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Abstract

The academic setting provides an environment that may foster success in the discovery of certain
types of small molecule tools, while proving less suitable in others. For example, small molecule
probes for poorly understood systems, those that exploit a specific resident expertise, and those
whose commercial return is not apparent are ideally suited to be pursued in a university setting. In
this perspective, we highlight five projects that emanated from academic research groups and
generated valuable tool compounds that have been used to interrogate biological phenomena:
Reactive oxygen species (ROS) sensors, GPR30 agonists and antagonists, selective CB2 agonists,
Hsp70 modulators and beta-amyloid PET imaging agents. By continuing to take advantage of the
unique expertise resident in university settings, and the ability to pursue novel projects that may
have great scientific value, but limited or no immediate commercial value, probes from academic
research groups continue to provide useful tools and generate a long-term resource for biomedical
researchers.

Introduction

Over the last two decades, two significant changes in the practice of medicinal chemistry
have occurred: a greater focus on and an appreciation for the value of small molecules to
interrogate biological systems, and greater contributions of academic research to the
identification and characterization of chemical tools and probes, as well as to drug
discovery.12 (For the purpose of this perspective, we broadly use the terms “tool” and
“probe” to describe any small molecule that has been used to interrogate biological
phenomena. This definition includes not only “chemical probes” that can be used understand
the actions of a specific protein target, but also molecules that detect other biological
occurrences such as specific macromolecular structures or transient reactive species).
Several factors have conspired to affect these changes. One contributor was the passage of
the Bayh-Dole Act in 1980 that allows a university to retain patents and commercialize
inventions that emanate from federally funded research. Equally important were initiatives
by US funding agencies to support “chemical probe” development and drug discovery, for
example through the National Institutes of Health (NIH) Molecular Libraries Initiative.34
While some of these initiatives are being phased out, the establishment of a new NIH
Institute, the National Center for Advancing Translational Sciences (NCATS), focusing on
translational research, might continue to inspire academic probe development.® These
initiatives, as well as more direct drug development efforts at the NIH (e.g., the National
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Cancer Institute's Chemical Biology Consortium and the NIH Blueprint Neurotherapeutics
Network), define a new paradigm for collaborative academic research beyond basic science.
Further encouragement for small molecule tool and drug development efforts at universities
originates in the massive changes in pharmaceutical industry's business plans, which include
large scale outsourcing, expanded research collaborations® and a greater willingness to
consider externally initiated projects.”8 Finally, recent examples of highly successful (and
lucrative) drugs invented in academic laboratories® have also increased awareness of this
change among university researchers and administrators.

The academic setting provides a unique environment, distinct from traditional
pharmaceutical or biotech companies, which may foster success and long-term value of
certain types of probe discovery projects while proving unsuitable in others.10 The ability to
launch exploratory high risk - high novelty projects from both chemistry and biology
perspectives, for example testing the potential of unconventional chemotypes such as
organometallic complexes, 1! is one such distinction. Other advantages include the ability to
work without overly constrained deadlines, and pursue projects that are not expected to reap
commercial rewards - criteria and constraints that are common in “big Pharma.”
Furthermore, projects to identify tool molecules in an academic setting often benefit from
access to unique and highly specialized biological assays and/or synthetic chemistry
expertisel213 that emerge from innovative basic science discoveries. Indeed, recent data
show that the portfolios of academic drug discovery centers contain a larger percentage of
long term, high-risk projects compared to the pharmaceutical industry. In addition, many
centers focus more strongly on orphan diseases and disorders of third world countries than
commercial research organizations.? In contrast, programs that might be less successful in
an academic setting are those that require significant resources — personnel, equipment and
funding — that may be difficult to sustain in a university setting.2 Projects whose goals are
not consistent with the educational mission of the university and cannot provide appropriate
training and / or content for publications or theses would also be better suited for a
commercial enterprise.

There are clear challenges and disadvantages in carrying out projects to identify and
characterize tools, probes and drugs in an academic setting. Challenges may include a lack
of resources! and expertise in certain disciplines that would expedite progress, such as
know-how in certain areas of medicinal chemistry, pharmacokinetics, drug formulation, and
animal toxicology.21516 The Bayh-Dole Act opened the door to establishing university-
based intellectual property (IP), but it did not resolve complex inventorship, licensing and
conflict of interest quandaries. Furthermore, the value of early patenting of university-
generated IP is still being debated, with some organizations now moving toward revealing
“pre-competitive” matter, leaving to others any optimization or commercialization.1’
Finally, the multi-disciplinary nature of research that is essential to probe and drug
discovery projects is not a typical research structure in academic science departments and
hard to factor into the tenure decision process.

To take advantage of the unique academic environment and have a significant long-term
impact on the scientific community, ideal projects might include those that generate tools to
detect important biological phenomena or characterize poorly understood disease targets and
biological systems. In addition, probe projects that exploit a specific, unique expertise (or a
combination of tools and skills) that is resident at a particular university are also likely to be
successful and have high impact.

Notable examples of successful biological probes and drugs have emanated from academic
laboratories. The contributions of academic and research institute laboratories to the
characterization and development of taxol are an excellent historic example of exploiting
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highly specialized skills (e.g. natural products structure elucidation, cancer and tubulin
pharmacology, and synthetic organic chemistry) that are typically resident in university
settings. Taxol also highlights the crucial role of the government (e.g., NCI) in supporting
and facilitating such work, as well as developing a probe molecule into a viable drug
candidate.1819.20 It js worth noting that the time from the isolation of taxol (1967) to its
approval as a therapeutic agent (1992) may also be characteristic of academic probe and
drug discovery programs.

