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Discovery of Novel Inhibitors of Ornithine Decarboxylase in

Trypanosoma brucei:

Development and application of a Targeted High-Throughput Screening Program
David C. Smithson
Abstract

Human African Trypanosomiasis (HAT), caused by the eukaryotic parasite
Trypanosoma brucei, is a serious health problem in much of central Africa. The only
validated molecular target for treatment of HAT is ornithine decarboxylase (ODC), which
catalyzes the first step in polyamine metabolism. Herein, we describe the optimization of
high throughput screening protocols at St. Jude Children’s Research Hospital as well as
the development of a high-throughput compatible assay for ODC. We have used this
assay to screen 316,114 unique molecules to identify potent and selective inhibitors of
ODC. This effort identified four novel families of ODC inhibitors, including the first
inhibitors selective for the parasitic enzyme. These compounds display unique binding
modes, suggesting the presence of allosteric regulatory sites on the enzyme. Docking of a
subset of these inhibitors, coupled with mutagenesis, also supports the existence of these

allosteric sites.
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Chapter 1

An Overview of Human African Trypanosomiasis, its Treatment and

Modern Drug Discovery



1.1 Origins of the Disease

The earliest reports of African Trypanosomiasis, caused by subspecies of the
eukaryotic parasite Trypanosoma brucei, are from ancient Egyptian papyri describing the
cattle version of the disease (also known as nagana) dating back to the 2" millennium
BC.' In 1373, the death of the Emperor of Mali was attributed to a disease with similar
characteristics to Human African Trypanosomiasis (HAT). Further reports of the disease
do not appear until after European exploration of Africa began in the 1700’s. In 1734
John Atkins, an English naval surgeon, published a report detailing the neurological
effects of the disease in Negros.” Almost 75 years later in 1803 an English medical doctor
named Thomas Winterbottom characterized the swollen lymph glands at the base of the
neck that are indicative of early stage HAT. This swelling is now knows as
Winterbottom’s sign.” The famous Scottish missionary David Livingston was the first to
suggest that the disease was spread by the tsetse fly after an encounter with nagana in the
valleys of the Limpopo and Zambezi rivers in which all cattle he had brought with him
died after being bitten.'

By the mid 1800’s, reports of trypanosomes in the blood of a wide range of
animal species began to surface. Valentin, a professor of physiology at the University of
Berne reported the presence of flagellates in the blood of brown trout in 1841 while
Gluge, Mayer and Gruby (who created the Trypanosoma genus) published independent
reports of trypanosomes in frog blood. Other reports quickly followed and were
confirmed describing various trypanosome species in rats, camels, horses, mules, cattle

and other wild animals.” In 1894, the Scottish army surgeon David Bruce discovered



Trypanosoma brucei brucei while studying nagana in the Umbombo district of Natal
Province of South Africa.” He further showed that the parasites were the causative agent
of the disease by inoculating a healthy dog with the blood of an infected antelope.” In
addition, he clearly implicated the tsetse fly (Glossina palpalis) as the disease vector by
dissecting the flies after they bit an infected animal and showing the presence of live
parasites in the proboscis and stomach of the flies.* However, due to the outbreak of war
in the area he was unable to continue his experiments long enough to establish the
presence of a developmental cycle within the fly and as a result hypothesized that
transmission was simply mechanical.?

The first description of trypanosomes in humans was published in 1902 by Robert
Michael Forde, a British Colonial surgeon who examined the blood of a Gambian
steamboat captain and reported the presence of tiny worms. These were identified a few
months later by Joseph Everett Dutton as trypanosomes and given the species name
Trypanosoma gambiense (now known as Trypanosoma brucei gambiense).”® Following
this discovery, the field advanced rapidly for the next several decades. In 1903, Bruce
reported that T. brucei gambiense was the causative agent of sleeping sickness in man,
though Aldo Castellani, a young Italian doctor claimed to have made the observation

7-10
first.

This controversy has stretched on into modern times and is not likely to be
cleanly resolved. In 1909, Friedrich Karl Kleine reported the full cyclical transmission
cycle of T. brucei by tsetse flies, causing Bruce to revise his mechanical transmission
theories and describe the full developmental cycle of the parasites within the insect.” !

Shortly after this, the second human pathogenic species Trypanosoma rhodesiense (now

known as Trypanosoma brucei rhodesiense) was isolated from a patient in Northeast



Rhodesia (Zimbabwe) by John William Watson Stephens and Harold Benjamin

Fantham.'?

This parasite strain was significantly more virulent in rats than T. b.
gambiense and was found to be transmitted by Glossina moristans, a species of tsetse fly

found in the East African savannah. In 1912 game animals were found to act as a

reservoir for the parasite.

1.2 Historical Efforts to Control Human African Trypanosomiasis

As European involvement in Africa increased during the 19" century so did their
efforts to treat and control sleeping sickness. The first major recorded HAT epidemic
occurred from 1896 to 1906 during which some 900,000 estimated deaths occurred in the

Congo, Uganda and Kenya." '*

This devastation prompted colonial administrations to
devote significant resources to the discovery of treatments for HAT as well as methods to
control the tsetse fly vectors. The first reported chemotherapy for sleeping sickness was
arsenic, which had been used by David Livingstone as a treatment for tsetse bite.'” This
approach was confirmed in 1902 when Lavaren and Mesnil showed that sodium arsenite
was able to reduce parasitemia in the blood of laboratory animals.” In 1904, the use of the
experimental drug atoxyl (Fig 1.1) was reported by Harold Woferstan Thomas and Anton
Breinl to cure infections in infected animals. However, when Robert Koch used the
compound in humans, it proved to be highly toxic, resulting in 22 cases of total blindness
in a group of 1622 treated patients.' Koch consulted with Paul Ehrlich, who had already

made progress in the field of anti-microbial agents by using methylene blue to treat

malaria in 1891 — the first example of a synthetic compound being used as a drug.'®



Ehrlich had already started work on Trypanosomiasis in 1904 and had shown that the
trypan red dye was curative for T. equinum, a trypanosome species afflicting horses in the
Americas. However, this agent was not effective versus T. brucei.' In 1916, Ehrlich’s
former assistant Wilhelm Roehl, with the assistance of Bayer pharmaceuticals developed
suramin (Fig 1.1), a derivative of trypan red which is still in use today as a treatment for
HAT. One year previously, in 1915, Michael Heidelberger developed an improved
organo-arsenical drug which he named tryparsamide. (Fig 1.1) This was the first
compound effective versus late stage HAT and was often used in combination with
suramin.

During the second major sleeping sickness epidemic, which occurred from 1919
to the early 1940’s, this combination was used to great effect by mobile treatment teams
moving from one outbreak foci to the next. This approach lead a decrease in prevalence
levels from 60% to 0.2%.' Besides chemotherapeutics, colonial powers attempted to
control spread of the disease by both removing tsetse fly habitat and killing game animals
serving as reservoirs for the parasite, which lead to a significant decrease the fly
population.'* Pentamidine, a diamidine compound effective versus early stage HAT, was
developed in 1937 by chemist Arthur James Ewins, though it was not used in the field
until 1942."" ' (Fig 1.1) This drug remains in use as a front line therapy for HAT and
resistance in the field is still low, despite extremely heavy use both as a single agent and
in combination therapies.'®.

Following World War II, several other important advances were made. The first
of these was the deployment of DTT to control tsetse fly populations in 1949. ' At the

same time, the arsenical melarsoprol (Fig 1.1) was developed by Ernst Friedheim. This is



still the only drug effective against late stage T. b. rhodesiense.! The combination of
effective chemotherapeutics, tsetse fly control and active monitoring programs lead to a
dramatic decrease in HAT, almost completely eliminating the disease by the 1960’s."
Disease levels remained low until the late 1970’°s, when decreased surveillance as a result
of political instability in the region coupled with the world-wide ban of DTT lead to the

third major HAT epidemic."
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Figure 1.1 — Chemotherapeutic Agents for Human African Trypanosomiasis
This epidemic peaked in the mid 1990’s and is now in decline (though levels are still not

back to 1960’s levels) thanks in large part to increased surveillance, tsetse fly trapping



programs and the introduction of the non-toxic drug eflornithine (Fig 1.1) in the early

1990°s 1,20, 21

1.3 Current Disease Epidemiology

Of the three described subspecies of Trypanosoma brucei, T. b. brucei, T. b.
gambiense and T. b. rhodesiense, only the last two cause disease in humans. The current
combined infections of both T. b. gambiense and T. b. rhodesiense is estimated at
approximately 50,000 to 70,000 active cases with 17,500 new cases per year.** Since this
disease predominately affects the productive age groups (15 to 45 years) it also has a
major impact on the economies of endemic regions. In 2000, the WHO estimated that
almost 2.05 million disability adjusted life years were lost due to sleeping sickness.” The
disease is uniformly fatal if left untreated.

