EVs are constantly in circulation within our blood stream. Once isolated a
variety of tools exist to study and characterize the collected EVs. Of particular interest is the use
of Raman spectroscopy for the required biochemical analysis. Raman spectroscopy utilizes the
physical phenomenon known as Raman scattering where photons can interact with molecules
and inelastically scatter off them. The scattered photons, with a different wavelength then the

incidence photons, can then be collected and analyzed. This vibrational technique results in a
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spectrum that can provide chemical fingerprinting of EVs being analyzed by giving insight into
their composition including biomolecules such as proteins, lipids, and nucleic acids.>®-58
Because Raman is non-destructive, label free, and water silent it is an attractive modality for EV
analysis and imaging of biomarkers. On the other hand, the Raman effect is inherently weak as
there are a very low number of scattered photons produced and detected.

To ameliorate this weakness researchers discovered a phenomenon known as surface
enhanced Raman spectroscopy where a metallic substrate is placed near the sample.®® This effect
results in a massive increase in signal intensity thereby allowing for much higher sensitivities.
Typically metals like gold and silver are used. To date, SERS has been employed in a variety of
uses for biomedical research and even for the analysis of EVs including cancer derived EVs.°
Although SERS can provide useful information into the composition of cancer derived EVs it
still struggles to achieve suitable specificity as EV populations are extremely heterogenous.
However, the implementation of molecular Raman tags provides a potential avenue to increase
the specificity of Raman based EV analysis. Typically, such tags are small molecules with
unique Raman signals outside the region where biomaterials are Raman active. One of the most
widely applied Raman active tags are alkyne based as they generate a strong signal outside the
fingerprint region and can be synthesized and manipulated relatively easily.®*®2 The use of such
molecules can help in making sure the sample is in focus of the laser by providing a diagnostic
peak corresponding to the tag. Thus, tags can be attached to biomolecules of interest and allow
researchers to ensure that they are measuring and probing desired analytes.

In the work described here we developed a library of three unique Raman tags based on
the alkyne functionality and conjugated them to antibody biomarkers associated with ovarian

cancer derived exosomes (CA125, CA19-0, and HE4). In the study, EVs were isolated from a
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cohort (cancer and control) undergoing CA125 ovarian cancer screening, then incubated the
tagged antibodies with the EV samples (Figure 4.1a). After incubation of the EVs with the
tagged antibodies the EVs underwent a washing step to remove any unbound tagged antibodies
using size exclusion chromatography (SEC). The EVs were then placed on a gold substrate for
SERS analysis and the resulting spectra were assessed for diagnostic ability. We demonstrate
that the three unique tagged-antibody pairs were present in all EV samples and furthermore that
the addition of the tag provided complimentary chemical information that allowed for increased
sensitivity, specificity, and accuracy in identifying cancer derived from healthy EVs. This

suggests a new potential non-invasive biomarker for Raman based screening of ovarian cancer.
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Figure 4.1 Extracellular vesicle (EV) isolation, incubation, and readout schematic. a) EVs
are isolated using size-exclusion chromatography (SEC) then incubated with three Raman
tag-antibody pairs. An additional SEC step removed unbound antibodies and samples are
incubated on a gold substrate. b) Schematic showing the three alkyne tags attaching to
specific surface proteins on the EV surface. ¢) Microscope set-up for Raman analysis of EV
samples. Substrates are placed on the inverted confocal objective and spectra are acquired.

5.3 Results & Discussion

5.3.1 Design and Synthesis of Raman Tags

As previously mentioned, the alkyne functionality was chosen due to its unique Raman activity
outside the biological fingerprint region and relatively straightforward incorporation into
molecules of interest. In addition to these points, alkyne chain length can also be extended to

produce polyynes such as diynes, triynes, tetraynes and so on and so forth. This extension in
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alkyne chains produces shifts in the Raman peak such that diynes and triynes will have signals at
different wavenumbers. Indeed, researchers have previously demonstrated Raman resolved
polyynes that enable multiplexed analysis. This library of polyynes produces a unique library of
Raman active signals that has been dubbed the “carbow” by Wei Min et al.®® We sought
inspiration from this polyyne approach towards Raman active tags and sought out to synthesize a
panel of three polyynes (Figure 4.1b) with functional amine and alcohol handles for facile
conjugation to biomolecules such as the ovarian antibody biomarkers mentioned.

The synthesis of such polyynes typically occur through iterative alkyne cross couplings.
Originally discovered by Glaser in 1869, by far the oldest alkyne coupling is the copper
catalyzed homocoupling of terminal alkynes aptly named the Glaser coupling.54%® This reaction
generally occurs efficiently but favors the homocoupling over heterocoupling product of two
different alkynes. However, the generation of asymmetrical polyynes is of great importance as
building blocks in drug discovery and materials sciences. To address this unmet need the Cadiot-
Chodkiewicz coupling was developed where a haloalkyne can be coupled to a terminal alkyne
under basic conditions and copper catalysis to obtain the desired asymmetric alkyne over the
homocoupled products.®®5” However, it should be noted that this is not a totally heteroselective
reaction and often researchers are left with a mixture of two different homocoupled products in
addition to the desired heterocoupling that must be separated. In this work the diyne and triyne
tags were synthesized via Cadiot-Chodkiewicz coupling and the tetrayne was coupled under

Glaser conditions (Scheme 4.1).
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Scheme 4.1 Synthesis of diyne, triyne, and tetrayne Raman tags.?
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& Synthesis of Diyne: (ia) CuCl, n-BuNHz, NH20H, H2O/THF, 3hr. Synthesis of Triyne: (ib)
TMSA, Cu-TMEDA, acetone, 6 hr; (iib) K.CO3, MeOH/DCM, 45 min; (iic) CuCl, n-BuNHo,
NH2OH, H.O/THF, 2 hr. Synthesis of Tetrayne: (ic) TMSA, Cu-TMEDA, acetone, 6 hr; (iic)
Cu-TMEDA, acetone, 3 hr.

5.3.2 SERS Measurements of Raman Tags

Once the Raman tags were synthesized, they were initially assessed for their ability to multiplex
based on their respective Raman signals prior to any testing with antibodies or EVs. SERS
measurements were performed of each tag on a substrate (Figure 4.2). The diyne, triyne, and
tetrayne all displayed unique Raman shifts in the spectra within the expected region for alkyne
activity. Furthermore, additional measurements were taken off all three tags in the same solution
to ensure that the unique shifts were still observable in a mixture which would be translatable to
multiplexed environments. The three peaks were still observed in the spectra of the mixture
suggesting that multiplexing could be successful with this system of tags. Notably though, when

in a mixture we observed a shifting of the tetrayne from 2125 cm™ to 2130 cm™ and a shifting of
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the diyne from 2210 cm™ to 2220 cm™ as well as decreased signal intensity of the peak

corresponding to the triyne.
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Figure 4.2 Distinct peaks are visible for all three tags. Unique peaks at 2125 cm™ (Tetrayne),
2166 cm (Triyne), and 2210 cm™ (Diyne) show promise of multiplexing. A mixture of all three
tags reveals peaks are still discrete and distinguishable from each other.

5.3.3 SERS of EVs Demonstrate Promising Diagnostic Ability

Having confirmed the ability of the tags to be applied towards multiplexing applications we
moved forward with analysis of SERS on EVs that were isolated from the serum of patients after
undergoing a clinician ordered CA125 test. Information about the patients can be found in table

4.1.
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Table 4.1 Patient information for EV samples tested.

Label Age Race CA125 level (U/mL) Diagnosis
0001 90 White 79.8 Ovarian Cancer
0015 70 White 84.7 Carcinoma of ovary
0021 61 White 7.4 Malignant neoplasm
0024 75 White 17.6 Ovarian cancer
0033 63 White 13.5 Endometrial cancer
0051 63 Other 13.2 BRCAZ2 gene carrier
0058 55 Black 16.6 Bloating

0082 64 N/A 19.2 Adnexal mass
0087 52 White 331 Mass in ovary
0098 62 White 5.9 Family history of ovarian cancer

Size exclusion chromatography (SEC) was performed directly on serum samples and the
isolated EVs were characterized using standard techniques to characterize size, morphology, and
tetraspanin profiles.®® Nanoparticle tracking analysis was used to visualize the size distribution of
the isolated populations via Brownian motion tracking and provided additional information about
the concentration of particles (Figure 4.3a). The isolated EVs fell within in the expected size
distribution and were in high enough concentration to be usable for subsequent SERS analysis
using antibody tagging. Isolates were also characterized using single particle interferometric
reflectance imaging sensing (SP-IRIS) using the ExoView R100 platform. This system uses
antibody coated spots for the common EV-associated tetraspanin proteins, CD63, CD9, and
CD81 to assess their presence on the isolates being analyzed.®® SP-IRIS on our isolates

confirmed the presence of the three tetraspanins (Figure 4.3b) with the y-axis corresponding to
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the number of particles captured that express CD63 (red), CD9 (blue), and CD81 (green). Indeed,
we see a good abundance of all three of these EV associated tetraspanin markers in our isolates.
Taken together with the nanoparticle tracking analysis this demonstrated that our isolates contain

strong EV populations that are suitable for further analysis.
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Figure 4.3 Characterization of EV isolates. a) NTA is used to measure particle concentration and
size distribution. b) SP-IRIS demonstrates the presence of EVs captured in an antibody sandwich
of tetraspanins CD9, CD63, and CD81, alongside mouse-IgG as a control. Particle counts from
the fluorescently labeled detection antibodies are shown on the y-axis.

Before performing SERS analysis on the EVs including the Raman tags we wanted to see what
diagnostic features were present in the EV signals themselves. Aside from the peaks
corresponding to the alkyne functionality we also observed strong signal at 1600 cm™ which
corresponded to the antibodies themselves. To avoid including this in preliminary analysis of the
EVs alone, SERS spectra for all samples were cropped from 800 cm™ to 1550 cm™ so as to
remove any signal from the tagged antibodies in the analysis. After cropping, the spectral data

and the first five principal components (Figure 4.4a) were saved and loaded into another

MATLAB program for statistical analysis. A quadratic classifier was fitted to the dataset and
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used to generate a 3D plot (Figure 4.4b) and a confusion matrix (Figure 4c). This preliminary
analysis demonstrated that the EVs themselves provide chemical fingerprints that allow for a
decent job of separating cancer from non-cancer. Indeed, the sensitivity, specificity, and
accuracy were calculated from the confusion matrix with values of 89.3%, 79%, and 83.3%
respectively.

Following this the same analysis was performed using non-cropped spectra which
included signal from the alkyne tagged antibodies. This analysis allows us to assess if there is
any added value of the Raman tags. The first five principal components of the non-cropped data
show distinct peaks in the 2000’s cm™ region corresponding to the alkynes (Figure 4.4d). The
same quadratic classifier was applied to analyze the separation ability (Figure 4.4.e) and the
sensitivity, specificity, and accuracy was determined to be 91%, 83.9%, and 87% respectively
(Figure 4.4f). The increase in all three metrics demonstrates that the inclusion of the Raman tags

indeed add diagnostic value relative to SERS analysis of EV isolates alone.
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Figure 4.4: Analysis of cropped and non-cropped SERS spectra of EVs. a) First 5 principal
components (PCs) with tag information cropped out. b) 3D plot of first 3 PCs with a quadratic
classifier applied. Cancer spectra (purple), control spectra (green), and misclassified spectra
(yellow) are projected with the classifier. ¢) Confusion matrix and calculated values for
sensitivity (89.3%), specificity (79%), and accuracy (83.3%) d) First 5 PCs with tag information
included. b) 3D plot of first 3 PCs with a quadratic classifier applied. Cancer spectra (purple),
control spectra (green), and misclassified spectra (yellow) are projected with the classifier. c)
Confusion matrix and calculated values for sensitivity (91%), specificity (83.9%), and accuracy
(87%)

5.3.4 Analysis of Peaks from Principal Components

Although the general statistical analysis performed on the SERS measurements indeed showed
an increase in the diagnostic ability when including the Raman tags in the analysis, identification
of chemical components is also of interest. The first five principal components for both the
cropped and tagged antibodies included data were analyzed and spectral features were identified.

Table 4.2 displays the identified peaks and tentative chemical assignments and in Figure 4.5
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peaks of interest are labeled. Analogous peaks that are present in both the cropped and
uncropped data are highlighted in green. Interestingly, although we observe some overlap in the
peaks present in both the cropped and uncropped data, the majority of chemical features in the
principal components are unique.

Table 4.2 Peaks observed in both the cropped and uncropped Raman spectra and their respective
chemical assignments

Dataset PC Wavenumber Shift Peak Assignment
1012 Si-O stretching
1134 D-Mannose
1350 Tryptophan
. 1432 CHj lipids
1493 Conjugated C=C vibrations in nucleic acids
1536 Cytosine
992 Phenylalanine
1118 C-N stretching of protein backbone and lipids
2 1167 Carbohydrate-related SERS vibrations
Cropped 1321 Carbohydrate-related SERS vibrations
1510 Conjugated C=C vibrations in nucleic acids
1126 D-mannose
1286 CH>, CH3 deformation/C-N stretching
1324 Nucleic acid bases
’ 1438 CH> bending and scissoring of glutamic acid
1482 Amide Il, C-N
1503 Conjugated C=C vibrations in nucleic acids
1075 C-C twisting, C-N stretching
* 1150 Carbohydrate-related SERS vibrations
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1324 Nucleic acid bases
1430 CHj lipids
1475 CHj scissoring
1522 Cytosine
1426 COO  stretching
5 1463 CH_ (lipids)
1510 Protein-related SERS vibration
1133 D-Mannose
1547 Protein vibrational modes (Amide I1)
. 1595 Raman Tag
2125 Raman Tag
1113 C-N stretching of protein backbone and lipids
1167 Carbohydrate-related SERS vibrations
2 1324 Nucleic acid bases
1571 Guanine, Alanine
2125 Raman Tag
Non-cropped 1139 D-mannose
1267 NH?3* rocking and amide 111 vibrations
’ 1509 Adenine
1597 Vibrations in nucleic acids
1159 Carbohydrate-related SERS vibrations
1324 Carbohydrate-related SERS vibrations
1441 N-C-N asymmetric stretch
* 1508 Adenine
1544 Protein vibrational modes (Amide 1)
1568 Cytochrome in proteins
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2125 Raman Tag
1115 C-N stretching of protein backbone and lipids
1158 Carbohydrate-related SERS vibrations
1282 CHy, CH3 deformation/C-N stretching
° 1326 Nucleic acid bases
1548 Protein vibrational modes (Amide I1)
2125 Raman Tag

Conserved peaks across both datasets include 1134 cm™, 1167 cm™, 1324 cm™, and 1520
cm™. 1134 and 1167 cm™ correspond to D-mannose carbohydrate vibrations whereas peaks at
1324 and 1520 cm correspond to nucleic acid bases and C=C conjugations in them respectively.
The presence of these peaks in both the cropped and uncropped principal components would
suggest they are inherently important information related to the pathology of the patient and are
required for the correct diagnosis of the samples.