In this perspective, we highlight five examples of small molecule probes and tools that have
found use in interrogating biological systems. A “chemical probe” is often thought of as a
molecule that interrogates a specific biological target, with ideal characteristics involving
high potency, adequate water solubility, and other appropriate physical properties. Although
distinct from a drug, these chemical probes can often be starting points for drug discovery
efforts.2122 While several of the examples included in this perspective fit this definition
(GPR30 agonists and antagonists, Hsp70 modulators, CB2 agonists), we chose to include
others (ROS sensors, beta-amyloid imaging agents) that fall outside this classification in an
effort to highlight a broad range of tool development efforts in academic labs. The selection
of molecules to highlight was neither exhaustive nor completely objective; however, several
criteria were applied. First, each featured molecule was discovered in an academic
laboratory. While it is often the case that multiple groups from multiple departments and
locations contribute to the development of specific probes or a family of probes, we based
our criteria on the dates of the first publications found. A second criterion was a judgment of
the utility and impact of the probe. Most examples have already been used as tool
compounds in studies external to the originating laboratory or have been the basis for further
investigations by others. All have opened up new areas of research. Additional measures for
utility and impact included commercial availability and reports of /n vivoactivity. Third, the
highlighted probes were novel at their report, and similar tool compounds were not
previously known. Among the many probe molecules that met these criteria, we selected to
showcase different approaches, different therapeutic areas, and different “forms” of probes.
Accordingly, we aim to highlight the specific and unique aspects of the academic setting that
contributed to these probe molecules gaining widespread utility and serving as catalysts for
further scientific study.

Chemical Probes for the Detection of Reactive Oxygen Species

The presence of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in
intracellular compartments reflects a balance between the need for energy (ATP) generation
through the oxidative phosphorylation (OxPhos) pathway, regulatory feedback mechanisms
for oxygen metabolism, and the biochemical functions of transition metal cofactors. The
most pertinent ROS are radicals such as superoxide radical anion, O», and hydroxyl radical,
OH:, as well as reactive species with paired electrons, such as hydrogen peroxide, H,O»
(Scheme 1).23 Among RNS, nitric oxide, NO-, is a well-known secondary messenger, but
this free radical can also cause severe intracellular damage and induce programmed cell
death (apoptosis).24

The majority of the intracellular ROS is generated in mitochondria and can be triggered by
radiation, hemorrhagic shock, aging, exposure to microbial toxins, or activation of
membrane-associated death receptors. For example, the FAS-associated protein with death
domain (FADD) activates caspase 8 and the BH3-interacting-domain death agonist (BID).
Cleaved BID (tBid) mediates translocation of cytochrome c into the cytosol, formation of
the apoptosome, and irreversible commitment to apoptosis (Scheme 2).2% ROS oxidize
cytochrome c-associated cardiolipin, which amplifies the release of cytochrome c from the
inner mitochondrial membrane.26
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In addition to genetically encoded redox sensors,2’ the detection of ROS with small
molecule probes represents an active field of academic research focused on improving our
understanding of cellular energy conversion and signaling pathways.28:2% Moreover, the
opportunities to correlate the redox environment to the regulation of cell division, circadian
rhythms, immune response, and apoptosis has inspired commercial developments in ROS
detection and regulation.

Most sensors are based on fluorescent signaling, and some of them have additional
intracellular targeting capabilities. It is often sufficient to add a positive charge to a
fluorescent probe to develop a mitochondria-specific ROS sensor that can provide
information about morphology, number, and membrane potential of these energy-producing
organelles. For example, quaternization of the pyridyl group in the BODIPY dye OBP
provided the photostable mitochondrial redox probe 1 (OBEP), which has similar staining
pr%%erties but much lower cytotoxicity compared to MitoTracker Red CXMRos (Figure

1).

The most widely used intracellular probe for O, is hydroethidium, which relays oxidative
stress and can be targeted to mitochondria by attachment to a triphenylphosphonium (TPP)
group, thus yielding MitoSOX.31:32 Similarly, the attachment of a TPP group onto a
boronate-masked hybrid fluorescein/rhodamine scaffold provides a probe molecule, 2
(MitoPY1), that can detect increases in mitochondrial H,O5 levels in mammalian cells.33
Furthermore, addition of the mitochondrial electron transport chain uncoupler and H,0,
inducer paraquat to HelL a cells leads to a robust fluorescence enhancement in mitochondria
observed in confocal fluorescence imaging.

Prior to the development of 2, among nine commercial H,O, fluorescent molecular probes
and thirty mitochondrial fluorescent probes, no H,O5 probe specifically targeted to
mitochondria was available.34 Compound 2 filled this gap and quickly inspired other
subcellular targeting fluorescent devices. For example, in a recent study that also nicely
illustrates the opportunities for ROS-selective chemical sensing, the fluorescent probe 3
responding to H,O,, NO-, and the combination of the two reactive species was developed
and tested in HeLa cells (Scheme 3).3% The reaction of H,0, with the pinacol boronate
moiety of 3 generates a phenol function in 4 and leads to a blue fluorescence emission at 460
nm upon excitation at 400 nm. Alternatively, exposure of the aniline moiety to NO- leads to
hydrolysis of the lactam to give 5 and triggers a red fluorescence emission at 580 nm upon
excitation at 550 nm. Finally, if both ROS and RNS are present, Forster resonance energy
transfer (FRET) in the 7-hydroxycoumarin-rhodamine scaffold 6 causes a red fluorescence
emission at 580 nm upon excitation at either 400 or 550 nm.