The difference between human infective and non-infective subspecies of T. brucei
is largely due to their response to a lytic factor found in human plasma. As early as 1907
it had been noted that trypanosomes isolated from animals would lyse when exposed to
human serum.** This has since been traced to the presence of the apolipoprotein L-I
(apoL-I) in human serum which is thought to insert in the trypanosomal membranes
creating pores and resulting in lysis.” 2® T. b. rhodesiense expresses a membrane
associated resistance protein (serum resistance associated protein, SRA) which grants
resistance to this process. Interestingly, T. b. gambiense does not express this protein, and
the genetic basis of its resistance to apoL-I is still unknown.”” SRA has been isolated

from a wide range of T. b. rhodesiense field samples and is used as a molecular marker to



distinguish the various subspecies.”” ?* It should be noted that it is possible for T. b.
brucei to acquire resistance to apoL-I in laboratory settings through mechanisms other
than SRA, suggesting that host switching may be possible in the field as well.*’

Although it does not infect humans T. b. brucei still has a major economic impact
in Africa due to its effect on animal populations. It is able to infect a wide range of
domestic livestock species and results in the wasting disease nagana which David Bruce
originally began studying in the early 1900’s.” The presence of this disease severely
limits the land area available for agricultural use in endemic areas.™

T. b. rhodesiense, the causative agent of East African Trypanosomiasis, is often
characterized as a host-range variant of T. b. brucei based on biochemical analysis of
genomic DNA.'* However, classic taxonomical data disagrees with this assessment. East
African Trypanosomiasis is a more acute form of sleeping sickness which typically
results in death due to pancarditis or pulmonary edema several months after infection.”
This disease progresses rapidly, often entering the CNS stage only weeks after infection.
It is endemic to southeast Africa in relatively limited foci.”? (Fig 1.2) Although it
accounts for only 10% of the reported cases the rapid progression leads to a higher
mortality rate than the disease caused by T. b. gambiense.’’

West African Trypanosomiasis, caused by T. b. gambiense is the more chronic
version of the disease. These infections progress relatively slowly and take several
months to progress to the CNS stage. This subspecies is more widespread and is endemic

across western and central Africa, accounting for over 90% of HAT infections.”* (Fig

1.2)
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Figure 1.2 — Distribution of Human African Trypanosomiasis

1.4 Current Vector Control Efforts

Since the elimination of DTT spraying and ground clearing programs in the
1970’s efforts to control the tsetse fly population efforts have largely centered on
trapping of the flies. Traps were designed with shapes, colors and odors designed to
attract the flies.”> Advances in insecticides which were toxic to the flies with minimal
impact on mammals made it possible to use the traps to economically control the flies in

33:3% Fyrthermore, it was shown that trap barriers could be created to protect

limited areas.
tsetse free areas from infestation. Over 27,000 traps were deployed in Zimbabwe with a
high degree of success.'* However, despite the success of traps in some regions wide-
spread adoption has been limited, particularly in areas which are difficult to access. Pour-

on insecticides which allowed farmers to treat livestock and prevent fly bites have also

been used successfully.™



In 2001 a major effort to eliminate the tsetse fly from Africa was launched by the
Organization of African Unity.*® This project combined traps, insecticide treated targets
and aerial spraying approaches to reduce fly populations followed by release of sterile
male flies to eliminate the target species. This technique relies on the creation of sterile
male flies by brief exposure to high energy radiation and has been used to eliminate the
fly population on the island of Zanzibar.”” However, despite its success in a controlled
island environment, many scientists are concerned that attempting this in a large open
environment such as sub-Saharan Africa will fail.*® This is due to both the cost of
producing sterile flies as well the fact that there are at least 7 different species of fly
which can serve as vectors for trypanosomiasis. In short, it seems unlikely that the vector

responsible for spreading HAT will be eliminated soon.

1.5 Current Chemotherapeutics

There are currently four agents used therapeutically for the treatment of HAT,
suramin, pentamidine, melarsoprol and eflornithine. (Fig 1.1) Of these, suramin and
pentamidine are only used in pre-CNS infections, while melarsoprol and eflornithine are
both effective in late-stage HAT.

Suramin is the recommended treatment for early stage T. b. rhodesiense
infections. The drug is poorly bioavailable due to the fact that it has 6 negative charges at
physiological pH. As a result, it must be administered intravenously and is unable to pass
the blood-brain barrier. Once in the bloodstream it binds tightly to serum proteins and

LDL components, resulting in a 44-54 day half-life.* The binding of suramin to LDL

10



also facilitates its uptake into the parasite.”’ The mechanism of action is not clear
although several possibilities have been proposed including inhibition of glycolytic
enzymes, lysosomal accumulation and inhibition of LDL uptake.* Polyamine
metabolism has also been suggested as a possible target since suramin is synergistic with
eflornithine, a known inhibitor of polyamine biosynthesis.** It is likely that the
trypanocidal effects are due to a wide range of intracellular activities. This is supported
by the fact that no clinical resistance to this drug has been reported, and efforts to raise
resistant parasite strains in the laboratory have failed.* Immediate side effects of
suramin include nausea, vomiting and collapse. Long term reactions include exfoliative
dermatitis, kidney damage, agranulocytosis, hemolytic anemia, jaundice and severe
diarrhea, all of which can be fatal.®

Pentamidine is the drug of choice for early T. b. gambiense infections, though it is
used as second line therapy for T. b. rhodesiense cases when suramin is contraindicated.**
Like suramin, the drug is relatively poorly bioavailable, does not cross the blood-brain
barrier and is typically administered intramuscularly. The drug is approximately 70-80%
bound to plasma proteins with an average plasma half-life of 12 days. Elimination occurs
via metabolic processes, only 11% is passed in the urine.*’ Pentamidine is accumulated in
T. brucei species at concentrations in excess of 1 mM.* Several transporters have been
implicated in this process, including the P2 aminopurine transporter, the high-affinity
pentamidine transporter (HAPT1) and the low-affinty pentamidine transporter
(LAPT1).*” ** % Deletion of these transporters has been shown to result in resistance to
the drug.”® The mechanism of action is poorly characterized, though the compound has

been shown to bind to DNA both in the nucleus and in the kinetoplast possibly interfering

11



with topoisomerase II activity.”' It has also been shown to inhibit S-adenosylmethionine
decarboxylase, an enzyme in the polyamine biosynthetic pathway, though no changes in
cellular polyamine levels are observed in pentamidine treated T. b. brucei, indicating that
this is unlikely to be the mechanism for whole cell toxicity.” Significant resistance in the
field has not been reported despite heavy use as both a prophylactic and therapeutic agent
for many years.* Side effects of pentamidine usage include nephrotoxicity, diabetes
mellitus and hypotension.*

Melarsoprol was the first drug developed effective versus late stage HAT. This
drug contains a reactive arsenoxide group as well as a melaminophenyl group which is
thought to be recognized by the P2 transporter system in T. brucei.” It is highly insoluble
in water and is administered intravenously as a propylene glycol solution. The drug is
highly toxic, resulting in a reactive encephalopathy in 5 to 10% of patients with a 50%
fatality rate.** Other side effects include vomiting, peripheral neuropathy, abdominal
colic, arthralgia and thrombophlebitis.*’ Despite this, the drug is the only therapeutic
option for late stage T. b. rhodesiense infections with accumulations across the blood-
brain barrier reaching 1-2% of peak plasma levels.”* The compound acts as a pro-drug in
which the active trivalent arsenic moiety is protected with 2, 3-dimercaptopropanol. Once
injected it is rapidly converted into merlarsen oxide and binds reversibly to serum
proteins.” The metabolite is then rapidly eliminated from plasma with a half-life of 3.9
hours.®® After transport into the trypanosomal cell, the drug, like the previous two, is
likely to be acting through a wide range of mechanisms. Trivalent arsenic compounds are
known to be promiscuous inhibitors and could conceivably be inhibiting a variety of

cellular targets. The drug acts quickly, causing rapid lysis of trypanosomes following

12



exposure.”’ A small percentage of patients (5-10%) have relapsed following treatment for
unknown reasons. In some regions this number increases to 30%, suggesting that
resistance may eventually become limiting for this compound.”™ >