Interestingly, many of the peaks are unique to either the cropped or uncropped dataset
suggesting the ability of the tags to pick up unique populations. The cropped samples showed
more peaks corresponding to amino acids including tryptophan (1360 cm™), glutamic acid (1438
cm™), cytosine (1536 cm™), and phenylalanine (1536 cm™). We also observed additional peaks
corresponding to conjugated C=C vibrations in nucleic acids at 1493 cm™, 1503 cm™, and 1510

cmL. Lastly, we detected more lipid content in the cropped data at 1430 cm™ and 1464 cm™.
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Figure 4.5 Peak identification for cropped (left) and non-cropped (right) datasets. Green
highlights indicate conserved peaks seen in both datasets. a) Cropped dataset showed many
peaks present and differing throughout the top 5 PCs. b) Non-cropped dataset has different peaks
associated with the PCs.
In the spectra including the Raman tags many of the protein associated peaks were not amino
acid specific but corresponded to vibrations for Amide Il and Amide 111 (1267 cm™, 1544 cm?,
and 1548 cm™). Furthermore, an increased number of peaks related to nucleic acids were
observed corresponding to adenine directly as well as nucleic acid bases (1508 cm™ along with
1324 and 1597 cm respectively). The Raman tag signal at 2125 cm™* was present in almost
every principal component further supporting that the tagged antibodies aid in identifying
populations that contain unique and important diagnostic information.

Lastly, we can relate which features are more or less present in samples that were
captured by the tagged antibodies by identifying the sign (positive or negative) of the peaks

when the tag peak is positive. Peaks that remain positive when the tag peak is positive suggest a
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correlation where there is more of that particular chemical signature in the tagged population.
For example, the first principal component has the highest tag signature (1595 cm™and 2125 cm’
1) meaning it is one of the most important spectral features identified in the dataset. However, the
other two peaks present corresponding to D-Mannose (1133 cm™) and Amide 11 (1547 cm™) are
negative indicating that these chemical features are less present in the populations captured by
the tagged-antibodies. Additionally in the second principal component we can see negative peaks
(1113 cm™®, 1324 cmt, and 2125 cm™) corresponding to lipid and carbohydrate signals and
positive peaks (1167 and 1571 cm) corresponding protein and nucleic acids.

The signals directly corresponding with the tag peaks (both either positive or negative)
represent more carbohydrate and nucleic acids signatures then those peaks with the opposite
signs. Lipid and protein signatures seemed to reflect more in the samples with weaker tag
signals. Taken together, this would suggest that EV populations that are captured by the tagged
antibodies contain more carbohydrate and nucleic acid materials. Given the inherent

heterogeneity of EV populations this interesting but expected.

5.3.5 Enzyme-linked Immunosorbent Assays on Isolated EVs

In addition to the SERS analysis on the EVs, enzyme-linked immunosorbent assays (ELISA)
were also performed in order to confirm the presence of the proteins being targeted by our
Raman tagged antibodies. Notably, in the SERS analysis the HE4-tetrayne antibody conjugate
was the only specific tag present in the principal component for the non-cropped data despite

many spectra that showed multiple tags simultaneously (Figure 4.6).
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Figure 4.6 Representative spectra showing all three Raman tags could be seen throughout the
samples. Vertical lines (right to left) show the peaks for HE4-tetryne, CA19-9-triyne, and
CA125-diyne.
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This indicates that HE4 was more highly expressed on the EVs than either CA125 or CA19-9
although all three proteins are expressed on the EVs. Indeed, the ELISA data does show the
presence of HE4, CA125, and CA19-9 in most of the patient samples (Figure 4.7). CA125
showed the highest variability in expression level from patient to patient corresponding well to
the data shown in Table 1. HE4 and CA19-9 showed more consistent expression levels across
patients with HE4 showing slightly higher expression levels consistent with the observed
tetrayne signal in the principal component analysis. Additionally, it is worth mentioning that the
of all the antibody conjugates the diyne tagged one showed up the least in the Raman data. This

is consistent with the ELISA data showing high levels of CA125 present in only two patient

samples.
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Figure 4.7 Relative protein expression for the three chosen biomarkers. Isolated EV's were tested
using sandwich ELISAs to test the level of surface expression for CA125, HE4, and CA19-9.
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5.4 Conclusions and Outlooks

In this study we reported robust Raman data demonstrating the ability of our in-house
synthesized antibody-Raman tag conjugates to bind potential ovarian cancer biomarkers
expressed on EVs isolated from patient biofluids. Surface expression of CA125, HE4, and
CA19-9 were confirmed using sandwich ELISA assays. A set of three polyynes (diyne, triyne,
and tetrayne) were synthesized using classic alkyne coupling reactions. The polyynes each
contained a reactive amine handle for subsequent conjugation to anti-CA125, anti-HE4, and anti-
CA19-9 antibodies. Subsequent SERS analysis of the isolated EVs incubated with the tagged
antibodies revealed unique datasets from cropped (excluding the Raman tag) and uncropped
(including the Raman tag) spectra. The inclusion of the Raman tag peaks resulted in higher
sensitivity, specificity, and accuracy towards distinguishing cancer from non-cancer EV
populations. We believe we have demonstrated an exciting new platform for identifying cancer
derived EVs based on both their unique Raman spectral features as well as capturing and
multiplexing based on specific EV surface biomarkers. This and future developments should aid

in cancer detection and patient outcomes.

5.5 Materials & Methods

5.5.1 Synthesis of Raman Tags

Synthesis of 4-(bromoethynyl)phenyl methanol, 1. To a clean round bottom was added 4-
ethynylbenzyl alcohol (2.00 g, 15.13 mmol), N-bromosuccinimide (2.82 g, 15.9 mmol), and
silver nitrate (0.26 g, 1.51 mmol). The contents were then dissolved in acetone (120 mL) and

allowed to stir under ambient conditions for three hours. Following this the reaction mixture was
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filtered through a Buchner funnel and an equal volume of water was added to the filtrate. The
aqueous layer was extracted with ethyl acetate (3 X 25 mL) and the combined organic extract
was washed with a saturated sodium bicarbonate solution. The organic extract was collected and
dried with anhydrous magnesium sulfate and was then concentrated under reduced pressure to
obtain the product as a pale-yellow solid (2.61 g, 81%). *H NMR (400 MHz, CDCl3) & 7.40-7.42
(d, 2H), 7.24-7.26 (d, 2H), 4.62 (s, 2H). *C NMR (101 MHz, CDCls) & 141.51, 132.23, 126.83,
79.97, 64.76, 49.95. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for
CoHeBr 192.9; found, 192.9.

Synthesis of Diyne, 2. To a clean round bottom was added CuCl (6 mg, 0.06 mmol) which was
then dissolved in 30% aqueous n-butylamine (2 mL). The solution immediately turned blue. A
few small crystals of hydroxylamine hydrochloride were added and the solution was stirred until
the color changed from blue to clear suggesting reduction of Cu(ll) to Cu(l). The solution was
then placed in an ice bath. 4-ethynylaniline (333 mg, 2.85 mmol) was dissolved in anhydrous
THF (1 mL) and added to the copper solution on ice. The color immediately changed from clear
to bright yellow. The bromoalkyne,1, (602 mg, 2.85 mmol) was then dissolved in anhydrous
THF (1 mL) and immediately added to the reaction mixture on ice. The reaction was allowed to
come to room temperature and stirred for three hours. Hydroxylamine crystals were added
roughly every 30 minutes to ensure cycling of Cu(ll) to Cu(l). After three hours the reaction
mixture was concentrated under reduced pressure and a silica gel column was run using 50/50
hexanes/ethyl acetate as eluent to afford the product as a yellowish powder (267 mg, 38% yield).
IH NMR (400 MHz, DMSO-d6) & 7.49-7.51 (d, 2H), 7.33-7.35 (d, 2H), 7.22-7.25 (d, 2H), 6.52-
6.55 (d, 2H), 5.80 (br), 5.30 (br), 4.51 (s, 2H). 3C NMR (151 MHz, DMSO-d6) § 144.24,

133.89, 131.94, 126.66, 119.29, 113.58, 105.50, 84.27, 80.96, 74.24, 71.30, 62.45. Low-
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resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for C17H14NO 248.1; found,

248.1.

Synthesis of TMS protected 4-ethynylaniline, 3. To a round bottom was added 4-
ethynylaniline (500 mg, 4.27 mmol), trimethylsilylacetylene (TMSA) (2.09 g, 21.4 mmol), and
Cu-TMEDA (1.9 g, 4.27 mmol). The contents of the round bottom were then dissolved in
acetone (15 mL) and were allowed to stir at room temperature with air bubbling through the
solution until full conversion of starting material was observed by LCMS. The reaction mixture
was then concentrated under reduced pressure and purified by silica gel chromatography using
80/20 hexanes/ethyl acetate as the eluent. *tH NMR (400 MHz, CDCls) § 7.30-7.32 (d, 2H), 6.58-
6.60 (d, 2H), 3.92 (br) 0.24 (s, 9H). 13C NMR (101 MHz, CDCl3) & 147.67, 134.29, 114.59,
110.14, 89.46, 88.48, 78.07, 72.37, -0.27. Low-resolution mass spectrometry (LRMS) (m/z):

[M+H]" calculated for C13H16NSi 214.1; found, 214.1.

Synthesis of 4-(buta-1,3-diyn-1-yl)aniline, 4. Compound 3 (432 mg, 2.02 mmol) was added to
a round bottom with potassium carbonate (1.12 g, 8.13 mmol) and they were dissolved ina 1:1
solution of MeOH:CH>ClI> (25 mL). The reaction was allowed to stir under ambient conditions
for 45 minutes. Following this the reaction was quenched in 100 mL of water and extracted into
DCM (3 x 15 mL). The combined organic extract was dried over anhydrous magnesium sulfate
and the solution was concentrated under reduced pressure to obtain a black oil. The crude

material was used immediately for the following alkyne coupling.
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Synthesis of Triyne, 5. To a round bottom was added CuCl (4 mg, 0.04 mmol) in 30% aqueous
n-butylamine (2 mL) and allowed to stir until a deep blue solution was achieved. To this was
added a few small crystals of hydroxylamine hydrochloride and the solution was stirred until it
went from blue to colorless. The solution was placed in an ice bath and allowed to cool for ten
minutes. To this was added compound 4 (286 mg, 2.02 mmol) dissolved in anhydrous THF (2
mL). The haloalkyne dissolved in anhydrous THF (2 mL) was immediately added to the reaction
mixture and the solution was allowed to come to room temperature. The reaction was stirred
until full conversion of the starting materials were observed by LCMS (about two hours). The
reaction was then concentrated under reduced pressure and the crude mixture was purified by
column chromatography using 80/20 hexanes/ethyl acetate as eluent. *H NMR (400 MHz,
DMSO-d6) 5 7.56-7.58 (d, 2H), 7.36-7.38 (d, 2H), 7.28-7.30 (d, 2H), 6.52-6.54 (d, 2H), 5.96
(br), 5.33 (t, 1H), 4.52-4.54 (d, 2H). 3C NMR (101 MHz, DMSO-d6) § 151.80, 145.74, 135.22,
133.15, 127.16, 118.39, 114.09, 104.33, 82.85, 79.76, 74.26, 72.36, 67.86, 66.29, 62.87. Low-
resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for C19H14NO 272.1; found,

272.1.

Synthesis of TMS protected ethynylbenzyl alcohol, 6. To a round bottom was added 4-
ethynylbenzyl alcohol (924 mg, 7.00 mmol), trimethylsilylacetylene (3.44 g, 35 mmol), and Cu-
TMEDA (3.25 g, 7.00 mmol). The contents were dissolved in acetone (23 mL) and the reaction
was allowed to stir under ambient conditions for two hours or until the reaction had gone to
completion as observed by LCMS. Following full conversion of starting materials to product the
reaction mixture was concentrated under reduced pressure and the crude solid was purified by

silica gel chromatography using 60/40 hexanes/ethyl acetate as eluent. The product was afforded
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as a dark yellow solid (671 mg, 42%). *H NMR (400 MHz, CDCls) 7.48-7.50 (d, 2H), 7.32-7.34
(d, 2H), 4.70-4.72 (d, 2H), 0.25 (s, 9H). 13C NMR (101 MHz, CDCl3) & 142.34, 133.00, 126.92,
120.67, 90.88, 87.93, 76.73, 74.32, 64.93, -0.26. Low-resolution mass spectrometry (LRMS)

(m/z): [M-OH]" calculated for C14H1sNSi 211.1; found, 211.1.

Synthesis of Tetrayne, 7. To a round bottom was added TMS protected ethynylaniline 3 (262
mg, 1.23 mmol), TMS protected ethynylbenzyl alcohol 6 (187 mg, 0.820 mmol) and K>CO3 (453
mg, 3.28 mmol). The contents were dissolved in 1:1 MeOH/CHCI; and the reaction was
allowed to stir at room temperature for one hour. Following this the reaction was quenched with
water and extracted three times with DCM (15 mL). The combined extracts were concentrated
under reduced pressure and redissolved in acetone (10 mL). To this was added Cu-TMEDA (381
mg, 0.820 mmol). The coupling was allowed to proceed for two hours or until complete
conversion was observed by LCMS. After this the reaction was concentrated under reduced
pressure and the crude mixture was purified by silica gel chromatography using 20/80
hexanes/ethyl acetate as eluent to afford the desired product as a light-yellow power (121 mg,
50%). 'H NMR (400 MHz, DMSO-d6)  7.60-7.62 (d, 2H), 7.37-7.39 (d, 2H), 7.31-7.33 (d, 2H),
6.53-6.55 (d, 2H), 6.08 (br), 5.33-5.36 (t, 1H), 4.53-4.55 (d, 2H). 3C NMR (151 MHz, dmso) &
151.80, 145.91, 135.30, 133.12, 126.74, 117.18, 113.67, 102.92, 82.26, 79.02, 73.45, 72.13,
67.14, 66.70, 65.27, 64.00, 62.39. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]*

calculated for C21H14NO 296.1; found, 296.1.
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Conjugation of Raman Tags to Antibodies. Generally, the Raman tag was coupled to
Maleimide-PEG-COOH using DIC and Oxyma Pure (1 equivalent each) in DMF (0.4 M) with
stirring overnight at room temperature. The following morning the reaction was quenched with
water and extracted with DCM (3x). The combined DCM extract was concentrated under
reduced pressure and the crude mixture was used without further purification for coupling to the
antibodies. Molar excess (10 equivalents) of the Raman tag was dissolved in DMSO and added
to the antibody solution in phosphate buffer (final concentration of DMSO <5%). The coupling
was allowed to complete for one hour at room temperature without stirring. Following coupling
any unreacted Raman tag was removed via 30 kDa spin column. The retained antibody was then

washed three times with phosphate buffer before elution.