These versatile dual sensors of NO- and H,0O, can serve as high-content molecular tools for
the investigation of intracellular networks, in particular signal transduction pathways and
redox regulation of protein activation. In this context, having a single fluorescent probe
available that is capable of monitoring multiple species is particularly valuable, since the
biological system is less disturbed, and mutual interference by sensors is less likely than
upon administration of multiple, more specialized probes. Strategically, this research also
illustrates the advantage of the academic environment to anticipate the demand for higher
content diagnostic agents that can offer new opportunities for the SAR analysis and potential
clinical development of dual ROS/RNS modulators and theranostics.3®

Identifying Selective Ligands for Orphan GPCR's: GPR-30 Modulators

Orphan G-protein Coupled Receptors (GPCR's) are receptors, often identified via sequence
analysis, whose natural ligand is unknown. “De-orphaning” - that is, identifying the
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endogenous ligand - provides further insight into the physiological and potential
pathophysiological role of the receptor; however such work is often hampered by the lack of
selective tools to probe the biology of the novel GPCR The identification of selective
ligands (both agonists and antagonists) for orphan and de-orphaned GPCR's provides a
valuable biological tool, and is an area where academic research centers can have a
significant impact. The fundamental biology involved and the high-risk nature of the work
make these projects ideal for an academic setting.

In 1997, the gene, GPR30 (also known as G-protein coupled estrogen receptor, GPER1), and
the orphan receptor it codes for, were identified and characterized as a GPCR that was
associated with estrogen receptor-expression in breast cancers.37:38:39 Further
characterization showed that GPR30's endogenous ligand was estrogen, and suggested this
newly characterized GPCR played a role in estrogen-mediated physiology and pathology.4?
Estrogen was found to act similarly on GPCR30 and the known nuclear receptors, Estrogen
Receptor a (ER-0a), Estrogen Receptor  (ER-f); therefore, understanding the specific roles
of each receptor in estrogen-mediated physiology was not possible due to the lack of
selective tool compounds. Researchers at the University of New Mexico and New Mexico
State University, in collaboration with Chemical Diversity Laboratories, initiated an effort to
identify highly selective small molecule probes of this poorly understood receptor. A 10,000
compound library that was designed to contained GPCR privileged structures was used in a
virtual screen for 2-D and 3-D based similarity to 17-beta estradiol. This effort reduced the
number of compounds that were included in the biomolecular screen to 100 compounds.
Compound 7 (G-1) was identified as a robust hit that inhibited the binding of estrogen to
GPR30, with a binding constant equal to 11 nM, and ECg for calcium mobilization equal to
2 nM.#1 17-B—estradiol exhibited a similar binding constant (Ki=5.7nM) ad ECsq (0.3nM).
However, unlike estradiol, 7 exhibited no binding to ER-a or ER- at concentrations as high
at 1uM, nor did it mobilize calcium in functional assays. This tool compound was the first
that could differentiate GPR30 from the classical estrogen receptors o and .

Since estrogens are responsible for a plethora of actions, understanding which receptor
contributes to which biological and pharmacological function allows for further
understanding of this system as well as for validating these receptors as potential targets for
new drugs. Numerous researchers have used this probe to characterize the role of GPR30's
in various /n vitroand /n vivo systems. For example, by using compound 7 as a tool in /n
vivo models, Lindsey et al. showed that estrogen acting through GPR30 may contribute to
the beneficial cardiovascular effects attributed to the hormone.#2 This probe molecule was
also used in experiments to suggest that the presence of ER-a, but not GPR 30, provides
protection against Hepatitis C viral infection in cell culture models.*3 Studies to understand
the contributions of each estrogen receptor to cognitive performance used compound 7 to
show improvements in spatial learning in animal models, compared to ovariectomized
animals. This work suggests that GPR30 may be a target for pharmaceutical intervention to
treat cognitive defects that offers advantages over targeting the classical estrogen
receptors.** Additional studies suggest a role for GPR 30 in disorders such as obesity,
multiple sclerosis?® and cancer.46

This work and the availability of such a tool have spurred additional studies, including those
to develop new tool compounds.#”48 The 1,2,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) derivative of 7, along with others, were synthesized and labeled
with 1111131 in order to evaluate their potential as imaging agents (Figure 3). The 111In-
labelled derivative 8 exhibited promising /n vitro results, but only moderate selectivity
between blood and tumor and tumor and muscle, and poor pharmacokinetics.*? Related
work r%ported the tricarbonyl chelate derivatives 9 and 10 as a potential SPECT imaging
agent.”
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An effort to identify antagonists of GPR30 was initiated based on the structure of compound
7. Focused testing of a small set of analogs led to the identification of compound 11 (G15)
(Figure 4). This close structural analog of 7 exhibits high affinity (20 nM) to GPR30, but
little or no affinity for ER-a or ER-f3 at concentrations up to 10 uM. In contrast to compound
7, however, it produced no calcium mobilization response and blocked the agonists effects
of 7 and classical estrogens. This antagonist tool compound has been evaluated in /7 vivo
models to further understand the role of GPR30, distinguish it from the classical estrogen
receptors, and to evaluate its potential as a drug target. Results using both the agonist and
antagonist probe point to the potential of targeting this newly characterized GPCR to treat
depression. In a tail suspension test that is used to characterize anti-depressant effects,
compound 7 reduced immobility time in a dose-dependent manner, while 11 alone had no
effect. However, pre-treatment with the antagonist (compound 11) attenuated the effects of 7
thereby confirming the involvement of GPR30.51 The GPR30 antagonist was used in a
provocative study that suggested that the neuroprotective effects of benzothiophene selective
estrogen receptor modulators (SERM's), such as raloxifene, work through GPR30 rather
than through ER-dependent or anti-oxidant mechanisms.>2 Second-generation antagonists
have been developed such as compound 12 (G36) shown in Figure 4.53 The design of this
molecule was based on docking studies of compounds 7 and 11 to ER-a that suggested the
ethanone moiety in 7 made critical H-bonding contacts with the GP30 receptor that were
responsible for receptor activation, and also sterically prevented binding to ER-a. This
structural feature is lacking in compound 11, thereby removing an important selectivity
determinant. To increase selectivity, the sterically demanding, but H-bonding incompetent,
isopropy| substituent was incorporated to afford compound 12. This compound, as designed,
maintains the antagonist activity towards GPR30, yet is highly selective over the classical
estrogen receptors.