The final and most recently developed drug in use versus HAT is eflornithine
(diflouromethylornithine, DFMO), a selective inhibitor of ornithine decarboxylase
(ODC). This compound is also effective in late stage disease, but only versus T. b.
gambiense infections. It is the only HAT chemotherapeutic agent with a well defined
mode of action, acting as an irreversible suicide inhibitor of ODC. Although it inhibits
the human homologue with similar potency to the trypanosomal enzyme, eflornithine is
relatively non-toxic due to a difference in turn-over rate between the mammalian and
parasitic enzymes.®® In addition to this difference, the mammalian polyamine pathway is
substantially more robust than that of the trypanosome, meaning it is much less
susceptible to chemotherapeutic perturbation.®” ® As a result of both of these,
eflornithine is relatively non-toxic with typical dosing at 400 mg/kg in four daily
infusions over 2 hours for 7 or 14 days.* However, such dosing schedules makes the
drug both expensive and difficult to use in the field. Eflornithine decreases polyamine
levels in trypanosomes, resulting in a range of downstream effects including a general
decrease in DNA, RNA and protein synthesis, preventing the synthesis of new surface
glycoprotein and morphological and biochemical changes similar to those observed
during transition to the non-dividing short stumpy form.** In cell culture, treatment with
eflornithine results in cytostasis, while patients with intact immune systems the

trypanosomes are rapidly cleared from the blood.*
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Two agents are currently undergoing (or have recently undergone) clinical trials
for use versus T. brucei infections. The first of these is pafuramidine (DB289) a
bioavailable analogue of pentamidine which is able to cross the blood-brain barrier.”
(Fig 1.1) This compound has showed efficacy in murine models and has passed phase I

S 63, 64
trials in humans.”™

However, this compound has recently been removed from the clinic
due to renal toxicity issues in the Phase II clinical trial. The second agent in clinical trials
is nifurtimox, an agent used in the treatment of Chagas’ disease. This compound is in
phase II and III studies in combination with eflornithine, though early results indicate that
toxicity will be problematic. Several of the trials were terminated prior to completion due
to biochemical and hematological adverse events.”” However, with different dosing

schedules designed to minimize toxicity, it is possible that this compound will prove

useful in the treatment of HAT.

1.6 Parasite Biology

Trypanosoma brucei belongs to a class of ancient eukaryotic flagellated single
celled organisms known as the kinetoplastids and characterized by the presence of a
single large mitochondria known as the kinetoplast. There are five major groups within
the kinetoplastids, prokintoplastina, neobodonida, parabondonida, eubodonidia and
trypanosomatida. Within the larger kinetoplastid group it appears that parasitism has
evolved several times since each parasitic clade is closely related to a free-living
organism.’® As a whole kinetoplastids are most closely related to euglenoids with these

two groups representing a unique branch separating them from two other related groups
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of protozoa, the heterolobosid amoeboflagellates and small free-living bacterivorous
flagellates known as jakobids.®” The trypanosomatids are a large monophyletic group
composed entirely of parasitic or symbiotic organisms infecting a wide range of animal
hosts.®® It has been hypothesized that T. brucei diverged from the American T. cruzei
approximately 100 million years ago meaning that they have co-evolved with humans.*®
Most recent evidence supports the idea that the parasite originally infected biting insects
and later adapted to life within the mammalian hosts giving rise to the two phase life
cycle described below.’® Seven species of tsetse fly (Glossina spp) are able to serve as

vectors for T. brucei.*’

1.6.1 Life Cycle of T. brucei

T. brucei possesses a two stage lifecycle in which is passes from an infected fly
into a mammalian host. (Fig 1.2) The process begins when a fly bites a host infected with
T. brucei, taking up non-replicating short stumpy bloodstream form parasites pre-adapted
to life in the insect. These parasites move to the fly midgut where they differentiate into
the procyclic stage. The variant surface glycoprotein (VSG) coat which aids in evasion of
the mammalian immune systems is replaced with a procyclin coat and the parasites
undergo several morphological changes including loss of the flagella and repositioning of
the kinetoplast. Eventually the procyclic parasites migrate to the salivary glands and
differentiate into epimastigotes. At this point it is thought that the parasites undergo

sexual reproduction prior to attaching to the gland walls.”® "

The attached epimastigotes
then undergo further replication prior to differentiating into metacyclic parasites.

Metacyclic trypanosomes possess VSG coats and are pre-adapted for life in mammalian

15



systems. When the fly bites a suitable host, parasites in the salivary gland multiply at the
site of the bite, resulting in a trypanosomal chancre. The parasites pass through the
lymphatic system and into the bloodstream where they multiply as long slender
bloodstream forms. During this time mitochondrial function is minimized and the parasite
relies on glycolysis for energy production. Eventually these long slender parasites
upregulate mitochondrial function and differentiate to the short stumpy form enabling

another round of infection to take place.

Metacyclic

Long Slender
Bloodstream Form

Insect Stage Mammalian Stage

Fig 1.3 — The T. brucei Lifecycle

1.6.2 Antigenic Variation and the Variant Surface Glycoprotein Coat
As mentioned above, T. brucei is coated in a homogeneous protein coat while in

the mammalian host. This coat is composed of a heterodimeric glycoprotein which covers

16



virtual the entire surface of the parasite with 107 copies per cell.” Although each cell
expresses only a single VSG, there are hundreds of active variants in the genome and
over one thousand varied silent copies which can be activated.” The regulation of this
process is highly complex and involves both recombination and transcriptional
elements.”” In a typical infection, several VSG variants will be expressed within the
population, but one will dominate. The host immune system will respond to the dominant
VSG, clearing the majority of the population, but leaving those cells expressing a
different variant. This sub-population will then expand and multiply unopposed until the
immune system recognizes and responds to the new VSG. This results in chronic
infections following a characteristic sinusoidal pattern as the host responds to each

epitope as it is presented. (Fig 1.4)
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Fig 1.4 — The variant surface glycoprotein (VSG) coat and resultant chronic
infection
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The combination of the homogeneous coat coupled with rapid antigenic variation
within infections means that vaccine development for T. brucei will be extremely
difficult if not impossible. As a result it is likely that treatment of HAT will rely on
traditional chemotherapeutic approaches for the foreseeable future. Drug discovery
efforts have increased in recent years as increased knowledge of trypanosomal biology

has yielded new potential targets.

1.7 Modern Drug Discovery Methodology

Before discussing modern drug discovery efforts in T. brucei specifically, it
behooves us to examine the methodologies which are commonly employed today to
discover novel therapeutic agents. The human practice of using specific agents for their
therapeutic benefits can be traced back for as long as there have been written records, and

possibly even before.”> "

Discovery of biologically active substances was and continues
to be a largely empirical process. The basic approach involves the collection of potential
therapeutic material, testing of the material and observation of the results. In ancient
times, testing was often performed directly on human patients and results were typically
either the death of the patient or the elimination of the malady. This approach was limited
both by the relative difficulty of obtaining test material and in obtaining test subjects,
resulting in a slow and poorly replicable process. Progress in biological sciences
eventually yielded animal disease models followed by cellular and biochemical models

which were easier to test and alleviated the need for willing (or not-so willing) human

volunteers. At this point the bottle-neck in drug discovery was often the sourcing of new
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test material. Synthetic and analytical chemistry were still relatively nascent fields, and
the production of test compounds was a slow and labor intensive process.”’

More recently, the advent of automation technology has allowed many of these
processes to be streamlined, leading to the development of so-called high throughput
technologies. These are typically based on performing both chemical and biological
experiments in multi-welled microplates, resulting in the ability to synthesize and test
thousands of compounds in days rather than months or years. These technologies have
made testing of libraries of hundreds of thousands or even millions of compounds a
relatively common occurrence in the modern pharmaceutical industry. With the ability to
rapidly test a wide range of potential therapeutic agents in a large number of assay
systems, the focus of many drug design efforts has shifted to target selection, assay
validation and informatics technologies designed to aid in choosing the one or two agents

which will prove successful from the milieu of possibilities.

1.7.1 Drug Target Validation

Biological target selection typically begins with efforts to identify homologues of
proteins known to be important in other systems. This is generally accomplished by
computational BLAST searches of the genome of interest. The optimal result of this
process in the effort to select anti-parasitic targets is the discovery of pathways known to
be vital in bacterial or plant cells, but which are not present in mammalian cells. Once
putative sequences have been identified, efforts to clone and characterize the activity

(particularly for enzymatic targets) are undertaken. Genetic knockouts or knockdowns via
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RNALI are often performed at this point as well in order to establish the essentiality of the
gene product. Non-selective inhibitors of specific target classes are also often used to
help provide validation for specific approaches to chemotherapeutic development.
Further validation can be accomplished by showing that a particular cellular phenotype
can be rescued by addition of the enzymatic product (in the case of enzymatic target) or
by over expression of the gene of interest (in the case of other targets). If a target passes
these tests, it is often considered biologically validated and is turned over to medicinal
chemists for inhibitor development.