5.5.2 Extracellular Vesicle Isolation and Characterization

EV Isolation and Preparation. The EVs used in this study were isolated from clinical serum
samples provided by the UC Davis Comprehensive Cancer Center (UCDCCC) following
guidelines recognized by UC Davis Biorepository (IRB ID: XXX). Patient serum was given as
deidentified remnants following a clinician ordered CA125 assay. Trained clinicians identified
sample types by histopathology analysis. Approximately 1 mL of serum was obtained from each
patient. EV's were isolated using size-exclusion chromatography (SEC) via an Automatic
Fraction Collector (AFC) and prefabricated columns (QEV35, 1zon Science). One 1.5 mL
Eppendorf tube was loaded onto the AFC carousel and a single gEV35 column was inserted onto
the mount. The column was flushed with 1 mL of filtered PBS then 150 uL of serum was loaded
on the column. Once the sample had reached the upper frit of the column, 2 mL of filtered PBS

was topped off and the machine proceeded to collect the void fraction. After the void fraction,
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the Eppendorf tube was filled with 800 uL of isolated EV material. Tubes were frozen at -80

when not in use.

Nanoparticle Tracking Analysis. Sample particle concentrations and size distributions were
measured using a NanoSight LM10 (Malvern Panalytical) equipped with a 405 nm blue laser and
sCMOS camera. 1000-fold dilutions of EV isolates were prepared. Filtered ultrapure water was
also used to flush the NTA chamber and tubing before sample addition. 1 mL of each diluted
sample was loaded into a syringe and placed on an automatic syringe pump for injection. Data
was recorded as three 90 s videos containing a minimum of 200 particle tracks per video,
recorded at camera level 13. NTA 3.1 software was used to analyze the data and track the
Brownian motion of the individual particles recorded. Subsequently the software calculated
hydrodynamic diameters (nm) of the tracked particles using the Einstein-Stokes relation, and the
count-based concentrations (particles per mL) are simultaneously obtained as the number of

particles and volume of the sample chamber are known.

Protein Concentration Measurement. Total protein content for each sample was measured
using a BCA assay (Pierce BCA Protein Assay Kit, ThermoFisher Scientific) following the
manufacturer’s instructions. 15 pL of SEC-isolated EVs were mixed with 8 uL of RIPA buffer
(ThermoFisher Scientific) and 67 pL of ultra-pure water, vortexed briefly, and incubated on ice

for 30 min prior to starting the assay.

ExoView Tetraspanin Assay. ExoView kits were used as purchased (NanoView Biosciences)

to profile protein expression of EVs. Chips were stored at 4 °C when not in use and warmed to
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room temperature prior to use. Chips were pre-scanned using the manufacturer’s protocol. For
EV incubation, chips were placed in a 24-well plate. 5 uL of stock EVs were diluted in 45 pL
incubation buffer then 35 uL of this solution was pipetted directly onto each respective chip. The
plate was sealed and incubated overnight at room temperature. The following morning, chips
were placed in the automatic chip washer and run according to manufacturer’s instructions. After
washing, chips were incubated with fluorescently labelled antibodies then washed again and
finally dried before scanning. Chips were once again scanned for interferometric and

fluorescence imaging.

5.5.3 SERS Analysis

Raman Tag Incubation. Isolated EVs were thawed on ice and 50 uL was pipetted into a fresh
Eppendorf tube. 1 uL of each antibody-tag pair (HE4-tetrayne, CA19-9-triyne, and CA125-
diyne) were added to the tube and mixture was briefly vortexed to mix. The tube was incubated
at 4 °C, then unbound tags were removed with an additional SEC step as described above. 10 puL
of the EV-tag solution was incubated on the SERS substrate (Silmeco) for 30 minutes, then
inverted onto a glass coverslip and placed on our custom inverted confocal Raman microscope

for su bseq uent measurements.

Raman Acquisition and Analysis. SERS spectra were acquired using a custom-built inverted
Raman scanning confocal microscope with a 60X, 1.2 NA water immersion objected on an 1X73
Olympus microscope. An excitation wavelength of 785 nm was used for measurements. Spectra
were captured with an Andor Kymera-3281-C spectrophotometer and processed using Solis

v.4.30.30034.0 software. Exposure time was set to 1 s per scan with a laser power of 15 mW.
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Across all samples, SERS spectra were sampled in 20 different spatial locations with a 20-
spectra kinetic series collected. Spots were selected when noticeable SERS peaks became visible
and stable, as well as when the tag-specific peaks were seen. Spectral analysis was performed
using custom software written in MATLAB (MathWorks, MA, USA). Spectral preprocessing
included penalized least-squares (PLS) background correction, smoothing, and normalization.
Processed datasets were subjected to principal component analysis (PCA) and hierarchical
clustering analysis based on corresponding MATLAB built-in features. QDA analysis with the
first 5 PCs and calculation of the confusion matrix, sensitivity, specificity, and accuracy were

also carried out with the built-in MATLAB functions.

Enzyme-Linked Immunosorbent Assays. Sandwich ELISA kits were purchased for the three
specific biomarkers. HE4 and CA125 (R&D Systems) and CA19-9 (Sigma Aldrich) kits were
used to analyze the level of expression on EV surfaces. Each kit was used according to
manufacturer’s instructions. Absorbance readouts were taken at 450 nm using a SpectraMax 13

(Molecular Devices) and concentration was determined by fitting to standards.

149



5.5 References

1)

)

©)

(4)

()

(6)

(")

(8)

9)
(10)

(11)

(12)

(13)
(14)

(15)

Hassanpour, S. H.; Dehghani, M. Review of Cancer from Perspective of Molecular. J.
Cancer Res. Pract. 2017, 4 (4), 127-129.

Ward, E. M.; Sherman, R. L.; Henley, S. J.; Jemal, A.; Siegel, D. A.; Feuer, E. J.; Firth, A.
U.; Kohler, B. A.; Scott, S.; Ma, J.; Anderson, R. N.; Benard, V.; Cronin, K. A. Annual
Report to the Nation on the Status of Cancer, Featuring Cancer in Men and Women Age
20-49 Years. J. Natl. Cancer Inst. 2019, 111 (12), 1279-1297.

Fidler, M. M.; Gupta, S.; Soerjomataram, I.; Ferlay, J.; Steliarova-Foucher, E.; Bray, F.
Cancer Incidence and Mortality among Young Adults Aged 20-39 Years Worldwide in
2012: A Population-Based Study. Lancet. Oncol. 2017, 18 (12), 1579-1589.

Codipilly, D. C.; Sawas, T.; Dhaliwal, L.; Johnson, M. L.; Lansing, R.; Wang, K. K;
Leggett, C. L.; Katzka, D. A.; lyer, P. G. Epidemiology and Outcomes of Young-Onset
Esophageal Adenocarcinoma: An Analysis from a Population-Based Database. Cancer
Epidemiol. biomarkers Prev. a Publ. Am. Assoc. Cancer Res. cosponsored by Am. Soc.
Prev. Oncol. 2021, 30 (1), 142-149.

Huang, J.; Lok, V.; Ngai, C. H.; Chu, C.; Patel, H. K.; Thoguluva Chandraseka, V.;
Zhang, L.; Chen, P.; Wang, S.; Lao, X.-Q.; Tse, L. A.; Xu, W.; Zheng, Z.-J.; Wong, M. C.
S. Disease Burden, Risk Factors, and Recent Trends of Liver Cancer: A Global Country-
Level Analysis. Liver cancer 2021, 10 (4), 330-345.

Wong, M. C. S.; Huang, J.; Chan, P. S. F.; Choi, P.; Lao, X. Q.; Chan, S. M.; Teoh, A,;
Liang, P. Global Incidence and Mortality of Gastric Cancer, 1980-2018. JAMA Netw.
open 2021, 4 (7), e2118457.

Gupta, S.; Harper, A.; Ruan, Y.; Barr, R.; Frazier, A. L.; Ferlay, J.; Steliarova-Foucher,
E.; Fidler-Benaoudia, M. M. International Trends in the Incidence of Cancer Among
Adolescents and Young Adults. J. Natl. Cancer Inst. 2020, 112 (11), 1105-1117.

Heer, E.; Harper, A.; Escandor, N.; Sung, H.; McCormack, V.; Fidler-Benaoudia, M. M.
Global Burden and Trends in Premenopausal and Postmenopausal Breast Cancer: A
Population-Based Study. Lancet. Glob. Heal. 2020, 8 (8), e1027—e1037.

Lortet-Tieulent, J.; Ferlay, J.; Bray, F.; Jemal, A. International Patterns and Trends in
Endometrial Cancer Incidence, 1978-2013. J. Natl. Cancer Inst. 2018, 110 (4), 354-361.
Siegel, R. L.; Miller, K. D.; Fuchs, H. E.; Jemal, A. Cancer Statistics, 2021. CA. Cancer J.
Clin. 2021, 71 (1), 7-33.

Shah, R. R.; Millien, V. O.; da Costa, W. L. J.; Oluyomi, A. O.; Gould Suarez, M.; Thrift,
A. P. Trends in the Incidence of Early-Onset Colorectal Cancer in All 50 United States
from 2001 through 2017. Cancer 2022, 128 (2), 299-310.

Wang, F.; Luo, L.; McLafferty, S. Healthcare Access, Socioeconomic Factors and Late-
Stage Cancer Diagnosis: An Exploratory Spatial Analysis and Public Policy Implication.
Int. J. Public Pol. 2010, 5 (2-3), 237-258.

Farrell, K.; Bennett, D. L.; Schwartz, T. L. Screening for Breast Cancer: What You Need
to Know. Mo. Med. 2020, 117 (2), 133-135.

Bevan, R.; Rutter, M. D. Colorectal Cancer Screening-Who, How, and When? Clin.
Endosc. 2018, 51 (1), 37-49.

Sachan, P. L.; Singh, M.; Patel, M. L.; Sachan, R. A Study on Cervical Cancer Screening

150



(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)
(28)
(29)

(30)

(31)

Using Pap Smear Test and Clinical Correlation. Asia-Pacific J. Oncol. Nurs. 2018, 5 (3),
337-341.

David, M. K.; Leslie, S. W. Prostate Specific Antigen. In StatPearls; Treasure Island (FL),
2022.

Stephan, C.; Rittenhouse, H.; Hu, X.; Cammann, H.; Jung, K. Prostate-Specific Antigen
(PSA) Screening and New Biomarkers for Prostate Cancer (PCa). EJIFCC 2014, 25 (1),
55-78.

Merrill, R. M.; Otto, S. A.; Hammond, E. B. Prostate-Specific Antigen Screening
According to Health Professional Counseling and Age in the United States. Prostate
Cancer 2022, 2022, 8646314.

Fridriksson, J.; Gunseus, K.; Stattin, P. Information on Pros and Cons of Prostate-Specific
Antigen Testing to Men Prior to Blood Draw: A Study from the National Prostate Cancer
Register (NPCR) of Sweden. Scand. J. Urol. Nephrol. 2012, 46 (5), 326-331.
Schwarzenbach, H.; Hoon, D. S. B.; Pantel, K. Cell-Free Nucleic Acids as Biomarkers in
Cancer Patients. Nat. Rev. Cancer 2011, 11 (6), 426-437.

Cirmena, G.; Dameri, M.; Ravera, F.; Fregatti, P.; Ballestrero, A.; Zoppoli, G. Assessment
of Circulating Nucleic Acids in Cancer: From Current Status to Future Perspectives and
Potential Clinical Applications. Cancers (Basel). 2021, 13 (14).

Xi, X.; Li, T.; Huang, Y.; Sun, J.; Zhu, Y.; Yang, Y.; Lu, Z. J. RNA Biomarkers: Frontier
of Precision Medicine for Cancer. Non-coding RNA 2017, 3 (1).

Lu, Z.-L.; Chen, Y.-J.; Jing, X.-Y.; Wang, N.-N.; Zhang, T.; Hu, C.-J. Detection and
Identification of Serum Peptides Biomarker in Papillary Thyroid Cancer. Med. Sci. Monit.
Int. Med. J. Exp. Clin. Res. 2018, 24, 1581-1587.

Martorella, A.; Robbins, R. Serum Peptide Profiling: Identifying Novel Cancer
Biomarkers for Early Disease Detection. Acta bio-medica : Atenei Parmensis. 1taly 2007,
pp 123-128.

Murgan, S. S.; Abd Elaziz, F. J.; Nasr, A. M. A,; Elfaki, M. E. E.; Khalil, E. A. G.
Ovarian Cancer: Tumor-Specific Urinary Micro-Peptides Profiling as Potential
Biomarkers for Early Diagnosis. Proteomes 2020, 8 (4).

Heo, C.-K.; Hwang, H.-M.; Lim, W.-H.; Lee, H.-J.; Yoo, J.-S.; Lim, K.-J.; Cho, E.-W.
Cyclic Peptide Mimotopes for the Detection of Serum Anti-ATIC Autoantibody
Biomarker in Hepato-Cellular Carcinoma. Int. J. Mol. Sci. 2020, 21 (24).

Liang, S.-L.; Chan, D. W. Enzymes and Related Proteins as Cancer Biomarkers: A
Proteomic Approach. Clin. Chim. Acta. 2007, 381 (1), 93-97.

Gam, L.-H. Breast Cancer and Protein Biomarkers. World J. Exp. Med. 2012, 2 (5), 86—
91.

Hristova, V. A.; Chan, D. W. Cancer Biomarker Discovery and Translation: Proteomics
and Beyond. Expert Rev. Proteomics 2019, 16 (2), 93-103.