A number of factors contributed to the successful identification and characterization of
GPR30 tools, as well as their widespread use by the research community. One major
influence was the co-localization of key investigators with highly specialized expertise. The
use of flow cytometry as a screening methodology, expertise in GPCR biology, as well as
access to sophisticated computational chemistry and informatics tools allowed for focused
and efficient screening, and the rapid characterization of compound 7.46 Furthermore, the
academic setting allowed prompt publication of the finding, and gave external researchers
rapid access to these tools.>* A search of Pubmed using the term “GPR30” lists 327
references, the first of which was published in 1997 and describes the identification of the
orphan receptor GPR30.37 Between 1997 and 2006, when the report of the agonist appeared
in the literature, only 23 papers were published on GPR30. Clearly the availability of tool
compounds contributed to the rapid interest and work in this area. Finally, the high risk
nature of this project — the identification of a probe molecule whose target, the first G-
protein coupled estrogen receptor was poorly understood - was ideal to be pursued in an
academic setting.

Probes of Molecular Chaperones: Chemical Modulators of Heat Shock
Protein 70 (Hsp70)

Molecular chaperones are essential for protein maturation. They play critical roles in cellular
processes, including protein folding, degradation, and transport, as well as the pathogenesis
of many human diseases. Heat shock proteins (Hsp's) are induced upon cellular heat
treatment and were also first discovered in this fashion. Since Hsp's prevent protein
misfolding and undesirable protein aggregation, they form part of the cytoprotective
response mechanism, counteracting apoptosis and autophagy. As a consequence of their
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antagonism of cell death, Hsp's are often overexpressed in malignancies,®® and their
inhibition can increase the sensitivity of cancer cell lines to antitumor agents.56:57:58

Hsp's are generally subdivided by their molecular weight into several families, including
Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, and other smaller congeners. Often, they are
recruited as multiprotein complexes with other cofactors and co-chaperones, and their
expression levels are interdependent.>® In contrast to Hsp90, which has attracted a large
amount of interest from cancer researchers in pharmaceutical companies and academia,
Hsp70 has remained a secondary drug target for many years. Recently, however, attention
has started to shift, in realization of the many potential benefits that the selective modulation
of this chaperone might bring to human health.%0

In addition to overexpression in various cancer types, Hsp70's are implicated in a variety of
pathological conditions. In the stressed environment of cells infected by parasites, such as
Trypanosoma or Plasmodium falciparum, or by viral strains, such as hepatitis B,
papillomavirus, HSV, or polyoma virus, Hsp70's are required for cell viability, and any
inhibition of their function impairs the spread of parasite or virus. Finally, Hsp70 function
has also been linked to neurological disorders, such as cystic fibrosis, Parkinson's and
Huntington's disease, Alzheimer's disease, and various ataxias.

Among the 13 known human Hsp70's, the constitutively expressed Hsc70, the endoplasmic
reticulum-localized GRP70, and the mitochondrial mtHsp70 are not considered as druggable
as the highly stress-inducible Hsp70, which is often not observed under normal conditions.
Two structural subunits in Hsp70, a C-terminal peptide-binding domain (PBD) and an N-
terminal ATPase domain, collaborate in substrate binding, refolding, and client release after
ATP hydrolysis. The main co-chaperones that are critical to Hsp70 function are J-domain
co-chaperones, such as Hsp40, that stimulate ATPase activity, nucleotide exchange factors
that catalyze the release of ADP, such as Hsp110 or HspBP1, and co-chaperones that
stabilize complexes with Hsp90 and Hsp90 client proteins, such as Hop and CHIP.

Due to the predominant therapeutic focus on Hsp90, the considerable complexity of multi-
protein chaperone complexes, and the slowly emerging knowledge on the multiple roles of
Hsp70, only a handful of Hsp70 agonists or antagonists have been developed to date. A
majority of these are either nonspecific, chemically unstable, or not amenable to further
improvements using medicinal chemistry strategies (Figure 5). Decoy targets of Hsp70, such
as the peptide ADD-70,51 have also been used to neutralize its function.

In a search for small molecule structural mimics of 15-deoxyspergualin and, especially,
NSC 630668, two known, albeit non-specific and not very potent Hsp70 inhibitors, a group
at the University of Pittsburgh identified a new class of Hsp70 modulators in 2004.58 These
synthetic compounds contain a pyrimidinone core, which makes them amenable for
diversification by multicomponent and cascade reactions. As a result, small molecule
libraries were readily obtained for screening purposes (Schemes 4 and 5). The Biginelli
dihydropyrimidine synthesis with p-ketoesters 13, aldehydes 14, and ureas 15 generated
heterocycles 16, which could further be subjected to an Ugi four-component condensation to
attach the peptoid side chains in Biginelli-Ugi hybrids such as 17.2 The novel Hsp-70
modulator 18 (MAL3-101) was one of the first compounds prepared in this ca. 360-
membered library. As of December 2012, 800 diverse bioassays on 158 of these
dihydropyrimidinones have been reported in PubChem,®3 and 105 compounds met active hit
criteria. Both active hits and inactive control reagents were thus available and allowed the
tailoring of the SAR in a diverse range of biological systems with potential involvement of
Hsp70. Mechanism of action studies established that lead structure 18 had no effect on the
KcaT for ATP hydrolysis but blocked the ability of Hsp70 co-chaperones to enhance Hsp70
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ATPase activity. Compound 18 also compromised the transport of a hascent polypeptide
into the yeast endoplasmic reticulum (ER), a cellular process that requires the interaction
between Hsp70 and a co-chaperone.