The first step in chemically validating a target is often an assessment of its
“drugability”, the ability of the target to bind and be inhibited by small, drug-like
molecules. Many times this can be evaluated by examining the normal ligands which
bind to the target. For example kinases bind adenosine-like molecules, which are
relatively drug-like heterocyclic compounds easily modified by medicinal chemists.
Other times, especially in cases where normal binding partners are large proteins or non-
drug-like molecules, chemical validation requires testing large libraries of potential
inhibitors. This can be accomplished using computational DOCKing methods (if
sufficient known inhibitors exist to validate the computational model being used) or high-
throughput screening approaches. Assuming that one of these proves successful, the
molecular scaffolds identified as potential inhibitors can be optimized using medicinal
chemistry approaches. During this process the activities of the small molecules being
developed are tracked, typically both in biochemical and whole cell assays. Selectivity of
the inhibitors for parasitic proteins versus their mammalian homologues is also typically

addressed at this point. This is particularly important for highly conserved targets. Target
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validation is further confirmed during this by establishing correlative relationships
between biochemical activities and whole cell phenotypes. Other assays may be used to
aid in this process including synergy studies with well characterized compounds,
secondary assays in knock-out or over-expressing cell lines etc.. Assuming a target is
well behaved with respect to all of these criteria, drug development of specifically

targeted inhibitors can proceed.

1.7.2 Assay Validation for High Throughput Screening

Once a biological target has been selected, an appropriate high-throughput
compatible assay must be designed and validated. The application of high-throughput
technologies to the drug discovery process is often a costly process. A typical high-
throughput screening (HTS) effort of a 350,000 member compound library can cost
upwards of $25,000 in reagents alone. Furthermore, the results of the initial testing can
often focus the efforts of multiple groups for several years after the actual experiment.
This is because a large number of potential compounds are typically identified in the
primary screen which must then be validated using a range of much slower and more
costly experiments. As a result of this, it is important for the initial assay used in the
discovery process to be highly validated.

In most cases the target validation steps include the development of biochemical
or cellular assays for the biological process of interest. However, these assays are
generally performed in low-throughput formats (such as cuvettes or large cell culture

dishes), or using methodologies which are not easily adapted to high-throughput
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applications (such as gel-shift binding assays). Therefore, the initial step of assay
validation is the transfer of these low-throughput assays to microplates or the design of
novel, automation friendly techniques (for example, a fluorescence resonance transfer
(FRET) based or fluorescence polarization (FP) assay in place of a gel-shift approach).
Typically these techniques are based on homogeneous liquid phase experiments requiring
a minimal number of additions or wash steps and having simple fluorescence,
luminescence or absorbance based readouts which can be measured using standard
microplate readers. Once this has been accomplished the plate based assay is used to
replicate any characteristic low-throughput data which has been collected. (for example
replicating K,,, values for enzymes, K; values for known inhibitors, Ky values for binding
probes etc..)

If the plate-based assay is able to replicate the low-throughput results acceptably,
further criteria are applied. The first of these is an assessment of the signal stability and
magnitude. The typical statistical measurements of these used in HTS are Z-factor and Z-
prime. The equations for both of these (see below) are highly similar. Both of these are

Z’ =1 - 3(Opos + Oneg)

(Mneg — Hpos)
Equation 1.1

Z =1 - 3(Gpos.t Ovariable)

(Mvariable - Mpos)
Equation 1.2

Opos = standard devation of positive controls

Oneg = Standard devation of negative controls

Ovariable = Standard devation of all variable compounds
Upos = mean of positive control signal

lneg = mean of negative control signal

Wvariable = mean of all variable compound signals
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calculated on a per plate basis, and provide a quantitative measurement of the separation
between the positive and negative control groups. Generally values of greater than 0.5 are
considered acceptable in HTS applications, though any positive value reflects the ability
to discriminate between positive and negative controls. If an HTS assay is shown to be
acceptable in this respect, it is put through final validation steps in which the instrument
set to be used during screening is used to run several control plates incorporating a range
of signal levels (at minimum high, mid and low signal populations) across the full plate.
This is then repeated over several days using several batches of reagents. The results of
these experiments are evaluated for variation, either as a function of position on the plate
(typically referred to as drift) or as a function of reagent batch. Typically signal variations
of less than 15% are considered acceptable.

The final, and perhaps most important, step in validation of a high-throughput
assay is typically referred to as the scaling screen. Most institutions have a smaller set of
compounds used to assess the behavior of assays when exposed to a wide range of
variable compounds. This is important since many assays are sensitive in ways which are
difficult to predict a-priori. Generally the scaling screen will consist of anywhere from
5,000 to 30,000 compounds tested in the same manner as the eventual full-collection
screen. Hits identified in this effort are then subjected to a panel of orthogonal secondary
assays designed to determine if the compounds are indeed having the effect of interest.
The results of these can be used to determine which compounds are the “true” hits and
which are false positives. Using this data set, it is then possible to utilize other statistical
tests, such as the receiver-operator characteristic (ROC plots) to ensure that the primary

assay results are indeed predictive of the desired outcome. It should be noted that the
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most important part of this is the use of orthogonal secondary assays. Simply verifying
that compounds produce dose dependent effects in the primary assay system is
insufficient for the determination of true hits versus false positives. A wide range of
artifactual effects are capable of producing reproducible dose dependent effects in
various systems, and it is important to evaluate the robustness of the assay with respect to

8-81
these.’

The hits identified in these early studies do not have to be potential drug leads.
Rather, the emphasis should be placed on whether or not the generally desired effects are
being observed. For example, is the enzyme being inhibited by the compound (the
desired effect), or is the compound reducing the enzymatic substrate in a totally enzyme
independent fashion? (a reproducible and misleading false positive result) Assuming the
assay performs in a satisfactory manner in all of the above tests, high-throughput

screening can proceed with the knowledge that if there are true positives in the test

library, the primary assay is likely to detect them.

1.7.3 Library Selection

After the target has been chosen, and the assay validated, the sample library
which will be tested must be selected. In the past, this has often meant simply testing
everything available, an approach typically known as a full-deck screen. This can be
appropriate in situations where little is known about potential inhibitors of a given
process. In these cases, simply testing as many potential samples as possible will
theoretically guarantee that if an active compound is in the library to begin with, it will be

detected. However, as sample collections continue to grow it has become highly desirable
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to minimize the number of compounds which must be tested in order to identify those of
interest.

Several approaches have been applied to this problem. The first of these is pooled
screening.*” This approach was a direct result of both the classical drug discovery
practice of testing crude natural product extracts as well as the more recent advent of
combinatorial chemistry, a process in which test chemicals are synthesized in large mixed
batches and tested without further purification. This approach has largely been abandoned
in the modern laboratory due to the difficulty in deconvoluting the source of the observed
activities. Compounds in large mixtures often behave differently than they do as single
agents and both false negatives and false positive signals plague pooled screening

82, 83
approaches as a result.”™

Due to this, most sample libraries are now tested as single
agents.

The second methodology which is widely used to select screening libraries is
commonly known as focused screening. This approach uses a priori knowledge about a
target to bias the set of compounds tested. For example, if the target is a kinase, libraries
composed of scaffolds known to be active versus kinases can be screened. Other
approaches to generating focused libraries include virtual screening, in which compounds
are DOCKed with the target using molecular modeling techniques. This requires
significant a priori knowledge including a structure of the target as well as a set of
compounds known to bind (preferably with known binding modes) with which to validate
the computational model. However, if this data set is available, this approach can be quite
effective and reduce the number of compounds to be tested from hundreds of thousands

84-86
to a few hundred or even less.
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In the absence of significant amounts of a priori knowledge, the size of the library
to be screened can also be decreased using a technique known as diversity analysis. The
approach attempts to quantitatively describe a library using sets of molecular descriptors,
group similar molecules together and then select representative compounds from each
group.”” Descriptors can include physiochemical properties, topological indices and
molecular fingerprints derived from 2D connection tables or 3D conformations.*® By only
testing a small number of each molecular type, the size of any given library can be
minimized, while the chemical space covered by said library can be maximized,
theoretically improving the chances that an active scaffold type will be discovered in any
given screening effort. It should be noted however, that it is common for small structural
changes in a molecule (which may not be captured by typical molecular descriptors) can
result in drastic shifts in observed activities.*” Therefore, this approach may result in
missing active compounds which would have been detected had a more thorough full-
deck approach been used. However, this technique is often used to aid in guiding the
efforts of chemists when expanding test libraries, either to ensure that new compounds
are significantly different from those already in the collection, or conversely, that they
match the characteristics of some desirable population (for example, orally bioavailable

drugs).

1.7.4 Automation Considerations

Modern high throughput screening is generally carried out using some level of

automation to perform the majority of the tasks. Some systems (including those at St.
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Jude Children’s Research Hospital, Fig 1.5) are fully automated, with no operator input
required after reagents and supplies are loaded onto the system. These systems are
typically one-of-a kind sets of instrumentation tailored to the needs of the particular
screening group. As such, it often falls to the screener to perform many of the validation

experiments necessary to ensure proper replicable behavior during the screening process.

Fig 1.5 The automated high-throughput screening deck at St. Jude Children’s
Research Hospital.