El-Khoury, V.; Schritz, A.; Kim, S.-Y.; Lesur, A.; Sertamo, K.; Bernardin, F.; Petritis, K.;
Pirrotte, P.; Selinsky, C.; Whiteaker, J. R.; Zhang, H.; Kennedy, J. J.; Lin, C.; Lee, L. W,;
Yan, P.; Tran, N. L.; Inge, L. J.; Chalabi, K.; Decker, G.; Bjerkvig, R.; Paulovich, A. G.;
Berchem, G.; Kim, Y. J. Identification of a Blood-Based Protein Biomarker Panel for
Lung Cancer Detection. Cancers (Basel). 2020, 12 (6).

Yan, F.; Zhao, H.; Zeng, Y. Lipidomics: A Promising Cancer Biomarker. Clin. Transl.
Med. 2018, 7 (1), 21.

151



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)
(40)

(41)

(42)

(43)

(44)

(45)

(46)

Perrotti, F.; Rosa, C.; Cicalini, I.; Sacchetta, P.; Del Boccio, P.; Genovesi, D.;
Pieragostino, D. Advances in Lipidomics for Cancer Biomarkers Discovery. Int. J. Mol.
Sci. 2016, 17 (12).

Chandler, P. D.; Song, Y.; Lin, J.; Zhang, S.; Sesso, H. D.; Mora, S.; Giovannucci, E. L.;
Rexrode, K. E.; Moorthy, M. V.; Li, C.; Ridker, P. M.; Lee, I.-M.; Manson, J. E.; Buring,
J. E.; Wang, L. Lipid Biomarkers and Long-Term Risk of Cancer in the Women’s Health
Study. Am. J. Clin. Nutr. 2016, 103 (6), 1397-1407.

Park, J.; Shin, Y.; Kim, T. H.; Kim, D.-H.; Lee, A. Plasma Metabolites as Possible
Biomarkers for Diagnosis of Breast Cancer. PLoS One 2019, 14 (12), e0225129.

Wu, X.; Ao, H.; Gao, H.; Zhu, Z. Metabolite Biomarker Discovery for Human Gastric
Cancer Using Dried Blood Spot Mass Spectrometry Metabolomic Approach. Sci. Rep.
2022, 12 (1), 14632.

Uesato, Y.; Sasahira, N.; Ozaka, M.; Sasaki, T.; Takatsuki, M.; Zembutsu, H. Evaluation
of Circulating Tumor DNA as a Biomarker in Pancreatic Cancer with Liver Metastasis.
PLoS One 2020, 15 (7), e0235623.

Cheng, F.; Su, L.; Qian, C. Circulating Tumor DNA: A Promising Biomarker in the
Liquid Biopsy of Cancer. Oncotarget 2016, 7 (30), 48832-48841.

Yang, J.; Hui, Y.; Zhang, Y.; Zhang, M.; Ji, B.; Tian, G.; Guo, Y.; Tang, M.; Li, L.; Guo,
B.; Ma, T. Application of Circulating Tumor DNA as a Biomarker for Non-Small Cell
Lung Cancer. Front. Oncol. 2021, 11, 725938.

Nash, Z.; Menon, U. Ovarian Cancer Screening: Current Status and Future Directions.
Best Pract. Res. Clin. Obstet. Gynaecol. 2020, 65, 32—45.

Lheureux, S.; Gourley, C.; Vergote, I.; Oza, A. M. Epithelial Ovarian Cancer. Lancet
2019, 393 (10177), 1240-1253.

Torre, L. A.; Trabert, B.; DeSantis, C. E.; Miller, K. D.; Samimi, G.; Runowicz, C. D.;
Gaudet, M. M.; Jemal, A.; Siegel, R. L. Ovarian Cancer Statistics, 2018. CA. Cancer J.
Clin. 2018, 68 (4), 284-296.

Ovarian Cancer Strategies, Survival Rate, and Prognosis OCRA.
https://ocrahope.org/patients/about-ovarian-cancer/staging/.

Kamal, R.; Hamed, S.; Mansour, S.; Mounir, Y.; Abdel Sallam, S. Ovarian Cancer
Screening-Ultrasound; Impact on Ovarian Cancer Mortality. Br. J. Radiol. 2018, 91
(1090), 20170571.

Charkhchi, P.; Cybulski, C.; Gronwald, J.; Wong, F. O.; Narod, S. A.; Akbari, M. R.
CA125 and Ovarian Cancer: A Comprehensive Review. Cancers (Basel). 2020, 12 (12).
Menon, U.; Ryan, A.; Kalsi, J.; Gentry-Maharaj, A.; Dawnay, A.; Habib, M.; Apostolidou,
S.; Singh, N.; Benjamin, E.; Burnell, M.; Davies, S.; Sharma, A.; Gunu, R.; Godfrey, K.;
Lopes, A.; Oram, D.; Herod, J.; Williamson, K.; Seif, M. W.; Jenkins, H.; Mould, T.;
Woolas, R.; Murdoch, J. B.; Dobbs, S.; Amso, N. N.; Leeson, S.; Cruickshank, D.; Scott,
I.; Fallowfield, L.; Widschwendter, M.; Reynolds, K.; McGuire, A.; Campbell, S.; Parmar,
M.; Skates, S. J.; Jacobs, I. Risk Algorithm Using Serial Biomarker Measurements
Doubles the Number of Screen-Detected Cancers Compared With a Single-Threshold
Rule in the United Kingdom Collaborative Trial of Ovarian Cancer Screening. J. Clin.
Oncol. Off. J. Am. Soc. Clin. Oncol. 2015, 33 (18), 2062-2071.

Jacabs, 1. J.; Menon, U.; Ryan, A.; Gentry-Maharaj, A.; Burnell, M.; Kalsi, J. K.; Amso,
N. N.; Apostolidou, S.; Benjamin, E.; Cruickshank, D.; Crump, D. N.; Davies, S. K,;

152



(47)

(48)
(49)

(50)

(51)
(52)
(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Dawnay, A.; Dobbs, S.; Fletcher, G.; Ford, J.; Godfrey, K.; Gunu, R.; Habib, M.; Hallett,
R.; Herod, J.; Jenkins, H.; Karpinskyj, C.; Leeson, S.; Lewis, S. J.; Liston, W. R.; Lopes,
A.; Mould, T.; Murdoch, J.; Oram, D.; Rabideau, D. J.; Reynolds, K.; Scott, I.; Seif, M.
W.; Sharma, A.; Singh, N.; Taylor, J.; Warburton, F.; Widschwendter, M.; Williamson,
K.; Woolas, R.; Fallowfield, L.; McGuire, A. J.; Campbell, S.; Parmar, M.; Skates, S. J.
Ovarian Cancer Screening and Mortality in the UK Collaborative Trial of Ovarian Cancer
Screening (UKCTOCS): A Randomised Controlled Trial. Lancet 2016, 387 (10022), 945—
956.

Dai, J.; Su, Y.; Zhong, S.; Cong, L.; Liu, B.; Yang, J.; Tao, Y.; He, Z.; Chen, C.; Jiang, Y.
Exosomes: Key Players in Cancer and Potential Therapeutic Strategy. Signal Transduct.
Target. Ther. 2020, 5 (1), 145.

Logozzi, M.; Mizzoni, D.; Di Raimo, R.; Fais, S. Exosomes: A Source for New and Old
Biomarkers in Cancer. Cancers (Basel). 2020, 12 (9).

Huang, T.; Deng, C.-X. Current Progresses of Exosomes as Cancer Diagnostic and
Prognostic Biomarkers. Int. J. Biol. Sci. 2019, 15 (1), 1-11.

Li, M.; Zeringer, E.; Barta, T.; Schageman, J.; Cheng, A.; Vlassov, A. V. Analysis of the
RNA Content of the Exosomes Derived from Blood Serum and Urine and Its Potential as
Biomarkers. Philos Trans R Soc L. B Biol Sci. 2014, 369 (1652).

Zhang, Y.; Liu, Y.; Liu, H.; Tang, W. H. Exosomes: Biogenesis, Biologic Function and
Clinical Potential. Cell Biosci. 2019, 9, 19.

Gurung, S.; Perocheau, D.; Touramanidou, L.; Baruteau, J. The Exosome Journey: From
Biogenesis to Uptake and Intracellular Signalling. Cell Commun. Signal. 2021, 19 (1), 47.
Jiang, C.; Zhang, N.; Hu, X.; Wang, H. Tumor-Associated Exosomes Promote Lung
Cancer Metastasis through Multiple Mechanisms. Mol. Cancer 2021, 20 (1), 117.

Croft, P. K.; Sharma, S.; Godbole, N.; Rice, G. E.; Salomon, C. Ovarian-Cancer-
Associated Extracellular Vesicles: Microenvironmental Regulation and Potential Clinical
Applications. Cells 2021, 10 (9).

Chen, Z.; Liang, Q.; Zeng, H.; Zhao, Q.; Guo, Z.; Zhong, R.; Xie, M.; Cai, X.; Su, J.; He,
Z.; Zheng, L.; Zhao, K. Exosomal CA125 as A Promising Biomarker for Ovarian Cancer
Diagnosis. J. Cancer 2020, 11 (21), 6445-6453.

Dietzek, B.; Cialla, D.; Schmitt, M.; Popp, J. Introduction to the Fundamentals of Raman
Spectroscopy BT - Confocal Raman Microscopy; Toporski, J., Dieing, T., Hollricher, O.,
Eds.; Springer International Publishing: Cham, 2018; pp 47-68.

Short, K. W.; Carpenter, S.; Freyer, J. P.; Mourant, J. R. Raman Spectroscopy Detects
Biochemical Changes Due to Proliferation in Mammalian Cell Cultures. Biophys. J. 2005,
88 (6), 4274-4288.

Chen, Y.; Dai, J.; Zhou, X.; Liu, Y.; Zhang, W.; Peng, G. Raman Spectroscopy Analysis
of the Biochemical Characteristics of Molecules Associated with the Malignant
Transformation of Gastric Mucosa. PLoS One 2014, 9 (4), €93906.

Li, P.; Long, F.; Chen, W.; Chen, J.; Chu, P. K.; Wang, H. Fundamentals and Applications
of Surface-Enhanced Raman Spectroscopy—Based Biosensors. Curr. Opin. Biomed. Eng.
2020, 13, 51-59.

Guerrini, L.; Garcia-Rico, E.; O’Loghlen, A.; Giannini, V.; Alvarez-Puebla, R. A.
Surface-Enhanced Raman Scattering (SERS) Spectroscopy for Sensing and
Characterization of Exosomes in Cancer Diagnosis. Cancers (Basel). 2021, 13 (9).

153



(61)

(62)

(63)
(64)
(65)
(66)

(67)
(68)

Yamakoshi, H.; Dodo, K.; Palonpon, A.; Ando, J.; Fujita, K.; Kawata, S.; Sodeoka, M.
Alkyne-Tag Raman Imaging for Visualization of Mobile Small Molecules in Live Cells. J.
Am. Chem. Soc. 2012, 134 (51), 20681-20689.

Chen, Y.; Ren, J.-Q.; Zhang, X.-G.; Wu, D.-Y.; Shen, A.-G.; Hu, J.-M. Alkyne-Modulated
Surface-Enhanced Raman Scattering-Palette for Optical Interference-Free and Multiplex
Cellular Imaging. Anal. Chem. 2016, 88 (12), 6115-6119.

Hu, F.; Zeng, C.; Long, R.; Miao, Y.; Wei, L.; Xu, Q.; Min, W. Supermultiplexed Optical
Imaging and Barcoding with Engineered Polyynes. Nat. Methods 2018, 15 (3), 194-200.
Glaser, C. Beitrdge Zur Kenntniss Des Acetenylbenzols. Berichte der Dtsch. Chem.
Gesellschaft 1869, 2 (1), 422-424.

Glaser, C. Untersuchungen Uber Einige Derivate Der Zimmtsaure. Justus Liebigs Ann.
Chem. 1870, 154 (2), 137-171.

Chodkiewicz, W. No Title. Ann. Chim. Paris 1957, 2, 819-869.

Chodkiewics, W.; Cadiot, P. No Title. C. R. Hebd. Seances Acad. Sci. 1955, 241, 1055.
Théry, C.; Witwer, K. W.; Aikawa, E.; Alcaraz, M. J.; Anderson, J. D.; Andriantsitohaina,
R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G. K.; Ayre, D. C.; Bach, J.-M.;
Bachurski, D.; Baharvand, H.; Balaj, L.; Baldacchino, S.; Bauer, N. N.; Baxter, A. A.;
Bebawy, M.; Beckham, C.; Bedina Zavec, A.; Benmoussa, A.; Berardi, A. C.; Bergese, P.;
Bielska, E.; Blenkiron, C.; Bobis-Wozowicz, S.; Boilard, E.; Boireau, W.; Bongiovanni,
A.; Borras, F. E.; Bosch, S.; Boulanger, C. M.; Breakefield, X.; Breglio, A. M.; Brennan,
M. A.; Brigstock, D. R.; Brisson, A.; Broekman, M. L.; Bromberg, J. F.; Bryl-Gorecka, P.;
Buch, S.; Buck, A. H.; Burger, D.; Busatto, S.; Buschmann, D.; Bussolati, B.; Buzés, E. |.;
Byrd, J. B.; Camussi, G.; Carter, D. R.; Caruso, S.; Chamley, L. W.; Chang, Y.-T.; Chen,
C.; Chen, S.; Cheng, L.; Chin, A. R.; Clayton, A.; Clerici, S. P.; Cocks, A.; Cocucci, E.;
Coffey, R. J.; Cordeiro-da-Silva, A.; Couch, Y.; Coumans, F. A.; Coyle, B.; Crescitelli,
R.; Criado, M. F.; D’Souza-Schorey, C.; Das, S.; Datta Chaudhuri, A.; de Candia, P.; De
Santana, E. F.; De Wever, O.; Del Portillo, H. A.; Demaret, T.; Deville, S.; Devitt, A,;
Dhondt, B.; Di Vizio, D.; Dieterich, L. C.; Dolo, V.; Dominguez Rubio, A. P.; Dominici,
M.; Dourado, M. R.; Driedonks, T. A.; Duarte, F. V; Duncan, H. M.; Eichenberger, R. M.;
Ekstrém, K.; El Andaloussi, S.; Elie-Caille, C.; Erdbrigger, U.; Falcon-Pérez, J. M.;
Fatima, F.; Fish, J. E.; Flores-Bellver, M.; Forsonits, A.; Frelet-Barrand, A.; Fricke, F.;
Fuhrmann, G.; Gabrielsson, S.; Gamez-Valero, A.; Gardiner, C.; Gartner, K.; Gaudin, R.;
Gho, Y. S.; Giebel, B.; Gilbert, C.; Gimona, M.; Giusti, |.; Goberdhan, D. C.; Gorgens,
A.; Gorski, S. M.; Greening, D. W.; Gross, J. C.; Gualerzi, A.; Gupta, G. N.; Gustafson,
D.; Handberg, A.; Haraszti, R. A.; Harrison, P.; Hegyesi, H.; Hendrix, A.; Hill, A. F.;
Hochberg, F. H.; Hoffmann, K. F.; Holder, B.; Holthofer, H.; Hosseinkhani, B.; Hu, G.;
Huang, Y.; Huber, V.; Hunt, S.; Ibrahim, A. G.-E.; Ikezu, T.; Inal, J. M.; Isin, M.;
Ivanova, A.; Jackson, H. K.; Jacobsen, S.; Jay, S. M.; Jayachandran, M.; Jenster, G.;
Jiang, L.; Johnson, S. M.; Jones, J. C.; Jong, A.; Jovanovic-Talisman, T.; Jung, S.; Kalluri,
R.; Kano, S.-1.; Kaur, S.; Kawamura, Y.; Keller, E. T.; Khamari, D.; Khomyakova, E.;
Khvorova, A.; Kierulf, P.; Kim, K. P.; Kislinger, T.; Klingeborn, M.; Klinke, D. J. 2nd;
Kornek, M.; Kosanovi¢, M. M.; Kovacs, A. F.; Kramer-Albers, E.-M.; Krasemann, S.;
Krause, M.; Kurochkin, I. V; Kusuma, G. D.; Kuypers, S.; Laitinen, S.; Langevin, S. M.;
Languino, L. R.; Lannigan, J.; Lasser, C.; Laurent, L. C.; Lavieu, G.; Lazaro-Ibafez, E.;
Le Lay, S.; Lee, M.-S,; Lee, Y. X. F.; Lemos, D. S.; Lenassi, M.; Leszczynska, A.; Li, I.