Select agents from these libraries exhibited notable activities, including: [1] inhibition of
breast cancer cell proliferation with no effect on normal cells,84 [2] synergistic effects on
multiple myeloma cell growth when combined with Hsp90 or proteasome inhibitors,? and
[3] interference with polyomavirus replication,5% which requires the recruitment of Hsp70 to
a viral-encoded oncoprotein. Compound 18 and its congeners have therefore proven
valuable as /n vitro probes for Hsp70 function under conditions in which knock-down
strategies are unavailable or are not readily transferable. For example, unique pyrimidinones
inhibited the insertion of tail-anchor proteins into biological membranes and thwarted
protein translocation and parasite replication in a 7rypanosomamodel .56 Other members of
this chemical family prevented the growth of A. falciparum in infected red blood cells, an
event that requires Hsp70 and co-chaperone function, thus further confirming the role of
Hsp70 in parasite replication.%” Finally, the specificity of one inhibitor class was established
by NMR and by multiplex expression profiling studies, which measure distinct cellular
responses to small molecule modulators. It was found that the pyrimidinone interacted with
the Hsp40 binding domain of the Hsp70 ATPase.%8

The probe character of compound 18 is illustrated by activities in >50 different international
research laboratories which have been using it as a selective Hsp70 modulator and by >30
research papers that apply it as a tool compound. These studies have further advanced the
understanding of the role of Hsp70 in cancer cell, viral and parasite replication.
Furthermore, as shown in Scheme 6, members of this chemical library can be used as a
platform to develop more selective lead structures against Hsp70-induced pathologies.%? The
lower molecular weight analogs of 18 have improved aqueous solubility properties and
lower lipophilicity, potentially moving this scaffold from the realm of tool compounds
closer to drug-like properties. Not surprisingly, preliminary PK studies have demonstrated
rapid metabolism in rodents, and work continues to increase potency and decrease the
metabolic liabilities in this series.

The development of compound 18 and its analogs to probe Hsp70 function took advantage
of a unique combination in chemistry and biology expertise that was available at the
University of Pittsburgh. At the time of the initial work, little was known about the role of
Hsp70 compared to Hsp90, and therefore research projects associated with Hsp70 would
have been considered high risk and purely academic. Nonetheless, early efforts to obtain a
tool compound to probe for biological pathways influenced by Hsp70 and to chemically
modulate the cellular activity of this chaperone have provided a chemical platform to
explore Hsp70 functions in cancer and other Hsp70-linked diseases, and inspired new
starting points for drug discovery efforts in the cellular stress pathway.

Deciphering Cannabinoid Receptor Biology: A Selective CB2 Agonist

Cannabinoid receptor (CB) agonists have been used as therapeutics throughout time in a
number of cultures. CB receptor agonists include A-9-tetrahydrocannabinol (A%-THC), the
active component of marijuana, and anandamide, an endogenous CB receptor agonist. The
therapeutic indications of cannabinoids include pain relief, appetite stimulation and
suppression of nausea. However, their psychoactive component, which includes euphoria,
cognitive dysfunction, drowsiness, and motor incoordination, limit their legal and practical
use as a therapeutic. To date, two cannabinoid receptors have been identified, CB1, which is
found primarily in the central nervous system, and CB2, which is mainly expressed on
immune cells in the periphery.”0 The distribution pattern of CB2 led to the hypothesis that a
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therapeutic that targets CB2 selectively may exhibit desirable therapeutic effects, including
pain relief, without the psychoactive side effects.”t

In order to test the theory of the differentiated therapeutic effects of activation of CB1 versus
CB2, agents that selectively activate CB2 were sought. One such agent, compound
AM1241, was developed at the University of Connecticut.”2 AM1241 was derived from the
known non-selective indole class of cannabinoid receptor agonists represented by
WIN55212-2 and JWH-015 (Figure 6). Compared to earlier agonists that exhibited modest
selectivities, AM1241 exhibited 82-fold selectivity for CB2 over CB1 based on binding
affinity assays (Table 1).”3 AM1241 bears significant structural similarity to the earlier, less
selective agonists, but is differentiated by the indole nitrogen substituent and the specific
benzoyl aromatic moiety.

Significantly, using AM1241, it was demonstrated that a selective CB2 receptor agonist
provides relief of pain without the psychotropic effects produced by a pan-cannabinoid
receptor agonist.”2 After injection of AM1241 into the hindpaw of a mouse, analgesic
activity toward a thermal stimulus applied to the same paw was observed. Co-administration
of a CB2 receptor antagonist blocked the effect, while a CB1 antagonist did not. The results
of this initial study led researchers to investigate the use of a CB2 receptor selective agonist
for the treatment of pain as well as other disease states that involve the CB2 receptor. To
provide evidence that the anti-nociceptive activity of AM1241 is caused by direct
association with CB2 in vivo, the effects of AM1241 in several pain models comparing wild
type (CB2+/+) mice and genetically modified CB2+/+ mice were studied. It was found that
AM1241 inhibited nociception in CB+/+ mice, but not CB2+/+ littermates, providing strong
evidence of its direct activation of CB2.74

Since its initial disclosure, AM1241 has been used by many groups to evaluate the role of
cannabinoid receptors in various models of pain, including in animal models of
inflammatory pain,”®7® neuropathic pain,’’ capsaicin-induced pain,’® postoperative pain,’®
and pain caused by cancer.80 Amongst these studies, there were no reports of psychotropic
side effects, further confirming the differentiation between the CB1 and CB2 receptors.