Almost all fully automated systems fulfill the same basic functions — bulk liquid
additions of assay reagents, nano-scale liquid transfer of test compound, incubation of
test mixtures and reading of assay output (typically light-based formats, either
fluorescence, luminescence or absorbance). Generally, these functions are performed by
separate instruments serviced by a robot capable of moving test microplates from one to

the next. Each must be optimized using solutions with compositions as close as possible
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to those which will be used in the actual screening run. For example, high-salt solutions
can be problematic for bulk-liquid dispensing instrumentation over the course of a
screening run, since evaporation can result in salt-buildup on the dispenser tips causing
highly inaccurate performance. Other common problems are cross contamination caused
by reusable tips or pins used for transfer of test compounds, assay temperature
dependence, which can result in signal drift as the screening deck warms due to high
levels of instrument activity and “traffic-jams” caused by improper optimization of plate
transfer robots and algorithms. It is vital that several dry runs (test screening runs without
liquid) as well as several wet-runs (test screening runs using simulated assay material) be
performed prior to committing to the actual screening effort. These test runs should be as
large as a typical single screening batch will be during the true HTS process. This will
allow the operator to detect and correct any potential problems before the actual assay
materials (which are often expensive or time consuming to replace) are loaded onto the
system. Once the screening system has been shown to perform satisfactorily, the actual

screen can proceed and data can be collected.

1.7.6 Data Analysis in High Throughput Screening — Picking Hits

After the actual screening process is finished, the new data set must be analyzed
and potentially active compounds selected for further analysis. The first step in this
process is to determine if the raw assay signal should be transformed or not. Most
statistical methods for variance analysis assume that the populations to be examined exist

in linear space. Therefore, if the assay readout is not linear in nature, it should be
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transformed so that is. The best example of this is cell growth assays, which are
logarithmic in nature. The raw assay signals from these types of experiments should be
log-transformed prior to further analysis.

Once the data is in linear space, the behavior of the assay signal from the control
groups can be evaluated. This is often done using normal statistical methods, such as
calculating the mean and standard deviations for each population. “Hit” compounds are
then selected using fairly simplistic criteria (for example, requiring that a the signal for a
variable compound be three standard deviations away from the negative control
population to be considered a hit) However, classical statistical methods are based on the
assumption that the populations being considered follow normal or Gaussian distributions
and are highly susceptible to the effects of outliers. In high throughput screening,
populations are not necessarily well behaved Gaussian curves. Furthermore, outliers
resulting from stochastic errors intrinsic to large scale automated processes are relatively
common.

In order to combat the effects of these, robust statistical methods are often used in
place of classical approaches.” These methods do not assume normal distributions and
are resistant to outlier effects by virtue of the fact that the population extremes are
removed from consideration prior to calculation of the mean or standard deviations. The
robust mean is known as the 25% trimmed mean and is calculated by ordering the data
points and calculating the average based on the central 50% of the data. The robust
standard deviation is the scaled fourth spread and is calculated by ordering the data
points, computing the difference between the third quartile and first quartile and dividing

by a scaling factor (typically 1.349, a value selected so that this method matches the
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classical result when applied to normally distributed populations). Finally, the robust
method for determining statistically significant outliers from any population is the upper
fourth plus 1.5 times the inter-quartile spread. It is calculated by multiplying 1.5 by the
inter-quartile spread and adding this to third quartile to determine the upper outlier
threshold, or subtracting this value from the first quartile to determine the lower outlier
threshold. While this method is more resistant to outlier effects and can result in
improved data quality, it also requires larger control populations (a minimum of 8
members for robust methods versus 3 for classical methods)

Once the behavior of the control groups has been modeled and the variable
compounds which differ significantly from the negative control population have been
identified (the minimum requirement to be designated a “hit” compound) further
requirements to be a “hit” can be applied. These requirements are determined largely by
the number of samples which can be reasonably subjected to the secondary assay panel
and the number of preliminary hits resulting from the high-throughput screen. At this
point, the experimental design of the screen becomes important. If, as in many cases, the
variable samples were tested once at a single concentration, a simple “percent-activity”
cut-off may be applied to reduce the number of compounds selected for follow-up
experiments. To accomplish this, the raw assay signals are normalized to the positive and
negative control populations, resulting in a percent-activity score which can then be used
to rank-order hit compound from across the screen. The level at which the hit threshold is
set is best determined by examining the results of the ROC analysis which should have
been performed during the assay validation procedure. The ROC results can help focus

attention on the section of the primary assay readout most likely to contain promising
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hits. For example, it is often the case that the top 10% of the compounds (90-100% or
greater activity) contains a large number of hits which are interfering with the assay in a
non-specific manner. A properly designed ROC experiment will also allow a lower
threshold to be determined below which the number of true positive compounds is likely
to be small. Once these thresholds are determined, hit compounds can be subjected to
orthogonal secondary assays designed to rapidly eliminate false positives.

It should be noted that an increasing number of high throughput screening efforts
are no longer screening compounds in single concentration (a so-called single point
assay). Rather, an approach known as quantitative high-throughput screening is gaining
in popularity, largely as a result of further miniaturization of assay formats and
specifically the advent of 1536-well screening.”' In this approach, compounds are tested
in dilution series designed to detect concentration dependent effects. With these methods,
outlier determination is no longer used for identification of hits. Rather, the normalized
data for each compound dilution series is fit to a four parameter sigmoidal curve and the
parameters from that fit are used to identify hits. Typically hits are those which have both
lower and upper plateaus defined by at least two data points each as well as significant
separation between those plateaus (generally at least 30% activity). Rank ordering hits
from these types of screens is much easier than it the case of single point assays since
actual ICsg values are determined for each test compound. However, this approach is still
subject to all the requirements of a single point assay, and use of ROC analysis during
assay validation is still vital for the selection of appropriate assays to be used in screening

efforts.
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1.8 Potential Targets for Chemotherapeutic Intervention

In the post genomics era, knowledge of trypanosomal biology has expanded
rapidly. Tools such as RNAi have allowed rapid identification of critical cellular process
that offer potential points of chemotherapeutic intervention. However, despite the
increase in biological knowledge, no new specifically targeted inhibitors have been
approved for use in HAT therapeutics. This can be attributed in part to a breakdown in
communication between the biologists responsible for initial target identification and
characterization and the medicinal chemists responsible for developing inhibitors of the
proposed targets. Lack of interest in T. brucei by the pharmaceutical industry and a pucity
of funding are the other major issues.

There are currently over 18,000 protein coding genes known in T. brucei. Of
these, 21% are specific to the parasite with no clear mammalian homologues. Only 5% of
these genes have had their function characterized, with another 38% having putative
functions inferred from sequence homology.’” It is clear that there are a large number of
potential targets which must be validated. It should be noted that the idea of developing
selective targeted inhibitors has been criticized, since many existing drugs actually target
a wide range of cellular functions.”” Despite this, targeted therapeutics remains the
dominant paradigm in drug discovery. Only a relatively small number of pathways in T.
brucei have been sufficiently characterized to justify medicinal chemistry efforts. These
include the glycolytic pathway, various cysteine proteases, the topoisomerases, folate

metabolism, oxidative stress management, and the polyamine metabolic pathway.
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1.8.1 The Glycolytic Pathway

Bloodstream forms of T. brucei lack functional mitochondria. As a result, they are
entirely dependent on glycolysis for energy production while in mammalian hosts.”* *°
Although the hosts also possess the glycolytic pathway, T. brucei has evolved a special
organelle in which glycolysis takes place. This organelle, known as the glycosome,
contains the first seven enzymes of the glycolytic pathway and separates them from the
cytosol where they are normally found. The compartmentalization allows T. brucei to
perform glycolysis at a much higher rate than would normally be expected.”® *’
Significant differences exist in the regulation and structure of this pathway between
trypanosomes and their mammalian hosts.”® This, coupled with the complete dependence

of the parasite upon glycolysis for energy during mammalian infections has resulted in

significant efforts to develop inhibitors of almost all stages of the pathway.”®

99-101 102-104
>

Particular attention has been paid to hexokinase, phosphofructokinase

fructose-1,6-bisphosphate aldolase'®, glyceraldehyde-3-phosphate dehydrogenase,'®* '%¢-

103, 115-117

"4 phosphoglycerate kinase'®" and pyruvate kinase.'”” ' Structures are

available for phsophofructokinase,''® glyceraldehyde-3-phosphate dehydrogenase,'''*!

phosphoglycerate kinase,'”* and pyruvate kinase,'*

raising the possibility of structure
based drug design efforts for these enzymes. Despite the large amount of effort devoted
to the development of selective inhibitors, compounds with acceptable potencies versus
either the biochemical targets or whole cell parasites have been illusive thus far. Work is

continuing in this area, and it remains to be seen if successful therapeutic agents targeting

this pathway can be discovered.
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1.8.2 The Topoisomerases

T. brucei possesses a single type IB topoisomerase as well as three distinct type 11
topoisomerases, two found in the nucleus and one active in the mitochondria.'**'?® These
enzymes are responsible for catalyzing DNA topological interconversions by making
either single (Type IB) or double (Type II) stranded breaks in the DNA substrate, passing
a new DNA segment through the break and then ligating the break. The trypanosomal
type IB enzyme is composed of two subunits, a DNA binding domain and a catalytic
domain.'”” RNAI experiments have shown that both are necessary for cellular growth.124
Similar experiments examining the roles of the topoisomerase Il enzymes showed that the
mitochondrial enzyme (TbTOP2mt) as well as one of the nuclear enzymes (TbTOP2a)

are also necessary for growth.'”> 12

Knockdown of the second nuclear enzyme
(TbTOP2p) did not result in any detectable phenotype in bloodstream T. brucei.