154



T.; Liao, K.; Libregts, S. F.; Ligeti, E.; Lim, R.; Lim, S. K.; Lin€, A.; Linnemannstons, K.;
Llorente, A.; Lombard, C. A.; Lorenowicz, M. J.; Lérincz, A. M.: Létvall, J.; Lovett, J.;
Lowry, M. C.; Loyer, X.; Lu, Q.; Lukomska, B.; Lunavat, T. R.; Maas, S. L.; Malhi, H.;
Marcilla, A.; Mariani, J.; Mariscal, J.; Martens-Uzunova, E. S.; Martin-Jaular, L.;
Martinez, M. C.; Martins, V. R.; Mathieu, M.; Mathivanan, S.; Maugeri, M.; McGinnis, L.
K.; McVey, M. J.; Meckes, D. G. J.; Meehan, K. L.; Mertens, I.; Minciacchi, V. R;
Moller, A.; Mgller Jgrgensen, M.; Morales-Kastresana, A.; Morhayim, J.; Mullier, F.;
Muraca, M.; Musante, L.; Mussack, V.; Muth, D. C.; Myburgh, K. H.; Najrana, T.;
Nawaz, M.; Nazarenko, I.; Nejsum, P.; Neri, C.; Neri, T.; Nieuwland, R.; Nimrichter, L.;
Nolan, J. P.; Nolte-’t Hoen, E. N.; Noren Hooten, N.; O’Driscoll, L.; O’Grady, T.;
O’Loghlen, A.; Ochiya, T.; Olivier, M.; Ortiz, A.; Ortiz, L. A.; Osteikoetxea, X.;
@stergaard, O.; Ostrowski, M.; Park, J.; Pegtel, D. M.; Peinado, H.; Perut, F.; Pfaffl, M.
W.; Phinney, D. G.; Pieters, B. C.; Pink, R. C.; Pisetsky, D. S.; Pogge von Strandmann,
E.; Polakovicova, I.; Poon, I. K.; Powell, B. H.; Prada, I.; Pulliam, L.; Quesenberry, P.;
Radeghieri, A.; Raffai, R. L.; Raimondo, S.; Rak, J.; Ramirez, M. I.; Raposo, G.; Rayyan,
M. S.; Regev-Rudzki, N.; Ricklefs, F. L.; Robbins, P. D.; Roberts, D. D.; Rodrigues, S.
C.; Rohde, E.; Rome, S.; Rouschop, K. M.; Rughetti, A.; Russell, A. E.; Saa, P.; Sahoo,
S.; Salas-Huenuleo, E.; Sanchez, C.; Saugstad, J. A.; Saul, M. J.; Schiffelers, R. M.;
Schneider, R.; Schayen, T. H.; Scott, A.; Shahaj, E.; Sharma, S.; Shatnyeva, O.; Shekari,
F.; Shelke, G. V.; Shetty, A. K.; Shiba, K.; Siljander, P. R.-M.; Silva, A. M.; Skowronek,
A.; Snyder, O. L. 2nd; Soares, R. P.; Sodar, B. W.; Soekmadiji, C.; Satillo, J.; Stahl, P. D.;
Stoorvogel, W.; Stott, S. L.; Strasser, E. F.; Swift, S.; Tahara, H.; Tewari, M.; Timms, K.;
Tiwari, S.; Tixeira, R.; Tkach, M.; Toh, W. S.; Tomasini, R.; Torrecilhas, A. C.; Tosar, J.
P.; Toxavidis, V.; Urbanelli, L.; Vader, P.; van Balkom, B. W.; van der Grein, S. G.; Van
Deun, J.; van Herwijnen, M. J.; Van Keuren-Jensen, K.; van Niel, G.; van Royen, M. E.;
van Wijnen, A. J.; Vasconcelos, M. H.; Vechetti, I. J. J.; Veit, T. D.; Vella, L. J.; Velot,
E.; Verweij, F. J.; Vestad, B.; Vifias, J. L.; Visnovitz, T.; Vukman, K. V; Wahlgren, J.;
Watson, D. C.; Wauben, M. H.; Weaver, A.; Webber, J. P.; Weber, V.; Wehman, A. M.;
Weiss, D. J.; Welsh, J. A.; Wendt, S.; Wheelock, A. M.; Wiener, Z.; Witte, L.; Wolfram,
J.; Xagorari, A.; Xander, P.; Xu, J.; Yan, X.; Yafiez-M06, M.; Yin, H.; Yuana, Y.; Zappulli,
V.; Zarubova, I.; Zékas, V.; Zhang, J.-Y.; Zhao, Z.; Zheng, L.; Zheutlin, A. R.; Zickler, A.
M.; Zimmermann, P.; Zivkovic, A. M.; Zocco, D.; Zuba-Surma, E. K. Minimal
Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position
Statement of the International Society for Extracellular Vesicles and Update of the
MISEV2014 Guidelines. J. Extracell. vesicles 2018, 7 (1), 1535750.

155



Chapter 6

Investigation of Metal Modulation of Oxytocin
Structure Receptor-Mediated Signaling™

*The following chapter is adapted from a manuscript that has been submitted for publication
entitled Investigation of Metal Modulation of Oxytocin Structure-Receptor Mediated Signaling.
Justin O’Sullivan collected circular dichroism data on native oxidized oxytocin and performed
cell studies. Kylie S. Uyeda and Michael J. Stevenson collected the electronic absorption spectra
shown and the circular dichroism spectra of the oxytocin analogs. They also aided in the design
of the study and analysis of data as well as provided feedback on the written manuscript. Though
not directly related to molecular imaging this chapter explores the roles of metal ion peptide
hormone interactions in the extracellular space.
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6.1 Abstract

Oxytocin is a 9-amino acid peptide hormone. Since its discovery in 1954 it has most commonly
been studied in relation to its role in stimulating parturition and lactation. However, it is now
known that oxytocin has a widely diverse set of functions throughout the body including
neuromodulation, bone growth, and inflammation. Previous research has suggested that divalent
metal ions may be required for oxytocin activity, but the exact metal species and specific
pathways have yet to be fully elucidated. In this work, we focus on characterizing copper and
zinc bound forms of oxytocin and related analogs through far-UV circular dichroism. We report
that Cu(ll) and Zn(1l) bind uniquely to oxytocin and all analogs investigated. Furthermore, we
investigated how these metal bound forms may affect downstream signaling of MAPK activation
upon receptor binding. We find that both Cu(ll) and Zn(I1) bound oxytocin attenuates the
activation of the MAPK pathway upon receptor binding relative to oxytocin alone. Interestingly,
we observed that Zn(11) bound forms of linear oxytocin facilitate increased MAPK signaling.
This study lays the foundation for future work on elucidating the metal effects on oxytocin’s

diverse bioactivity.
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6.2 Introduction

Oxytocin (OT) is a peptide hormone that is most widely known for its clinical applications
in stimulating childbirth as well as its role in stimulating parturition and lactation. OT and its
synthetic analogs have been extensively used in clinical applications since the 1960s; however,
the dosing and side effects are often unpredictable in large part due to an incomplete
understanding of its regulation and mechanism of action. Several decades ago, in an effort to
understand the drivers of OT action, divalent metal ions were found to influence the hormonal
activities of OT.! However, it remains unclear how metals influence OT function at the

molecular level and the downstream bioactivity.

Early studies suggested that divalent metals could enhance the binding of OT to the OT
receptor (OTR) on mammary gland tissues.? Researchers initially postulated that the enhanced
receptor binding was due to metal ions interacting with the OTR to increase the affinity and
concentration of OT binding sites, though the molecular nature of these sites were not
elucidated.! However, several studies in the 1990s began investigating divalent metal
interactions directly with the OT peptide itself, primarily employing mass spectrometry,
computational calculations, or a combination thereof. These studies demonstrated that both
Cu(Il) and Zn(I1) can coordinate to OT and change its conformation, albeit with different binding

modes.3®

Zn(11) is posited to interact with OT through interaction of backbone carbonyls under acidic,
but not basic, conditions.®>* Bowers and coworkers used Cross Section and Hydration Energy
Mass Spectrometry (MS) alongside Chemistry at Harvard Macromolecular Mechanics
(CHARMM) force field and Density Functional Theory (DFT) calculations to predict that Zn(lI)
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binds to OT via six of the backbone carbonyl oxygens to form a near-perfect octahedral complex
that stabilizes a near-planar surface ideal for OTR binding and pinpointed these six backbone

carbonyls to those of the Tyr2, lle3, GIn4, Cys6, and Lys8 and Gly9.2

Cu(I1) has been shown to stably coordinate OT in the gas phase under both acidic and basic
conditions, with evidence pointing to a highly stable, planar 4N coordination mode.®>* This was
initially demonstrated with both spectroscopic and potentiometric studies by Danyi et al.” and
Bal et al.2 While collective data on Zn(l1)-binding is generally in good agreement with respect to
which residues are involved, reports on Cu(ll)-binding show some disparity as to the exact
location of binding. While the early spectroscopic studies revealed that Cys1, Tyr2, lle3, and
GIn4 are involved in copper coordination®, later studies by collision-induced dissociation (CID)
mass spectrometry pointed to complexation involving Cys1, Cys6, Leu8, and Gly9®. These
discrepancies may be in part due to the strong pH-dependence of Cu(ll) complexation.*%1° CID
and electron-capture dissociation (ECD) MS measurements alongside calculations have shown
that at pH 10, Cu(ll) coordinates the backbone nitrogens of Cys1, Cys6, Leu8, and Gly9.1!
Lowering the pH to pH 5 allows Cu(ll) to coordinate the backbone nitrogens of the Cys1, Tyr2,
lle3, GInd segment.® As the pH is lowered further to pH 3, Cu(Il) coordination shifts to 40
involving the Tyr2, lle3, Cys6, and Gly9.2 Calculations have predicted that at pH 7, Cu(ll)
coordinates to the backbone nitrogens of 1le3, GIn4, Asn4, Cys6.3 Very recently, further NMR
analysis with paramagnetic relaxation enhancement (PRE) indicated that a free amine of Cysl is
required, with Cu(ll) binding at that -NH2 first, followed by Tyr2, lle3, and GIn4.:® The low-
energy ensemble from this analysis showed structural rigidity at the Tyr2 side chain ring,
indicating the possible presence of pi-cation interaction. Taken together, this would suggest that

the binding mode of copper is heavily influenced by solvent environments and pH.
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Despite the repeated observations that Cu(ll) and Zn(ll) can bind OT and that their binding
modes are distinct, it remains unclear how these molecular interactions alter peptide
conformation with respect to receptor interactions and downstream hormone regulatory
pathways. Majority of the studies that have investigated the consequences of OT/metal on
bioactivity assess physiological effects at the whole tissue rather than the molecular or
biochemical level. Moreover, such studies focus on the metal effects on OT-induced uterine
contractions. Recent years have revealed new and divergent functions of OT in different tissues
including neuromodulation, metabolic regulation, and inflammation, opening up new questions
as to the what effectors, allosteric modulators, and regulators might be involved directing or
tuning OT signaling pathways.'*" In particular, many of these functions are associated with

activation of the ERK1/2 MAPK pathway. 822

To this end, we hypothesize that Zn(I1) and Cu(ll) play differential roles in modulating and
directing OT towards the various signaling pathways that it can activate, and that a closer
investigation of the molecular components that govern OT/metal interactions is warranted. In
this work, we assess the impact of Zn(1l) and Cu(ll) on peptide secondary structure under
biologically relevant conditions not only with native oxytocin, but in both cyclic and linear

analogs where potential binding regions are perturbed (Figure 6.1).
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Figure 6.1 Chemical structures of oxidized oxytocin (oxOT), reduced oxytocin (rOT), Y2F-
oxytocin (rOTF), and carbetocin.
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While the most-studied form of OT is its cyclized 9-amino acid form wherein the Cys1 and
Cys6 are oxidized to form a disulfide bond (termed here oxOT for oxidized OT), emerging
studies suggest that modified analogs, including its linear reduced form, may exert differing
functions from the canonical oxOT form.? In addition to studying both oxOT and reduced OT
(rOT), we investigated carbetocin, a synthetic analogue used clinically, where the disulfide
linkage is replaced with a thioether and methoxy-tyrosine at Tyr2 position. Additionally,
carbetocin is deaminated at the C-terminus whereas oxytocin has is c-terminus amidated.
Furthermore, we synthesized and studied the mutant OT Y2F with reduced cysteines (rOTF)
where the tyrosine is replaced with a phenyalanine to determine if the tyrosine hydroxyl is

required for binding.