Although initial studies suggested that CB2 is only expressed in the periphery, AM1241 was
used as a probe to complement the findings that CB2 receptor gene expression is up-
regulated in both the spinal cord and dorsal root ganglia (DRG) tissues in rats under
inflammatory and neuropathic pain models.81 In a study conducted by Beltramo et al.,
AM1241 was shown to dose-dependently inhibit capsaicin-induced release of the pain
biomarker calcitonin gene-related peptide (CGRP) in rat spinal cord slices, a result that also
suggests the presence of CB2 in neurons of the spinal cord.82

The availability of AM1241 enabled experiments that elucidated the mechanism of action of
CB2 in the periphery, outside the CNS. One research group demonstrated that the
antinociceptive response of AM1241 is caused by released endogenous opioid peptides,
specifically B-endorphin, acting on neurons.83 Interestingly, other CB2 agonists including
GW405833, exhibited antinociception without the release of endogenous opioids.84 In
another study, it was shown that the nociceptive behavior of cannabinoids, WIN 55212-2
and AM1241, is mediated in the periphery through activation of TRPAL, a cation channel
that is known to play an important role in pain modulation.8>

The ready availability of AM1241 has allowed its pharmacology to be studied thoroughly,
and this work has led to the conclusion that its effects are complex. Studies by Yao et al.86
and Bingham’® revealed that AM1241 has varied pharmacological effects, depending on the
assay conditions. Yao et al. concluded that AM1241 is a protean agonist, meaning that the
ligand can act as an agonist, antagonist or inverse agonist at the same receptor and its
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functional activity is dependent upon the relative level of constitutive activity of the system.
Confounding the complexity of its pharmacology is that AM1241 is a racemate. Researchers
at Wyeth separated the enantiomers and compared activities of (R,S}-AM1241, (R)-
AM1241, and (5)-AM1241 in both affinity assays and efficacy (CAMP) assays.
Interestingly, the R-enantiomer exhibits a 44-fold higher affinity to the human CB2 (hCB2)
receptor than the S-enantiomer, with similar results for the rat and mouse CB2 receptors
(rCB2 and mCB?2). In the cCAMP assay, agonist activity is observed for (R,S)-, (R)- and (S)-
AM1241 against hCB2, whereas with rCB2 and mCB2, racemic and (R)}-AM1241 are
reverse agonists and (S}AM1241 is an agonist. These experiments demonstrate the
differential effects of the enantiomers of AM1241 as well as their difference in activity in
rodent versus human CB2.

Since the discovery of AM1241, the development of selective cannabinoid agonists and
antagonists has been a very active area of research, with additional CB2 selective agonists
such as 19 (JWH-120) and a series from Abbott Laboratories (Figure 7, compounds 20 &
21) described.”387 As evident by these examples, continued pursuance of this series of
compounds over the years has led to further significant improvements in selectivity.

Non-indole CB2 agonists have since been identified. Notably, pyrimidine 22 (Figure 8),
developed by GSK, was studied in a phase 2 clinical trial to evaluate its analgesic efficacy in
patients following third molar tooth extraction. Unfortunately, the compound was not
effective in this trial.88:89 Compound 23 (Cannabinor), another selective CB2 agonist, was
tested in a phase 2a trial for the treatment of capsaicin-induced pain and also found to be
ineffective. The lack of efficacy despite promising in vivo activity is not well understood.

AM1241 has been used as a probe in more than 50 peer-reviewed publications, by academic
and pharmaceutical laboratories. The discovery and availability of this compound opened
new avenues to study the effects of selective CB2 agonism, especially in relation to pain
relief. In particular, it allowed rapid developments in the understanding of CB receptors and
provided proof of concept that the known beneficial and problematic effects of THC can be
separated. Its discovery in the academic setting was advantageous to cannabinoid and
therapeutic research areas in that its rapid disclosure in the literature followed by its
commercial availability from at least 10 vendors allowed for its wide use as a tool
compound.

Probes of B-Amyloid: Pittsburgh Compound B (PiB)

Alzheimer's disease (AD), the most prevalent form of dementia, affects over 18 million
people worldwide. It and other dementias are characterized by progressive memory loss and
cognitive decline. The distinguishing feature of AD, compared to other causes of dementia,
is the presence of neuronal plaques that consist of B-amyloid peptide (AB). This
characteristic, evident only on autopsy, provides the definitive diagnosis of the disease.%°
Due to a lack of useful biomarkers, diagnosis of AD in patients relies on a battery of mental
status exams, medical history, physical and neurological exams and laboratory tests to rule
out other causes of dementia. A non-invasive detection method for the presence of AB would
aid in the diagnosis of the disease at an early stage, before extensive neuronal damage
occurs, and allow researchers to study the progression of the disease as it relates to
production of Ap.

One method to detect the presence of AB in live patients is positron emission tomography
(PET), whereby a radiolabeled ligand that binds selectively to AP acts as an imaging
agent.%1 One of the first such B-amyloid (AB) imaging agents, Pittsburgh Compound B
(PiB), was developed at the University of Pittsburgh Medical Center. It is a carbon-11-

J Med Chem. Author manuscript; available in PMC 2014 September 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huryn et al.