A wide range of topoisomerase inhibitors are available, primarily as a result of
development as cancer chemotherapies and antibiotic agents. A suite of these inhibitors
has been screened versus whole T. brucei with potencies ranging down to single digit
nanomolar levels.'”® Camptothecin, a well characterized Topo I inhibitor, as well as
analogues thereof, have shown promising activities in whole parasite assays, with

potencies down to 70 nM.'** 1

Further chemical validation of these targets has been
accomplished by showing that existing anti-trypanosomal drugs promote the

accumulation of double-strand DNA breaks and that these breaks are linked with topo 1I

enzymes. This is characteristic of topoisomerase poisons and suggests that inhibition of
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these enzymes may explain at least part of the activities of several of the anti-
trypanosomal drug classes.”’

Although little work has been done to develop inhibitors specific for the
trypanosomal enzymes, the relatively low homology (~50%) to the human homologues
suggests that this may be possible."*! Several groups have synthesized analogue series of
known topoisomerase inhibitors and assayed them versus whole cell trypanosomes, but

132-134
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no efforts have been made to screen the trypanosomal enzymes themselves.
structures are available for the parasitic enzymes, which complicates structure based drug
design efforts. High throughput assays suitable for testing large numbers of compounds
as topoisomerase inhibitors do exist.'”> However, the cloning and characterization of
trypanosomal topoisomerases has not yet been reported, which complicates in vitro
biochemical assessment of potential inhibitors. Despite this, the use of exiting
topoisomerase inhibitor scaffolds has so far proved extremely promising both in vitro and

. .. . . . 134
in preliminary animal infection models.

1.8.3 Folate Metabolism

The folate metabolic pathway has produced several clinical drug targets in many

different systems, ranging from cancer to antibiotic agents.'*®'*®

In particular, the
thymidylate synthase (TS) and dihydrofolate reductase (DHFR) enzymes have proved to
be useful targets. In T. brucei, these are linked together in a single bi-functional protein

(DHFR-TS). This enzyme has been cloned and early biochemical analysis indicated that

selective inhibition of this target versus its human homologue would not be
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problema‘[ic.139 Both single and dual knockouts of DHFR-TS established that it is
necessary for cellular growth, and studies of knockout sensitivity to known DHFR
inhibitors established that the compounds were in fact acting through DHFR-TS
inhibiton."*® Computational models of the T. brucei enzyme based upon the crystal
structure of the Leishmania major DHFR have highlighted residues likely to be important
for the development of selective inhibitors."*!

Efforts to develop inhibitors of the parasitic enzyme have focused primarily on
dihydrofolate mimetics. The 2,4-diaminoquinaoline scaffold has been used to produce
compounds with potencies in the low nanomolar range versus whole cell parasites and
displaying up to 50-fold selectivity for the parasitic enzyme.'** A second scaffold which
has been wused successfully to develop parasite selective inhibitors is 2,4-
diaminopyrimidine. This scaffold resulted in compounds with low nanomolar potencies

143, 144
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versus the enzyme, and low micromolar potencies versus whole cell parasites. n

addition, compounds based on this scaffold have shown some in vivo efficacy in rat
models of T. brucei infection, though they are not curative.'*

A second folate metabolic enzyme which has attracted attention as a potential
drug target is pteridine reductase. Knockdowns of the enzyme suggest that it is a vital
enzyme, and efforts to develop inhibitors are underway. The protein has been expressed
and both a crystal structure and an assay suitable for high-throughput screening are
available making this target highly amenable to drug discovery efforts."* "¢ This data
has been used to conduct fragment based DOCKing on the target, resulting in 7 nM

inhibitors.'*” However, these compounds are less active versus whole cell parasites (10

uM ECs values). It should be noted that drug discovery efforts versus this target are still
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quite nascent, and it is possible that improved whole cell potencies will be possible to

achieve.

1.8.4 Oxidative Stress Management

Management of intracellular oxidative potential is essential in all living cells.

Most accomplish this task by utilizing the glutathione and glutathione reductase

148

system. ~ However, the trypasomatids utilize a modified version of this pathway in

which two molecules of glutathione are reacted with the polyamine spermidine to

produce a wunique dimeric molecule known as trypanathione (N1,N8-bis-
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glutathionylspermidine). ™ This is then used as the reductant in a wide range of cellular

150
Processces.

Three key enzymes are used in the trypanothione pathway, v-
glutamylcysteine synthetase (y-GCS), which catalyzes the first committed step in the
biosynthesis of trypanothione, trypanothione synthase (TS), which is responsible for
coupling the glutathione molecules to spermidine and trypanothione reductase (TR),
which regenerates the reduced form of trypanothione after it has been oxidized."”" '** A
range of trypanothione dependant oxidases also rely upon this pathway in order to
eliminate reactive oxygen species from the parasite. '*° Given the uniqueness of this
pathway, it is hardly surprising that it has been heavily investigated as potential point of
chemotherapeutic intervention.'>

v-GCS has been validated both chemically and genetically in animal models of
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infections. However, most recent work has focused on TS and TR. TR has been

validated both biologically (in vitro and in vivo) and chemically (in vitro only).'>® %
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While many potent TR inhibitors have been synthesized which are highly active in whole
cell assays, in vivo efficacy has proven difficult to achieve."””’"®® Several groups have
also reported the use of high-throughput screening methods to discover novel inhibitors
of TR.'®'7! The structures of several trypanosomal TR enzymes are available for use in

structure based drug design programs.'’”” T. brucei TS has been validated in vitro and in
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vivo biologically and in vitro chemically. Knockdown experiments have been

performed on several of the trypanothione dependent peroxidases showing that they are

vital for parasitic growth, though no inhibition by small molecules has yet been
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reporte Despite these successes, small molecule inhibition of the trypanothione

pathway has not yet resulted in compounds with in vivo efficacy, casting some doubt on

its potential as a potential point for chemotherapeutic intervention.

1.8.5 Proteases

While many of the proteases in T. brucei have been examined as potential drug
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targets, including the proteasome and various metalloproteases , the cysteine

proteases have proved to be the most promising. It is well established that peptidyl and

non-peptidyl cysteine protease inhibitors are effective versus whole cell parasites.'** %

Furthermore, these inhibitors have proven efficacious in mouse models of infection,

193

validating the general target class in vivo. = The presumed target of these inhibitors was

rhodesain (also known as brucipain and trypanopain), a cathepsin-L like lysosomal
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protease which accounts for most of the protolytic activity in the parasite. However,

the correlation between rhodesain inhibition and whole cell activity of most protease

38



inhibitors was poor, casting some doubt on the hypothesis that this was the relevant
target.'® 1% 19617 qubsequent searches of the T. brucei genome lead to the discovery of
TbCatB, a cathepsin B like protease expressed at low levels in the lysosome.

RNAI studies of TbCatB showed it to be necessary for parasite survival while
knockdown of rhodesain did not lead to significant growth changes in vitro (though it did
slow in vivo disease progression)."”™ ' As a result of these studies, potent and selective
inhibitors of TbCatB were synthesized as shown to be highly effective versus whole cell

T. brucei.?*% 2%

In particular, the purine-nitrile based inhibitors of TbCatB show promise
as potential chemotherapeutic agents. They are relatively non-toxic, orally bioavailable
and cross the blood-brain barrier.(Mallari, personal communication) Furthermore,
preliminary results suggest that they will be highly efficacious in mouse models of
infection.(Mallari and Guy, personal communication) Further work to improve

pharmacokinetic parameters of these compounds, as well as the development of other

inhibitor scaffolds is certainly justified.