Our spectroscopic studies find that both Cu(ll) and Zn(ll) can bind to all analogs, but the
binding modes and conformational consequences differ between the two metals ions and the
analogs. We find the native Tyr2 residue is involved in conformational dynamics associated with
Cu(Il) binding, as evidenced by large perturbations in the spectroscopic signatures corresponding
to the aromatic side chain. In contrast, Zn(Il) does not appear to bind near the Tyr2. In contrast,
Zn(11) induces more notable changes in the spectroscopic region of the peptide that corresponds
to the backbone and tail, particularly with rOT. Furthermore, we demonstrate that binding of
Cu(I1) or Zn(11) to oxOT is competitive. We extend these studies to investigate how the two
metals influence ERK1/2 MAPK activation. Our data shows that both Zn(I1)- and Cu(I1)-bound
OT decrease MAPK activation relative to OT alone, suggesting that these metal bound forms
have differing interactions with the oxytocin receptor in association with the MAPK signaling
pathway. In contrast, Zn(l11) enhances MAPK activation by linear OT, suggesting that the metal

ion may stabilize the receptor recognition site on an otherwise less-ordered linear form.
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6.3 Results and Discussion

6.3.1 Selection of OT Analogs

We aimed to first assess and compare how Cu(ll) and Zn(I1) binding to oxOT affects the
peptide’s structure under buffered aqueous conditions at physiologically relevant pH. We applied
circular dichroism (CD) spectroscopy, a common technique for evaluating protein and peptide
structure via optical activity. Most reports on oxytocin structure have evaluated the CD spectra
of the peptide and related peptides in the near-UV region (250 nm — 400 nm), or, in the case of
Cu(I)-binding, in the d-d transition region (400 nm — 800 nm). The focus on the near-UVvV
region may be attributed to the presence of the chromophoric amino acid, tyrosine (at Tyr2), and
a disulfide bond, which both have intense optical activities in this spectral region. However, this
region may also exhibit sensitives to charge-transfer transitions with Cu(ll) that may not occur
with the d'° configuration of Zn(1l). To allow for direct comparisons between the two metal ions,
we instead investigated the impact of Cu(ll) and Zn(lIl) on the far-UV region of the CD. To
facilitate spectral interpretation, the CD spectra of additional analogs were acquired. Three were
selected wherein either putative metal ion binding site or the optically-active features are altered:
reduced OT (rOT), which lacks the disulfide bond and instead has two free thiols at Cys1 and
Cys6; reduced OTF (rOTF), which similarly lacks the disulfide bond but also has a
phenylalanine substituted for Tyr2; and carbetocin, which has a methylated Tyr2 and a thioether
bond instead of a disulfide bond bridging positions 1 and 6 (Figure 1). Carbetocin is of added
interest as it is a clinically used analogue that is reportedly more shelf-stable and resistant to
degradation once administered than OT. Despite the increased chemical robustness of carbetocin,

research shows that the effect on potency can vary by application. For instance, while potency is
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increased with respect to prevention of post-partum hemorrhage, decreased potency in single-
dose induction of uterine contractions is observed.?*% This may suggest tissue-specific or co-
factor differences in the action of oxOT as compared to carbetocin. Indeed, molecular
pharmacology studies have shown that OT including carbetocin can elicit functionally different

effects despite interactions with the same receptor.?%?’

6.3.2 Far-UV Circular Dichroism of Oxytocin and Analogs

As previously reported in literature, the spectrum of oxOT in the absence of metals (apo-0xOT)
shows a positive band centered at 225 nm and a positive shoulder (Figure 6.2), which has
previously been attributed primarily to a Tyr2 transition, but with possible contributions from the

amide backbone and disulfide bond.?®
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Figure 6.2 Circular dichroism spectra of 40 uM oxOT, rOT, rOTF, and carbetocin (15 mM
phosphate, pH 7.4).
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The spectrum also exhibits a minimum centered at 196 nm, which may represent the disordered
region of three C-terminal amino acid tail that is excluded from the tocin ring. In comparing the
CD spectra of the apo forms of oxOT and redOT the peak profiles look similar at wavelengths
higher than 200 nm, but redOT adapts a more negative ellipticity at >200 nm, which influences
the relative values of the remainder of the spectrum. Negative ellipticity values below 200 nm
are frequently suggestive of random coil formations as might be expected with redOT when the
cyclic structure is no longer stabilized by the disulfide linkage. The 225 nm band is both reduced
and red-shifted in the CD spectra of rOTF as would be expected for a Phe substitution, further
corroborating the strong contribution of Tyr2 transitions to this peak. Interestingly, rOTF
exhibits a less negative ellipticity below 200 nm, possibly indicating that this analogue exhibits
less disorder than rOT. Surprisingly, carbetocin shows marked differences <200 nm despite
having the same tail region as oxOT as well the structural constraints of cyclization. Given that
the thioether bond of carbetocin that replaces the disulfide bond of oxOT is proximal to the tail
region, it is possible that conformational changes to the tocin ring that stems from the -CH2
replacement may reorient the tail region to restrict structural disorder. The carbetocin CD
spectrum shows additional differences in the 225 nm band, suggesting that tyrosine methylation

red-shifts and reduces the molar ellipticity of this transition.

6.3.3 Effects of Cu(ll) and Zn(Il) Binding to oxOT Structure

Using the far-UV CD spectroscopy, we probed how Cu(ll) and Zn(1l) affects the secondary
structural features of oxOT. Both Cu(ll) and Zn(Il) increase the molar ellipticity of the band at

196 nm (Figure 6.3).
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Figure 6.3 Circular dichroism spectra of 40 uM oxOT, rOT, rOTF, and carbetocin in the absence
or presence of one equivalent of either Cu(ll) or Zn(Il) (15 mM phosphate, pH 7.4).

Cu(Il) increases the molar ellipticity value relative to apo-oxOT from -3 to -1 millidegrees, in
contrast to Zn(Il) which increases it from -3 to 0 millidegrees, suggesting that metal ion binding
may alter the conformation of the tail region. Stoichiometric addition of Cu(ll) also increases the
intensity of the band centered at 225 nm. Zn(ll) has a similar but less pronounced effect on this
225-nm band (Figure 6.3) suggesting that Zn(Il) does not induce the same structural effects as
Cu(ll) which are likely on the Tyr2 transition. Previous works done at pH 10.3 in the gas phase

suggest that Zn(l1) binding orients 1le3, GIn4, and Asn5 differently than apo and Cu(lI1)-oxOT,
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but changes to these residues may not be observable by CD. Titration of sub- (0.5 equivalents) to
super- (4.0 equivalents) of Cu(ll) into OT show the increase at 225 nm up to 1.0 equivalents of
Cu(ll) (Figure 6.4a), suggesting a 1:1 Cu(ll) to OT ratio in the complex. Titration of Zn(ll) into

oxOT also suggests a 1:1 binding ratio (Figure 6.4b).
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Figure 6.4 Titration of A) Zn(Il) and B) Cu(ll) into 40 UM oxytocin. Spectra averaged over eight
scans and collected with 1 mm path length.

We further applied CD spectroscopy to assess binding competition between the two metal
ions. Understanding binding competition would provide insight into how these metals could
influence, and possibly regulate, oxOT function in vivo. When added to oxOT pre-incubated with
one equivalent of Zn(I1) (Zn(I1)-oxOT), Cu(ll) addition increases the band at 225 nm (Figure
6.5a), but additional Cu(ll) equivalents (2.0 equivalents) are required to reach the maximum
change relative to apo-oxOT. At 2.0 equivalents of Cu(ll) to Zn(I1)-oxOT, the spectrum
resembles that of oxOT pre-incubated with stoichiometric amounts of Cu(ll). In contrast, while

addition of Zn(Il) to Cu(I1)-oxOT at one equivalent of Cu(ll) leads to a increase in the band at
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196 nm (Figure 6.5b), even 4.0 equivalents of Zn(Il) does not restore the spectrum to that of

Zn(11)-oxOT.
a 4 b
- 5 /f"\ - 5
o
§ ~ by
E 04N - e, g 0
.‘é — 1:1 Zn-OT S — 1:1Cu-OT
= 0.5 eq Cu(ll) S 0.5 eq Zn(ll)
-51 — 1.0.eq Cu(ll) W5 — 1.0eq Zn(ll)
~ 2.0 eq Cu(ll) — 2.0eq Zn(ll)
104 T r T : '400q'Cu(ll)l 10 — 4.0eq Zn(ll)
190 200 210 220 230 240 250 - Y Y T T ' T !
Wavelength (nm) 1890 200 210 220 230 240 250

Wavelength (nm)

Figure 6.4 Circular dichroism spectra of the competition between Cu(ll) and Zn(l1) for oxytocin
binding. A) Cu(ll) titration into the preformed Zn(11)-oxOT complex (1:1 Zn(l1) to oxOT), and B)
Zn(1) titration into the preformed Cu(l1)-oxOT complex (1:1 Cu(ll) to oxOT). Spectra averaged
over eight scans and collected with 40 uM oxOT and 1 mm path length. The increase in the band
at 229 nm from Cu(l1) titrated into Zn(I1)-oxOT and the increase in the band at 205 nm from Zn(ll)
titrated into Cu(I1)-oxOT indicates binding competition between the two metal ions for oxOT.

These data show that both metal ions bind to oxOT at neutral pH and either compete with each
other for the same ligand set or preclude the other metal ion from binding. Moreover, Cu(ll)
binding seems to drastically impact the ability of Zn(Il) to complex to the peptide, suggesting a
shared region of binding with preferential affinity for Cu(ll).

Given the ability of Cu(ll) to change the 225 nm band in the CD spectrum of oxOT
alongside the recent paramagnetic relaxation enhancement nuclear magnetic resonance (PRE

NMR) studies pointing to pi-cation interactions, we applied electronic absorption spectra to

assess the impact of the metal ion on the Tyr phenolic absorption spectrum. Apo-oxOT exhibits
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characteristic bands at 220-230 nm from the peptide backbone and 280 nm due to absorption by
the Tyr2 ring (Figure 6.5). lonization of tyrosine hydroxyl groups has been shown to red-shift the
spectrum of the amino acid to 295 nm.?>% Stoichiometric addition of Cu(ll), however, induces a
blue-shift from 275 nm to 270 nm alongside a notable increase in intensity. This spectral change
is accompanied by a rise in a band centered at 515 nm, which is consistent with a d-d transition

at the Cu(ll) center (Figure 6.5).
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Figure 6.5 Electronic absorption spectra of A) 200 uM oxOT (15 mM phosphate, pH 7.4) in the
absence (apo) and presence of 200 uM CrClz, MnCl,, FeCls, CoClz, NiClz, CuCl,, ZnCl; and B)
CuCl; titrated into 200 puM oxOT (15 mM MOPS, pH 7.4) from sub- (0.5 eq) to super-
stoichiometric (5.0 eq) ratios. CrCls, MnCl,, FeCls, CoClz, and NiCl, have negligible changes to
the spectrum of oxytocin, whereas CuCl; alters the spectrum of oxytocin by blue-shifting the
tyrosine band from 275 to 270 nm and forming a d-d band centered at 515 nm. Arrow denotes
increase in d-d band.
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This energy and extinction coefficient correlate well with backbone amide coordination,
which is consistent with previously published findings.*? Addition of one stoichiometric
equivalent of Zn(ll) or other d-block transition metals (Cr(111), Mn(ll), Fe(l1), Co(ll), and
Ni(I)) does not yield changes to the UV-Vis spectra of apo-oxOT indicating a lack of detectable
metal binding interaction with oxOT that would perturb either the Tyr2 residue or the peptide
backbone absorbances. We further probed the binding by titration of sub- (0.5 equivalents) to
super- (5.0 equivalents) stoichiometric Cu(ll) into oxOT (Figure 6.5b). The resulting spectra
show both the increase and blue-shift of the tyrosine band and the increase of the d-d transition
up to 1 equivalent Cu(ll), corroborating the presence of a 1:1 Cu(l1):OT complex that was
observed in the CD spectra (Figure 6.5b). It should be noted that at higher copper stoichiometries
(4 equivalents) the baseline in the absorption spectrum appears to be floated indicating possible
aggregation under high copper concentration. We also measured the emission spectra of oxOT
attributed to the tyrosine residue through excitation at 275 nm (Figure 6.6). We measured
oxOT’s emission spectra in the presence and absence of Cu(Il) and observed fluorescence
quenching but no shift in the spectrum upon addition of Cu(ll). This would further indicate that

Cu(Il) binding is not directly interacting with the tyrosine ring system.
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Figure 6.6 Emission spectra of oxOT and Cu(ll) added to 30 uM oxOT. Excitation wavelength of
275 nm was used. Cu(Il) quenches fluorescence but does not alter the wavelength of maximum
emission suggesting that Cu(Il) does not directly interact with the tyrosine ring system.

We investigated whether the modifications present in the analogs would affect their
metal-binding capacity relative to oxOT. Surprisingly, the CD spectra are shifted with the
addition of Cu(ll) or Zn(ll) for all the analogs, suggesting that these can still interact with the
metal ions. This supports the notion that the peptide backbone plays a significant role in binding
to both metal ions. For the reduced analogs (rOT and rOTF) an Elman’s test showed that
addition of Cu(ll) results in oxidation of the free thiols and formation of a disulfide bridge as

could be expected given the redox potentials (Tables 6.1 & 6.2).
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Table 6.1 Standard curve for absorbance measurements of cysteine concentration range after
incubation with Ellman’s reagent. Linear fit was then applied and the resulting equation was used
to determine the free thiol content of rOT and rOTF before and after addition of Cu(ll).

[Cysteine] mM Absorbances2
0.0 0.0434
0.1 0.0765
0.2 0.1088
0.4 0.1738
0.8 0.2977
16 0.5703

Table 6.2 Experimentally determined concentrations of free thiol content of rOT and rOTF before
and after addition of Cu(Il) using an Ellman’s test. Theoretical concentration of free thiol content
prior to addition of Cu(ll) was 1 mM. Addition of Cu(ll) significantly decreases the free thiol
content of rOT and rOTF suggesting oxidation to disulfides.