Page 11

radiolabeled analog of thioflavin-T.92 After its report in 2003, more than one hundred
studies in which this agent was used were published.%3

From a medicinal chemistry stand point, the inspiration for the discovery of PiB arose from
thioflavin T (Scheme 7), a dye that binds to amyloid fibrils. The use of such a compound /n
vivo, however, is thwarted by its lack of brain penetration, presumably due to the charged
nitrogen atom. Thus, researchers from the University of Pittsburgh Medical School prepared
the neutral demethylated analog of thioflavin T, 24 (6-Me-BTA-2)92:94 and found that this
compound had both improved binding affinity to Ap fibrils and improved brain penetration
compared to thioflavin-T. SAR studies, through preparation of numerous analogs including
those with varied R and R, substitutions (Structure 25, Scheme 7), provided compounds
with further improved binding affinity and brain permeability. Amongst these, PiB (also
referred to as Atmethyl-[11C]6-OH-BTA-1), was identified as an analog that exhibited
optimal properties as an imaging agent, including potent and specific binding, high brain
penetration and rapid brain clearance rate.

PiB binds to aggregated AB(1-40) fibrils with a binding affinity (Ki) value of 4.3 nM as
measured by its ability to displace [A-methyl-3H]BTA-1. As predicted by its logP¢1g (1.2)
and logPcg values (1.3), at two minutes after injection, PiB exhibits adequate brain
penetration in mouse and baboon (0.21% and 0.27% of injected dose per gram of brain
normalized to body weight, respectively) for use as a radiotracer. Furthermore, as compared
to the other analogs tested, PiB had the fastest clearance rate in both mouse and baboon with
a ty» from baboon brain of 13 min, a value that is similar to known PET radioligands, and
an important safety characteristic.

Additional /n vitro characterization of PiB was performed to confirm its utility. Binding
studies with a tritiated analog of PiB indicated that it binds to homogenates of postmortem
AD frontal cortex with a Kd value of 1.4 nM and does so with 1:1 stoichiometry to AB under
saturating conditions. Alternatively, there was no appreciable binding to homogenates of
postmortem frontal cortex from a non-diseased control brain. Utilizing non-radiolabled PiB,
it was found that amyloid plaques and cerebrovascular amyloid were stained in a similar
manner to that of an AB antibody. These data confirm the binding affinity and specificity of
PiB for AP deposits. The cumulative /n vitroand in vivo data collected for PiB led to the
selection of this compound for evaluation in humans.

The first human study using PiB was reported in 2004, less than two years after the initial
publication.% In this proof-of-concept study, involving 16 patients with a diagnosis of mild
AD and 9 healthy controls, increased retention of PiB was observed in the frontal cortex, a
brain region where AB accumulates, in AD patients compared to most healthy controls. By
the year 2008, four years after the first reported study of PiB in humans, the compound had
been used in approximately 3,000 people in over 40 medical centers centers, and was
considered the “gold standard” as an amyloid PET tracer.9!

Assuming a disease modifying therapy for AD is imminent, and that the presence of A is
predictive of the onset of the disease, an A imaging agent would be a valuable diagnostic
tool for predicting the onset of AD before symptoms of memory loss and dementia occur.
As such, studies with PiB have involved healthy elderly individuals and patients diagnosed
with mild cognitive impairment (MCI), as well as AD. In one study, PiB uptake in non-
demented elderly subjects was associated with decreased episodic memory performance, a
characteristic that may be suggestive of incipient AD. In a study that involved 206 subjects
over 3 years, MCI subjects and healthy individuals who had high PiB retention were more
likely to progress to AD than those with low PiB retention.%® The same study revealed that
amyloid burden increases gradually as patients progress from cognitive normality to late
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stage AD, and that extensive AB deposition precedes cognitive impairment. The findings
from this study and others indicate that there may be a window of opportunity to reverse the
course of Alzheimer's disease following a finding of PiB retention and before the onset of
symptoms, and further underlines the importance of this molecule, and others like it.

A notable use of PiB was in a phase 2 clinical trial of the immunotherapeutic bapineuzumab,
an antibody of AB.%” PiB PET was used to measure reductions of cortical AB fibrils in
patients with mild to moderate AD. The outcome of the trial indicated that bapineuzumab
treatment over a 78-week period reduced cortical fibrillar A by approximately 25%
compared to placebo. It was noted that while bapineuzumab binds to Ap oligomers as well
as diffuse and complex plaques, PiB binds only to fibrillar AB. Therefore the effect of the
drug using this measurement might be underestimated. Nevertheless, this trial represents the
use of PiB to monitor AP reductions as a result of an anti-Af drug in a clinical trial. In
addition to its purposes for studying amyloid production in relation to AD, PiB, also has
been studied in individuals with other diseases or disorders with amyloid pathology
including fronto-temporal lobar dementia, Parkinson's disease,? dementia with Lewy
bodies,?® cerebral amyloid angiopathy, and prion disease.3

Carbon-11's half-life of 20 minutes poses both advantages and disadvantages when it comes
to the practical use of PiB as a PET tracer. The short half-life allows for sequential imaging
studies in the same participant to be performed on the same day. The major disadvantage,
however, is that very few sites worldwide have a cyclotron, the instrument required for the
on-site production of short-lived C-11 radiolabeled PET tracers. Fluorine-18 (F-18) labeled
tracers, with a significantly longer half-life addresses this shortcoming. To make this probe
more widely accessible, severalF-18 labeled tracers that target AR have been developed
including compound 26 (also referred to as [F-18]3'F-PiB and F-18-Flutemetamol, Figure
10), also developed at the University of Pittsburgh Medical Center.19° This compound
successfully completed phase 1 and 2 clinical trials101:102 and is currently being evaluated in
phase 3 trials, and has comparable patterns of binding in /n vivo PET retention studies and
should have much wider accessibility compared to [C-11]PiB.