1.8.6 Polyamine Biosynthesis

The only clinically validated molecular target for treatment of T. brucei infections
is ornithine decarboxylase (ODC), which catalyzes the first step in polyamine
metabolism, the decarboxylation of ornithine to produce putrescine(Fig 1.5). The
polyamines putrescine, spermidine and spermine are known to be necessary for cellular

202, 203

replication. Increases in polyamine concentration have also been linked to

carcinogenesis, and a variety of cancers have been shown to possess high levels of
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intracellular polyamines. As such, inhibitors of the polyamine biosynthetic pathway have
been extensively investigated as potential chemotherapeutic and chemopreventative
- . 204

compounds. (Reviewed in )
In mammalian systems, ODC, one of two rate-limiting enzymes in the polyamine
biosynthetic pathway, is tightly controlled via transcriptional, translational, and post-

translational mechanisms.>**-2%

(Fig 1.5a) It is active as a homodimer and is dependent
upon binding to pyridoxal-5’-phosphate (PLP), a cofactor shared with many other
enzymes.””” The ODC protein has one of the shortest known half-lives (~10-20 minutes),
which is primarily regulated by antizyme (AZ), a polyamine inducible protein inhibitor
which binds to ODC monomers. This prevents the formation of the active dimer and
targets ODC for degradation®® Antizyme, which is regulated by antizyme
inhibitor(AZIN), also inhibits uptake of exogenous polyamines.””” In mammalian cells,
the levels of the polyamines are further regulated by inter-conversion of individual pools
as well as by a highly efficient transport system allowing import and export of

210

polyamines and intermediates.” ™ This highly redundant regulatory pathway means that

mammalian cells are strongly resistant to changes in polyamine levels. Despite this tight

regulation, it has been shown that even temporary inhibition of ODC can result in

prolonged depletion of putrescine.*!

The first ODC inhibitor developed with efficacy in cells was a-methylornithine

(MO), a weak reversible inhibitor of ornithine decarboxylase (ODC).2*- 22 Other more

potent ornithine analogues have been synthesized, but were competitive with PLP.*'* !4

Some of these inhibitors showed promise in animal models, but were later abandoned due

215

to poor selectivity over other PLP dependent enzymes.” ~ In the presence of reversible
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inhibitors, ODC activity increases due to both stabilization of the enzyme and
stimulation of mRNA translation.”'"> ' ! Despite this, reversible inhibitors have been
shown to deplete putrescine levels effectively in cellular models, even in the presence of
a 6 to 7 fold increase in ODC activity.*"'

The field rapidly shifted focus to irreversible inhibitors that did not increase ODC

211

activity.” = This effort led to the discovery of a-difluoromethylornithine (DFMO), a

highly selective compound that alkylates C360, a catalytic residue in the ODC active

.. 218,219
site.”

DFMO is orally available but rapidly cleared (t;» 1.5 (intravenous dosing) to 4
(oral dosing) hours).It is relatively non-toxic and can be dosed to extremely high levels
(up to 3.75 g/M?) with only minor side effects.”?' Despite this, DFMO has largely been
abandoned as a single agent chemotherapeutic due to low efficacy, which has been
largely attributed to the robustness of the mammalian polyamine pool. Recently interest
has risen in the use of DFMO as a chemopreventative in combination with other

222-224
agents.
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Fig 1.6 — The polyamine biosynthetic pathway in mammalian systems and in
T. brucei Extensive reviews of polyamine regulation in both systems can be
found in:®" #!% 22> 22 1 6a. The mammalian polyamine regulatory pathway. The
mammalian polyamine regulatory pathway is highly regulated via transcriptional,
translational and post-translational mechanisms. The rate limiting enzymes ODC
and SAMDC have extremely short half-lives and are under strict control whereas
the synthases SpdS and SpmS are constitutively expressed. The polyamine
oxidases PAO and SMO along with the acetyl-transferase SSAT provide back
conversion pathways between the three major polyamines. In addition, a highly
efficient polyamine transport system aids in the maintenance of polyamine pools.
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1.6b. The Trypanosoma brucei polyamine regulatory pathway. This pathway is
much simpler than its mammalian counterpart. The rate limiting synthetic
enzymes ODC and SAMDC have much longer half-lives. The main source of
regulation in this pathway seems to be expression levels of prozyme, an inactive
SAMDC homologue which binds to the SAMDC monomer, resulting in a 1200x
active heterodimer. In addition, the end product of this pathway is trypanothione,
a molecule implicated in management of oxidative stress. Though T. brucei is
able to import exogenous polyamines, its transport system is not as efficient as
the mammalian counterpart. Universal abbreviations: ornithine decarboxylase
(ODC), pyridoxal-5’-phosphate (PLP), Sadenosylmethionine decarboxylase
(SAMDC), S-adenosylmethionine (S-AdoMet), 5’-methylthioadenosine
(MTA), decarboxylated S-adenosylmethionine (DC-S-AdoMet), putrescine (Put),
spermidine  (Spd), spermine (Spm), spermidine synthase (SpdS),
spermidine/spermine N'-acetyltransferase (SSAT), polyamine oxidase (PAO),
spermine oxidase (SMO), antizyme (AZ), antizyme inhibitor (AZIN), a-
methylornithine (MO), a-difluoromethylornithine (DFMO), glutathionyl
spermidine synthase (GSS), TryS, trypanothione synthase, TryR, trypanothione
reductase, ROS, reactive oxygen species.

In T. brucei, polyamine biosynthesis is much simpler. (Fig 1.6b) There are no
inter-conversion pathways and transport of exogenous polyamines plays a lesser role.**®
In addition T. brucei does not actively regulate ODC protein turnover.”*” *** Rather, the
main source of polyamine regulation is the activation of S-adenosylmethionine
decarboxylase (SAMDC) through binding to prozyme.**” Depletion of polyamines also
reduces trypanathione, and has been shown to increase sensitivity to oxidative damage.**°
DFMO has been used clinically to treat HAT by inhibition of polyamine biosynthesis.
However, the poor pharmacokinetics of DFMO are a major limiting factor its use.*’
Furthermore, DFMO is only effective against one of two sub-species of T. brucei causing
human disease.”** As the parasite does not increase ODC levels in response to polyamine
depletion, the development of potent reversible inhibitors may allow them to be used in a
wider range of sub-species.**

To date, most discovery efforts directed towards ODC have been focused on

233 None of these has proved

analogues of ornithine (such as DFMO), putrescine, or PLP.
as effective as DFMO for treatment of T. brucei infections. No large scale efforts to
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discover novel inhibitors have been reported. The lack of prior high-throughput screening
efforts directed at ODC is due in part to the difficulty in assaying its activity. Classical
assay methods utilize capture of *C0O, from radiolabled ornithine or derivatization of

234,235

putrescine followed by HPLC analysis. Neither of these techniques are tenable for a

large scale inhibitor screening effort.

1.9 Project Goals

The main goal of this project was to expand the known inhibitor scaffolds able to
act on T. brucei ODC. As the only clinically validated single molecular target for
treatment of HAT, it is remarkable that the only known inhibitors remain simple product
or substrate analogues, especially in light of the fact that this target was characterized
over 30 years ago. In order to address this shortfall in the field, we set out to optimize a
high-throughput assay and apply this assay to a library of 360,000 compounds. The hits
from that assay were subjected to a rigorous set of secondary assays including assessment
of mode of ODC inhibition, selectivity versus the human enzyme, analysis of potential
binding sites and trypanocidal and general cytotoxicity for all compounds. This process
has also involved the overall development of a high-throughput screening program at St.
Jude Children’s Research Hospital, where this project served as the first high-throughput
effort for the new Chemical Biology and Therapeutics department. A side benefit of the
high-throughput screening approach is the discovery of unexpected desirable compounds.
During our high-throughput screening efforts, we also endeavored to pursue promising

trypanocidal compounds, regardless of whether or not they inhibited ODC.
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In order to accomplish all of this, the following aims were pursued, which will be

discusses in the remaining chapters.

Aim 1. Optimize an ODC assay compatible with high throughput screening and optimize

a high throughput assay system capable of performing said assay.

Aim 2. Apply this assay to a large chemical library in order to identify potential inhibitors

of ODC.

Aim 3. Evaluate these compounds in terms of mode of inhibition, selectivity versus

human ODC, potential binding sites, trypanocidal activity and general cytotoxicity.
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Chapter 2

Combating Pin-Transfer Cross Contamination in High Throughput
Screening

Automated high throughput screening often involves many technical problems which
must be resolved prior to and even during the assay process. The following chapter
describes one such problem which was encountered and the procedures which were
followed in order to minimize it.
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Modified from: David C. Smithson, David Bouck, David Shook, Dario Campana,
TaoSheng Chen, R. Kip Guy, and Anang A. Shelat Journal of Biomolecular Screening,
2009, in preparation

2.1 Introduction

Modern drug discovery efforts typically involve parallel testing of hundreds of
thousands of diverse small molecules. This generally involves the use of small assay
volumes and high density formats such as 384 or 1536-well microplates. Testing in this
manner necessitates the transfer of extremely small quantities of highly diverse
compounds to assay plates reliably and quickly. Historically this has been accomplished
by using air or liquid displacement pipetting techniques coupled with disposable tips to
eliminate cross-contamination between wells, a phenomenon which can lead to increased
false-positive rates. This approach has several drawbacks. The first is increased
consumption of test compound. Since air and liquid based pipetting methods are
generally limited to volumes above 1 ul, even in modern equipment, concentrated
dimethyl sulfoxide (DMSO) stock solutions of test compounds are often diluted into
aqueous daughter plates at intermediate concentrations before an aliquot is removed for
addition to the assay plate. Once prepared and used for one screening effort, these
dilution plates are not reusable. Generally compounds in high-throughput screening
libraries are not available in large quantities. Therefore, the efficient use of these
compounds is of utmost importance to any high-throughput screening group.' The second
drawback to this method is the use of disposable tips. These are typically costly,
especially if used for only one transfer, and require extensive wash protocols to eliminate

cross-contamination if they are to be re-used.” The use of non-disposable fixed tips for
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these methods reduces the cost, but leaves the cross-contamination and inefficient
compound use problems in effect.