Absorbanceai2 Calculated [Free Thiols]
mM
roT 0.3465 0.9274
1:1 Cu-rOT 0.0758 0.1021
rOTF 0.3341 0.8895
1:1 Cu- 0.0992 0.1735
rOTF
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Mass spectrometry analysis was consistent with intra-disulfide bonding as opposed to dimerized
inter-disulfide bonding or other oxidation products (Figure 6.7). However, the CD spectra of rOT
after Cu(ll) addition does not look like that of oxOT alone suggesting that there is likely a

subsequent Cu(l) oxOT interaction following disulfide formation.

roT rOT + Cu(ll)
150 150
1010 1008
.‘E" 100- E‘ 100+
= 50+ = LR
0 [ mfmrmrmrermrerererer N
0 500 1000 1500 1] 500 1000 1500
miz miz
rOTF rOTF + Cu(ll)
150 150
ooz
o, 100 954 = 100+
n "
= =
2 g
= S50 = 50+
0 0
i} 500 1000 1500 1] 500 1000 1500
miz miz

Figure 6.7 Mass spectra of 50 UM rOT and rOTF before and after addition of Cu(ll) ( 1 equivalent)
reveal a loss of two protons upon Cu(ll) addition consistent with formation of disulfide bridge.
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6.3.4 Metal Effects on Oxytocin/Receptor-Mediated MAPK Signaling

Ligand binding to the oxytocin receptor can elicit a variety of signaling pathways in tissue-
specific ways including increased cytosolic calcium, CAMP activation, and activation of MAP
kinases. The mechanistic or structural underpinnings of this pathway divergence remain unclear
but may point to distinct active conformations of the ligand-receptor complex.3! Whether metal
ions are involved in activating the oxOT/OTR axis remains unexplored. The CD data strongly
support that both Cu(ll) and Zn(l1) interactions with oxOT and its induce structural changes in
distinct manners. We thus investigated the potential consequences of the metal-induced structural
changes on their receptor-mediated bioactivity. We focused on the ability of oxOT/OTR binding
to activate MAPK to begin querying the influence of metals on receptor interactions. HEK293T
cells were transiently transfected to express a GFP-tagged human OTR. Cells were stimulated for
five minutes with the apo peptides or peptides preincubated with Cu(ll) or Zn(ll). Lysates were
collected and western blots were used to analyze total and phosphorylated MAPK expression.
Densitometry was performed to quantify the ratio of phosphorylated MAPK to total MAPK
where increased phosphorylation indicates activation of the MAPK pathway (Figure 6.8).

Representative blots can be seen in Figure 6.9.
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Figure 6.8 Densitometry of western blots for total and phosphorylated MAPK reveal metal-
dependent modulation of MAPK activation by oxytocin (n = 3 to 4). Statistical significance of
peptide alone compared to metal bound peptide was assessed by calculating p-values using
unpaired t-test, * p < 0.05
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Figure 6.9 Representative MAPK blots for oxOT (a), rOT (b), rOTF (c), and carbetocin (d).

As expected, we observe strong activation of the MAPK pathway by oxOT alone relative

to the no-peptide control. Interestingly, Cu(ll) and Zn(I1) addition to oxOT both attenuate this

activation, suggesting that the metal-bound forms of oxOT either do not interact with the OT

receptor as strongly or that the receptor-ligand conformation does not mediate MAPK signaling.

Consistent with the traditional dogma that oxidized OT is the bioactive form, we observe that

neither rOT nor rOTF activate MAPK signaling. However, both reduced OT and reduced OTF
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show an increase in activation when bound by Zn(I1) but no change relative to peptide alone
when bound by Cu(ll). Alongside the CD data (Figure 3), the Zn(l1)-dependent gain-of-function
of the linear peptides may suggest that Zn(I11) may reduce the disorder of the linear peptide
towards a more rigid structure like the cyclic peptides, facilitating receptor binding. Further
future studies should be performed in order to substantiate this hypothesis. While carbetocin
promotes MAPK activation, it does so to a lesser degree than oxOT, and Zn(Il) showed no effect
on its activity. While a modest decrease in activation was observed with the addition of Cu(ll)
relative to apo-carbetocin, the difference was not statistically significant. Thus, while metal-
binding is indeed observed for carbetocin, the lack of effects on MAPK activation may suggest
that any induced conformational change by Cu(ll) or Zn(I1) does not significantly alter the

synthetic analogue's interaction with the receptor.

6.4 Conclusion & Outlooks

This work offers molecular insight into how metal ions bind to a peptide hormone and alters
its structure as well as bioactivity. We first used electronic absorption spectroscopy to show a
direct interaction between Cu(ll) and OT in a 1:1 binding stoichiometry. Circular dichroism then
showed that Cu(ll) induces structural changes by means of reorienting the disulfide bond and the
phenol ring of Tyr2 and Zn(Il) induces structural changes in the carboxy terminal tail. In
conjunction with fluorescence spectrometry and of OT we show that the hydroxyl group of Tyr2
most likely coordinates to Cu(ll) and alters the structure of the 20-membered ring formed by the
disulfide bond. Furthermore, the competition studies show that Cu(ll) is able to out-compete
Zn(I1) for OT. We then showed a metal-modulated effect on downstream signaling upon

oxytocin receptor binding of oxytocin and where both Cu(ll) and Zn(lI1) bound OT attenuate
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MAPK signaling relative to OT alone. Additionally, we note that Zn(l11) bound rOT shows an
increase in signaling from rOT alone and carbetocin with and without metal bound shows no
significant changes in MAPK activation and lower MAPK signaling overall relative to oxytocin.
Taken together, this lays a foundation for future research at the receptor level of oxytocin and

metal mediated bioactivity.

Metal-induced structural changes to a peptide hormone may have a number of effects on
storage, secretion, stability, and/or signaling. In this case, it is possible that both Zn(Il) and
Cu(Il) lend different structural integrities to OT at different points in OT lifetime.
Physiologically, it is possible that Cu(ll) is bound to OT in serum but, because the concentrations
of metal ions surrounding specific tissues are believed to fluctuate, Zn(11) may be able to
displace Cu(ll) under specific concentrations. It still remains to be seen how Cu(ll) would affect
OT in serum, however, metal binding may be a key player in prevention of degradation; further
studies in our lab are underway to test this hypothesis. The binding of metal ions to peptide
hormones, particularly OT, may provide an additional source for regulation, and this study

provides the foundation for future studies.

6.5 Materials & Methods

6.5.1 Chemicals and Reagents

All chemicals and reagents were purchased from Fisher Scientific, Spectrum Chemicals or
Sigma-Aldrich Oxidized, unless otherwise noted. Oxytocin (OT) was purchased through Fisher
from Alfa Aesar. Dimethylformamide (DMF), 4-methylpiperidine, N,N,N’,N’-tetramthyl-O-

(1Hbenzotriazol-1-yl)uronium hexafluorophosphate (HBTU), N,N-diisopropylethylamine
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(DIEA), dichloromethane (DCM), 2,2,2-trifloroacetic acid (TFA), diethyl ether, acetonitrile,
methanol, formic acid (FA), CrCI3-6H20, MnCl2, (NH4)2Fe(S04)2-6H20, CoCl2, NiCl2,
CuCl2, NaOH, HClI, tris(2-carboxyethyl)phosphine (TCEP) resin, and ethylenediaminetetraacetic
acid (EDTA), were purchased from ThermoFisher. ZnCl2 and FeCI3 were purchased from
Sigma-Aldrich. 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB) and glutathione (GSH) were
purchased from ThermoFisher but manufactured by Acros Organics. Piperidine was purchased
from Spectrum Chemicals. Wang resin preloaded with Fmoc-Gly-OH and Fmoc-protected amino
acids were purchased from ThermoFisher but manufactured by ChemImplex. Buffered solutions

and metal salt solutions were made using Direct-Q 3 deionized water (>18 MQ, Millipore).

6.5.2 Solid-phase Peptide Synthesis of oxOT and Analogs

Human oxytocin (sequence CYIQNCPLG) and an analogs(OTF; sequence CFIQNCPLG) were
synthesized via Fmoc-based solid-phase peptide synthesis (SPPS) method. For a 0.2 mmol
synthesis, Wang resin preloaded with Fmoc-Gly-OH was swelled for 2 hours in 5x DMF. Resin
was washed 5 times with 2x resin volume of DMF. The Fmoc-Gly-OH residue was deprotected
with 20% piperidine in DMF or 25% 4-methylpiperidine in DMF by shaking for 1 minute then
repeating for 10 minutes. The deprotected resin was washed 10x with 2x resin volume DMF.
Amino acids (4.0 equivalents) and HBTU (3.9 equivalents) were dissolved in minimal DMF and
DIEA (10.0 equivalents) was added. Washed resin was then suspended in amino
acid/HBTU/DIEA solution and shaken at room temperature for 40 minutes. The resin was again
washed 10x with 2x resin volume DMF. This process was repeated from the deprotection step
for each amino acid addition. After addition of final amino acid, the resin was washed 10x with

2x resin volume DMF, then washed 10x with 2x resin volume DCM and allowed to dry
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overnight. To cleave peptide from resin, resin was saturated with 95:5 TFA:water solution and
allowed to shake for 1-4 hours. The solution was separated from resin, and crude product was
precipitated in chilled diethyl ether and the suspension was centrifuged at 3900 rpm for 10
minutes at 4°C. The pellet was washed thrice with chilled diethyl ether followed by
centrifugation after each wash. The pellet was dried under a stream of nitrogen overnight.
Purification was performed with RP-HPLC on an Agilent Technologies 1260 Infinity |1
HPLC with coupled Agilent Technologies 1260 Infinity 1l UV-Vis detection system. Purification
of crude OT was performed using an Agilent Zorbax SB-C3 column (9.4 x 250 mm) at a flow
rate of 3.75 mL/min using a gradient of water with 0.1% FA (Solvent A) and acetonitrile with
0.1% FA (Solvent B). The column was equilibrated and crude OTF loaded onto the column with
10% Solvent B held constant for 5 minutes. Solvent B increased from 10% to 20% from 5-6
minutes, then from 20% to 80% from 6-26 minutes. Solvent B was decreased back to 10% from
26-27 minutes then held constant at 10% from 27-30 minutes. OTF elutes off column at 41%
Solvent B. Fractions containing OTF were confirmed by electrospray ionization mass
spectrometry (ESI-MS) using an Agilent Technologies 1260 Infinity 11 coupled with an Agilent

Technologies InfinityLab LC/MSD, dried, and stored at -20°C.

6.5.3 Oxidation & Reduction of Oxytocin

OT was purchased through ThermoFisher from Alfa Aesar. The concentration of reduced and

oxidized OT were determined by DTNB assay in 15 mM phosphate, pH 7.4 using the molar
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extinction coefficient of 5-thionitrobenzoic acid, which absorbs strongly at 412 nm (e=14,150 M-
1 cm-1). It was found that <10% of OT (Alfa Aesar) was reduced, i.e. >90% of the thiols are

oxidized in disulfide bonds.

6.5.4 UV-Visible Spectroscopy

All measurements were recorded on either a Shimadzu UV-1800 or Shimadzu UV-1900 at room
temperature using Starna Cells quartz cuvettes with a 1 cm path length.

To determine actual concentrations of oxidized and reduced OT or OTF in the sample, a DTNB
assay was performed. Absorbance of dilutions of known concentration of GSH and DTNB in 15
mM phosphate buffer pH 7.4 were measured at 412 nm yielding a linear graph. Absorbance of
10 uM OT or OTF and DTNB in 15 mM phosphate buffer pH 7.4 was measured at 412 nm and
the concentration of free thiols in the OT or OTF solution could be extrapolated from the linear
graph.

For metal titrations into apo-peptide (OT oxidized, OT reduced, OTF, Carbetocin),
peptide was dissolved to 25 uM in 15 mM phosphate buffer pH 7.4. All metal and EDTA
solutions were dissolved in Milli-Q water. Varying equivalents (12.5-125 uM) of metal salts
were added to peptide, allowed to equilibrate at room temperature for 5 minutes, and measured
with water as a spectral reference. Following data collection, buffer spectrum was subtracted

from all spectra and all spectra were normalized to account for dilution.

6.5.5 Circular Dichroism Spectroscopy

. All measurements were recorded on a Chirascan Circular Dichroism spectrophotometer

(Applied Photophysics) at room temperature using Starna Cells quartz cuvettes with a 1 mm path
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length. For metal titrations into apo-peptide, peptide was dissolved to 40 uM in 15 mM
phosphate buffer pH 7.4. All metal salts were dissolved in Milli-Q water. Varying equivalents
(20-200 uM) of metal salts were added to peptide, allowed to equilibrate at room temperature for
5 minutes, and measured. For each metal addition, 8 scans were averaged with a bandwidth of
0.5 nm. Following data collection, buffer spectrum was subtracted from all spectra.

For metal competition studies apo-OT was dissolved to 40 uM in 15 mM phosphate
buffer pH 7.4. All metal salts were dissolved in Milli-Q water. OT was incubated with 1.0
equivalents (40 uM) CuCI2 or ZnCI2 for 10 minutes at room temperature. Then varying
equivalents (20-200 uM) of competing metal salts were added, allowed to equilibrate for 5
minutes at room temperature, and measured. For each metal addition, 8 scans were averaged
with a bandwidth of 0.5 nm. Following data collection, buffer spectrum was subtracted from all

spectra.

6.5.6 Fluorescence Spectroscopy

All measurements were recorded on a SpectraMax i3x Multi-Mode Microplate Reader
(Molecular Devices) at room temperature using Corning half-area, black-wall, clear-bottom 96-
well plates. Peptide was dissolved to 30 uM in 15 mM phosphate buffer pH 7.4. For the
measurement of a copper oxOT complex, copper was titrated into oxOT for a 1:1 complex and
this was incubated for 5 minutes prior to recording the emission spectra. Excitation at 275 nm

was used and emission was recorded from 300 to 350 nm.
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6.5.7 Plasmid Amplification & Purification

GFP tagged human oxytocin receptor open reading frame clone was purchased from Origene and
transformed into E. coli. Amplified plasmid was extracted and purified using a QIAGEN plasmid

maxi prep kit. Purified plasmid was then sequenced (GENEWI2Z).

6.5.8 Cell Culture

HEK293T cells were maintained in Dulbecco’s modified medium (DMEM) supplemented with
10% fetal bovine serum (FBS) (Gibco) 1x penicillin-streptomycin (Corning), 2 mM L-glutamine
(Gibco), 1 mM sodium pyruvate (Gibco) at 37 °C and 5% CO2. HEK293T cells were plated and
grown to 60-70% confluence before transfection with GFP tagged human oxytocin receptor
clone (Origene) using Attractene transfection agent (QIAGEN). 12 hours post-transfection cells
were examined under a fluorescent microscope for GFP expression to confirm successful
transfection. Media was then replaced and cells were stimulated 12 hours later.