The discovery of PiB has influenced the design of other amyloid tracers including [F-18]-
florbetapir (Amyvid)193 and [F18]-florbetaben (Figure 10).194 Florbetapir F-18 was
discovered in the lab of Hank F. Kung at the University of Pennsylvania, and licensed for
development by Avid Radiopharmaceuticals Inc., now a subsidiary of Eli Lilly. Recently,
the FDA approved Amyvid as the first approved PET imaging agent to estimate Ap plaques
in patients with cognitive impairment. Differing by only one atom, [F18]-florbetaben is
being developed by Bayer Schering Pharma AG and is currently in Phase 3 clinical trials.

The academic research environment provided an ideal setting for the discovery of PiB for a
variety of reasons. First, the researchers had access to highly specialized facilities, resources
and expertise — including access to a cyclotron at the University of Pittsburgh Medical
Center, which is available at relatively few institutions, as well as a access to tissue and
brain samples that made the development of PiB possible. Secondly, at the time these efforts
started, the value and use of a B-amyloid imaging agent was questionable because the
amyloid hypothesis was not well accepted and research for AB lowering therapies was in an
early stage of discovery. The development of other imaging agents targeting f-amyloid
attests to the value of this work. The large number of AP targeting therapeutics in clinical
trials makes the need for these diagnostics urgent.
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Conclusion

The examples in this perspective highlight five diverse probe and tool compounds that
emanated from academic laboratories. ROS sensors probe a biological response that has
helped to define the timing and elucidate the pathways of stress responses and cellular
degeneration. Their development in an academic setting was fostered by a focus on
identifying tools to understand basic biology and cellular metabolism, rather than launching
a commercial therapeutic. Compound 7 (G-1) and subsequent analogs were crucial in de-
orphaning a new GPCR and understanding its role in estrogen-mediated pharmacology, and
are representative of high-risk projects that are well suited for an academic environment.
Their discovery relied on specific expertise in computational chemistry, GPCR biology and
flow cytometry that was co-localized. Similarly compound 18 (MAL3-101) and its analogs
were essential to interrogate the role of Hsp70 in a range of biological systems as well as
identify chaperone involvement in normal and abnormal cellular stress response. Their
development relied on a unique combination of expertise in synthetic organic chemistry and
fundamental Hsp biology at Pittsburgh, and a willingness to pursue high-risk exploratory
projects. The academic setting allowed ready access for many research groups to AM1241,
which in turn contributed to the thorough understanding of cannabinoid receptor biology and
served as a starting point for drug discovery efforts. PiB is an atypical tool compound in that
it detects a specific structure and is useful as a diagnostic agent, rather than a therapeutic. As
such, it has provided important understanding about the time course of AD pathology,
potential risk factors, and the effectiveness of certain therapies. The unique access to
cyclotron technology and Alzheimer's patients, as well as AD tissue and brain samples was
crucial to the development of PiB. By continuing to take advantage of the special expertise
resident in university settings, and the ability to pursue novel projects that may have limited
commercial value, probes from academic researchers can continue to provide valuable tools
for biomedical researchers. Furthermore, the current environment in the commercial drug
discovery arena may lead to even greater reliance on academia for identifying suitable probe
and lead structures, and other tools to interrogate biological phenomena. We believe that the
collaboration of chemists who apply sound chemical concepts and innovative structural
design, biologists who are fully committed to mechanism of action studies, institutions that
understand portfolio building and risk sharing in IP licensing, and funding mechanisms
dedicated to provide resources leading to the launch of Phase | studies will provide many
future successful case studies toward novel therapeutic breakthroughs.
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Figure 1.

The mitochondrially-targeted fluorescent dyes 1, MitoTracker Red CXMRos, and the ROS
detecting MitoSOX and 2.
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17-beta estradiol

Figure2.
Structure of 17-B-estradiol and 7.
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Figure 3.
GPR30 imaging agents.
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Structure of GPR30 antagonists 11 and 12.
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Structures of inhibitors of Hsp70 and related heat shock pathway modulators.
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Structures of CB2 Agonists.
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Figure7.

Recent examples of selective CB2 agonists
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Non-indole CB2 agonists.
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Structure of Pittsburgh Compound B (PiB).
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Structures of compound 26, [F-18]Floretapir and [F-18]Florbetaben
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Reactive species with unpaired electrons:

ROS RNS

NO-: nitric oxide

O,"": superoxide radical anion ) o
NO,': nitrogen dioxide

HO-: hydroxyl radical
H,O-: hydroperoxyl radical
RO-: peroxyl radical

Reactive species with paired electrons:

ROS RNS

H,0,: hydrogen peroxide ONO,": peroxynitrite
O;: ozone NO-: nitroxyl anion
10,: singlet oxygen NO*: nitrosyl cation

NO,*: nitronium cation

Scheme 1.
Categories of reactive species.
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Scheme 2.
ROS trigger apoptosis through the release of cytochrome ¢ from mitochondria.
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Scheme 3.
Triple sensing fluorescent probe design.
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Preparation of Hsp70 modulators by consecutive multicomponent reactions: Tandem
Biginelli-Ugi process and structure of lead compound 18.
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Scheme 5.

Dihydropyrimidinone library synthesis.
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Structural modifications of the Hsp70 probe molecule 18 lead to changes in the biological
profile.
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Evolution of PiB from Thioflavin T.
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Table 1
Binding Affinities of CB2 Agonists
Compound CB2Ki (nM) | CB1Ki (nM) | Fold-Selectivity
AM1241 34 280 82
WIN 55212-2 | 0.3 1.9 6
JWH-015 14 383 27
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