For cell stimulations with metal bound peptide, peptide hormones and metal chloride
salts (1:1 molar ratio) were incubated at 37 °C for 10 minutes in DPBS and then added to plated

cells at a final concentration of 1 uM for 5 minutes before lysing.

6.5.9 Western Blot Analysis & Densitometry

HEK293T cells were transfected and stimulated as previously described and then lysed at 5
minutes in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50

mM Tris pH 7.4) with EDTA free protease inhibitor (ThermoFisher) and phosphatase inhibitor
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(Sigma). Lysates were put one ice for 15 minutes before being vortexed and centrifuged at 15000
x G at 4 °C. Protein was quantified after freezing the lysates by BCA assay (Invitrogen).
Samples were then made using 10 pg of protein with PBS (Gibco), sample buffer (Invitrogen),
and 2-mercaptoethanol (BioRad). Samples were loaded into a 4-12% bis-tris 12 well gel
(Invitrogen) and run for one hour at 100 V and then was transferred on to a PVDF membrane
using a Trans-Blot Turbo Transfer System (BioRad). The membranes were blocked for one hour
in 5% BSA in TBST buffer. Membranes were then incubated overnight at 4 °C with primary
antibodies and washed three times the following day with TBST buffer before incubating
secondary antibodies for one hour. Membranes were imaged on a Chemidoc MP Imager
(BioRad). Primary antibodies used were p44/42 MAPK (Erk1/2) (1:2,000 Cell Signaling
Technologies), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1,000 Cell Signaling
Technologies), and tubulin.

For densitometry, two separate gels were run and stained for either total MAPK and
tubulin or phosphorylated MAPK and tubulin. Fluorescence of the bands was quantified using
Image Lab software (Biorad). First the ratio of tubulin bands to total MAPK bands was
calculated from one gel and then the ratio of phosphorylated MAPK to tubulin was calculated
from a second gel. The ratio of tubulin normalized phosphorylated MAPK to tubulin normalized

total MAPK was then calculated.
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Appendix 1

A Combinatorial Approach Towards
Discovering Metal Binding Peptides

The rest is still unwritten.

- Natasha Bedingfield (Unwritten, New York, 2004)

187



Al.1 Introduction

Natural peptides are short biopolymers composed of L-amino acids that are linked together via
amide bonds. They are widely used in basic research as well as in the pharmaceutical and
biotechnology industries.} At a fundamental level, researchers have long studied endogenous
peptides in organisms across all walks of life to better understand how amino acid sequence and
subsequent structure affects downstream biological activity. More recently, they have been
heavily investigated for their use as effective therapeutics since they lie between small molecules
and large biomolecules like proteins and antibodies.>® Because of this, they possess highly
desirable properties including favorable tissue penetration, high potency, and high selectivity for
their targets.” However, it is worth noting that native peptides often possess unique drawbacks
such as poor oral bioavailability as well as short plasma half-lives as they are easily degraded by
endogenous proteases.®® In addition to their applications in drug discovery and therapeutics
peptides have also been used in biotechnology for biosensor applications as both recognition
elements and enzyme substrates for activity-based readouts.'%-?

One highly common approach in the development of peptide design is the use of
combinatorial libraries which are comprised of totally random or partially randomized peptide
variants.!34 Combinatorial methods gained enormous amounts of attraction from the
pharmaceutical industry in the late 1980’s and 1990’s because of their potential to greatly
expedite the drug discovery process using high-throughput screening of billions of different
compounds at once.*>® Though originally implemented to build peptide and oligonucleotide
libraries combinatorial methods have since advanced to applications in small molecule libraries,

protein libraries, and oligosaccharide libraries and have seen tremendous success in both
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fundamental research and drug discovery.’~'° Such combinatorial peptide libraries can be build
using biological (e.g. phage display) or synthetic methods (traditionally performed on resin
supports). Of the synthetic methods to build combinatorial peptide libraries the one used and
discussed here is the one-bead-one-compound (OBOC) method first recognized by Lam et al.

where the split-pool synthesis method is employed (Figure 1.1).2°

W
Split
o |
3 peptides A \ Y . ) Gt B

Pool & Randomize, Split

\ A Y ] G
9 dipeptides M_v YA—\-) GA—*-"
AY—U YY—\" GY—%-,‘

Figure 1.1 Schematic for the split-pool method used in the one-bead-one-compound
combinatorial library synthesis.

The split-pool synthesis employs an iterative approach consisting of three steps: (i) the division
of a compound mixture into equal portions, (ii) the coupling of one amino acid (or building
block) to each portion and, (iii) the pooling and homogenous mixing of the portions. Using this
approach, a peptide library can be produced where each resin bead contains up to 102 copies of
one single peptide.?° The advantages of using the OBOC method include the rapid synthesis of

large libraries, the ease of incorporation of unnatural amino acids into the library, and the
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compounds are spatially separated on resin beads making the screening extremely high
throughput.

This appendix describes some of the preliminary work done by our lab in applying the
OBOC method towards discovering new metal binding peptides. We have used the OBOC
approach to synthesize a unique peptide library and applied high throughput screening methods
using live-cell assays as well as a colorimetric assay for identifying non-canonical metal-binding
hits. We belief that the discovery of such motifs could correlate to endogenous protein and
peptide sequences previously not known to interact with metal ions and provide rational for
therapeutic advancements in either targeted design or chelation therapies. Additionally, such
metal binding frameworks could serve to provide structural motifs that can be used towards
biosensing and molecular imaging platforms. As the work discussed is largely preliminary and
no sequences have been determined at this stage, | will discuss only the library design and

methods of screening used to date.

Al.2 Discussion

Al1.2.1 Library Design

The use of the OBOC method allows for a high level of control over peptide library design in
that the user can choose which amino acids to incorporate or exclude from the library as well as
whether any unnatural amino acids are to be included. For the purposes of this library, we sought
to uncover non-canonical metal binding motifs that have not been identified in nature to date. In
general, it is well established that majority of known peptide metal binding motifs rely on

cysteine and histidine residues for their metal binding affinity.?2-2® For example, the amino-
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terminus Cu(ll) and Ni(Il) binding (ATCUN) motif is a well-known motif which can be present
in proteins or peptides.?®*° The structure of the ATCUN motif is defined as containing a free N-
terminal amine, a histidine residue in the third position, and two intervening peptide nitrogens.
The ATCUN motif has been observed in various aloumins including human serum albumins and
is heavily conserved across the histatins.?® Aside from the ATCUN motif histidines and cysteines
have been well documented as necessary residues in various proteins, peptides, and
metalloenzymes.31:%?

For this reason, we chose to synthesize a library of 8-mer peptides containing all 20 natural
amino acids except for histidine and cysteine. Furthermore, we included a cleavable linker in the
library design which serves as a chemical handle to selectively cleave positive hits off bead for
subsequent de novo sequencing after screening. We synthesized two separate libraries with two
different cleavable linkers: (i) a photocleavable linker based on the o-nitrobenzyl moiety and (ii)
a disulfide-based linker which can be cleaved under reducing conditions (Figure 1.2). Notably,
the disulfide linker can only be incorporated into libraries without cysteines. We chose a length
of 8-mer amino acids as it would provide a high level of chemical diversity to sample a vast
chemical space but also be a length that would allow for more facile de novo sequencing using

tandem MS/MS.
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Figure 1.2 Library design of 8-mer peptides using either a) a disulfide based cleavable linker or
b) a o-nitrobenzyl-based photocleavable linker.

A.1.2.2 Library Screening

With the libraries in hand, we were ready to screen them to identify metal-binding peptides. For
the purposes of preliminary studies, we focused on screening for copper binding affinity of the
peptides. Two methods of screening were employed, cell binding assays and a colorimetric
assay. Live cell assays have commonly been employed in OBOC screening methods to either
identify peptides that bind the cell membrane generally or for peptides that bind a particular
receptor over-expressed on the membrane surface of the cell.>*=® In this study we sought to
employ live cell assays to identify metal-mediated peptide membrane binding. The general
design of the screening assay was to incubate the peptide library with copper for 30 minutes at
room temperature, wash the peptides to remove any unbound metals, incubate the peptides with
live-cells (both HEK293 and MDA-MB-232 cell lines were used) for 30 minutes at 5% CO- and
37 °C, wash the peptides to remove any unbound cells, and lastly image the library (Figure 1.3).

A control was first done on the library without any metal incubation to remove false positives.
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Figure 1.3 Library screening design for identifying metal-mediated membrane binding peptides
and an example of a positive hit showing a PEGA bead covered in live cells. (Figure made with
Biorender)

In addition to live cell assays a colorimetric assay was also developed in our lab. Previous
examples of colorimetric chelators being used to detect metal binding peptides on bead have
been reported in the past. The general design here is that a chelator that undergoes a colorimetric
change upon metal binding can chelate to metals that are bound by peptide on bead and then
become trapped in the matrix of the bead resulting in a color change of positive hit beads.

Indeed, this method of metal detection has proven successful in the past with one example being
the use of a diphenylcarbazide dye to stain beads with chromium bound peptides by Knight et al.
in 2013.% In this way, researchers can quickly identify positive metal binding hits based on a
color change. In this work we sought to find a suitable colorimetric chelator to detect copper
bound peptides on bead. We employed Zincon which is a chelator that undergoes a strong color
change from reddish brown to deep blue upon binding with copper. In this assay the workflow
was similar to the live cell assays where we incubate the peptide library for 30 minutes with
copper followed by a washing step to remove any unbound metals however, we then incubate the

peptide with 500 UM Zincon for 2 minutes after this and then wash the library three times with

PBS and image them under the microscope to identify hits (Figure 1.4). This screening method
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proved to be successful in identifying copper binding hits where positive hits are beads colored

deeply purple/blue and nonhits either colorless or brownish in color.

I 3 °
( q R °
1. Cu(ll) 1. Zincon ®
30 min 2 min @ . ?J
7 Wash , 2. Wash w W | 3

L

Figure 1.4 Library screening design for identifying copper binding peptides using the
colorimetric chelator, Zincon, to detect copper-bound peptide hits. Positive hits are shown deeply
colored whereas non-hits are colorless or lightly colored brown. (Figure made using Biorender)

A1.3 Conclusions and Future Studies

The OBOC method of combinatorial screening provides a powerful platform from which we are
able to sample a vast chemical space for huge variety of targets and applications. Our
preliminary studies alone have shown that this platform can be uniquely suited for the discovery
of novel metal binding peptides. Through careful library design there is the potential to discover
natural metal binding motifs previously not reported in the literature. With the current work in
our lab, we have shown two methods of screening, live cell and colorimetric chelation, then can
be employed in a high throughput manner to identify hits quickly.

Future work in our lab will focus on optimizing cleavage conditions for the two cleavable
linkers in order for adequate peptide for MALDI MS analysis. After the identification and de
novo sequencing of the peptide hits, they will be resynthesized, and metal binding ability will
then be characterized in solution phase. We will also search the BLAST database for any

sequence alignment against the human proteome.
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Al.4 Materials and Methods

Al.4.1 Library Synthesis

The OBOC peptide library was prepared using standard solid phase peptide synthesis procedures
using Fmoc-protected amino acids (Novabiochem) with Oxyma Pure (Sigma) and N,N’-
Diisopropylcarbodiimide (DIC) (Spectrum) to synthesize the linear peptides on PEGA resin
(Sigma). The disulfide linker was synthesized in house using previously reported methods.®’ The
photocleavable linker, Fmoc-(S)-3-amino-3-(2-nitrophenyl)propionic acid, was purchased from
Fisher Scientific. The two linkers were coupled to PEGA resin (0.4 mmol/mg loading) in 4
equivalent excess using Oxyma/DIC (4 equivalent excess) overnight. After this the reaction
liquid was drained and the beads were washed with DMF, MeOH, and DCM three times each.
Fmoc-deprotection was then performed using 25% 4-methylpiperidine in DMF for 5 minutes at
95 °C. The beads were then washed and separated into 18 aliquots and were reacted with 4 molar
excess of one of 18 Fmoc-amino acids using Oxyma/DIC activators (also at 4 molar excess).
Coupling was allowed to proceed for twenty minutes at 95 °C. Complete coupling was ensured
by Kaiser testing. Following complete coupling the beads were drained and washed as previously
described and Fmoc-deprotected. The beads were then combined and washed again and re-
divided for the next cycle of coupling. This was done a total of 8 times for the synthesis of the 8-
mer library. After Fmoc-deprotection of the final amino acid the side chains were cleaved under
acidic conditions using TFA/H2O/TIPS/Thioanisole (95:3:1:1) for two hours at room
temperature. The beads were then washed with 5% DIEA in DMF, (DMF, MeOH, DCM) three

times, PBS twice, water twice, and lastly DMF.
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Al1.4.2 Live-cell Screening

The library beads were suspended in 90% DMF/water, and then added onto a polystyrene 6-well
plate and allowed to sit for 30 minutes. Afterwards the solution was removed with a pipette and
the immobilized library beads were washed with 50% DMF/water, water, PBS, and then
incubated with 1 mM CuCl; for 30 minutes at room temperature with shaking. Following this the
beads were washed five times with water. HEK293T cells or MDA-MB-231 cells were plated in
a 6 well plate the following day to reach 90% confluency at the time of the assay. They were
trypsinized using Tryp-LE (Gibco) and resuspended in 10 mL of DMEM supplemented with
10% FBS, 1% glutamine, 1% sodium pyruvate and 1% pen/strep at 37 °C. Two milliliters of cell
suspension were added to each well of the peptide libraries and they were allowed to incubate for
30 minutes at 37 °C with shaking. Following incubation, the wells were immediately washed
with PBS five times to remove any unbound cells. Cell media (DMEM as previously described)
was added to the wells, and they were immediately imaged under a microscope (EVOS1000)
using an automated tiling feature to provide an image of the entire well. Similar control

experiments were done without metal incubation to remove false positives from the library.

A1.4.3 Colorimetric Based Screening

The library beads were suspended in 90% DMF/water, and then added onto a polystyrene 6-well
plate and allowed to sit for 30 minutes. Afterwards the solution was removed with a pipette and
the immobilized library beads were washed with 50% DMF/water, water, PBS, and then
incubated with 1 mM CuCl; for 30 minutes at room temperature with shaking. Following this the
beads were washed five times with water. After this a solution of Zincon (500 puM) in water was

added to the peptide library and shaken for 2 minutes. The Zincon solution was then removed,
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and the well was washed 5x with water. It was then imaged under a microscope as previously
described to identify hits which appear deep blue/purple in color. Non-hits appear colorless to

brown in color.
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