These limitations led to the development of improved liquid transfer technologies
which are accurate into the low nano-liter range and allow the efficient transfer of
concentrated DMSO solutions directly into assay plates. Currently, the most widely used
methods to accomplish this are acoustic transfer (typified by the Labcyte Echo product
line) and pin transfer methodologies (such as those developed by V&P Scientific).**
Acoustic transfer technologies rely on the use of focused acoustic energy to propel small
droplets directly from the source plate to the assay plate. This method is accurate to
volumes as low as pico-liters and provides a non-contact transfer, completely eliminating
both cross contamination and lengthy wash protocols. However, these systems are
currently high cost, limiting their use in smaller high-throughput facilities. Furthermore,
their use also typically requires a re-working of compound handling procedures, limiting
their adoption at larger organizations.

The second commonly used method for nano-scale transfers are pin-tools. These
instruments are very simple, low cost and accurate into the single-digit nano-liter range.’
Transfer involves dipping pins (generally steel or coated steel) into the source solution
and then into the destination plate. The volume transferred is proportional to the speed at
which the pins are removed from the source solution. A faster withdrawal speed will
leave a larger hanging droplet at the tip of the pin, while a slower speed will result in a
smaller droplet and an overall lower transfer volume. Transfer volumes can also be
controlled by changing the depth the pins are dipped into the source solution as well as

the time they are left in contact with the destination plate. However, these dynamic
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methods of controlling transfer volume typically only results in a two to three fold
volumetric range. Greater changes in transfer volumes can be achieved using different
pin types. Pins with calibrated slots in the tips which use capillary action to hold and
dispense solutions can be used to transfer volumes up to five micro-liters. Since the pins
are not disposable, wash protocols must be used to prevent compound carryover and
prevent build-up of contaminants on the surface, which can then affect pin transfer
performance.

There is very little literature available regarding the long-term use of pins and
comparing the performance of different pin types in true high-throughput screening
applications. Our group has been using pins for compound transfer since early 2006,
while following the manufacturer’s recommendations for pin cleaning and care.
However, during a recent small-scale screen of our bioactive collection (typically used
for the validation of new screens) we became aware of inconsistencies in our data. This
triggered a full quality check on our liquid handling instrumentation and ultimately
revealed a significant cross-contamination problem. After discovering the problem, we
conducted a comprehensive study of the cross-contamination using several different pin
types, several cleaning methods, including room-temperature plasma (TipCharger,
IonFields, Inc) and a test set of 130 highly diverse compounds from our bioactive
collection. Here we report both the detection of the cross-contamination problem as well

as the results of our systematic efforts to eliminate it.

81



2.2 Materials and Methods

Compound Library Tested

The bioactive compound screening library at St. Jude Children’s Research
Hospital was assembled from commercially available collections including the Prestwick
Chemical Library (Prestwick Chemical, Illkirch, France), the LOPAC Collection (Sigma-
Aldrich, St. Louis, MO), the Spectrum Collection, the NINDS Collection, the Natural
Product Collection and the Killer Plate Collection from Microsource (Microsource
Discovery systems, Gaylordsville, CT). The total bioactive test set is approximately 5600
compounds, including many internal replicates. The total number of unique compounds

in the collection is approximately 3200 molecules.

ES8 Cytotoxicity Assay

Ewing sarcoma cells with a stably integrated luciferase reporter gene, known as
“ES8-luc” were kindly provided by D. Campana (St Jude Children’s Research Hospital).
Cells were checked for mycoplasma contamination and cultured using standard
techniques in RPMI (Gibco) supplemented with 10% FBS (Hyclone) and penicillin-
streptomycin (BioWhittaker).

For the cytotoxicity assay, 600 cells were seeded into each well of a white, tissue-
culture treated, 384-well plate in 25 ul of growth medium. Cells were incubated
overnight and test compounds were added (described below) on the following day. The

cells were then incubated for an additional 72 hours prior to reading.
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Cell proliferation was assayed by detecting the amount of luciferase generated
luminescence from each well. Prior to reading, plates were allowed to cool to room
temperature, after which 25 ul of HTS Steady-lite (Perkin Elmer) was added to each well.
The plates were vortexed and incubated at room temperature 20 min prior to reading
luminescence in an Envision plate reader (Perkin Elmer). Data were normalized to
positive and negative controls, staurosporine (LC Labs) and DMSO, respectively, to
determine percent activity. Screening run data were subsequently analyzed using custom

Pipeline Pilot scripts (SciTegic).

Pins Used in Studies

Three pin sets were used in these studies. The first was labeled 10Hold. These
pins were obtained in November, 2007 (FP1S10H, hydrophobic-coated 10 nl slotted steel
pins, V&P Scientific, San Diego, CA) and had been used previously for one large-scale
primary screen of approximately 350,000 compounds in 1000 source plates, as well as
follow-up experiments resulting from this assay for a total of approximately 35,000
transfers. The pins have been cared for according to the manufacture’s recommendations,
with cleaning in V&P 110 solution before and after each screening run. They were stored
dry in a closed drawer between uses.

The second pin set tested were 10 nl slotted un-coated stainless steel pins obtained
in March of 2009. (FP1S10, V&P Scientific, San Diego, CA). These pins were used as
received from the manufacture and had not been used in any studies prior to those

reported in this paper. These pins are referred to as set 10Hstainless.
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The third pin set tested were 10 nl slotted hydrophobic coated steel pins
(FP1IS10H, V&P Scientific, San Diego, CA). These pins were used as received from the

manufacture. These pins are hereafter referred to as 10Hnew.

Pintool Wash Protocols

Wash liquids were contained in flat 50 ml polypropylene reservoirs. A dip is defined as
entrance and exit from the liquid. All dips were performed to a depth of 0.5 cm below the
surface of wash liquid. All wash protocols were performed on a BiomekFXP workstation
(Beckman Coulter, Fullerton, CA). Speeds were programmed as percentages of maximal
speed — 1% corresponded to approximately 1 mm/sec. All pins were subjected to
complete cleaning before and after each use, as well as between carryover test-sets.
Room temperature plasma was generated using a TipCharger instrument on loan from

IonFields Inc.’

Complete Cleaning

1. 3 dips in VP110 (V&P Scientific, San Diego, CA), 15 mm/sec — 5 sec submerged
pause on final dip

2. 1 blot on lint-free blotting paper (V&P Scientific, San Diego, CA), 15 mm/sec — 3
sec pause in contact with paper

3. Repeat steps 1 and 2 twice more (total of 3 dip/blots)

4. 3 dips in DI water, 15 mm/sec — 5 sec submerged pause on final dip

5. 1 blot on lint-free blotting paper (V&P Scientific, San Diego, CA), 15 mm/sec — 3

sec pause in contact with paper
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6. Repeat steps 4 and 5 twice more (total of 3 dip/blots)

7. 3 dips isopropanol, 15 mm/sec — 5 sec submerged pause on final dip

8.

1 blot on lint-free blotting paper (V&P Scientific, San Diego, CA), 15 mm/sec — 3

sec pause in contact with paper

Total Cycle Time: 9.5 minutes

HTS Cleaning (HTS)

1.

3 dips in DMSO at 15 mm/sec — 5 sec submerged pause on final dip

2. 3 dips in isopropanol at 15 mm/sec — 5 sec submerged pause on final dip

3.

3 blots on lint-free blotting paper (V&P Scientific, San Diego, CA) at 15 mm/sec

— 5 sec pause in contact with paper on final dip

Total Cycle Time: 37 seconds

V&P Cleaning (VP)

1.

2.

3 dips in DMSO at 15 mm/sec — 5 sec submerged pause on final dip

3 dips in DI water at 15 mm/sec — 5 sec submerged pause on final dip

1 blot on lint-free blotting paper (V&P Scientific, San Diego, CA), 15 mm/sec — 3
sec pause in contact with paper

3 dips in isopropanol at 15 mm/sec — 5 sec submerged pause on final dip

1 blot on lint-free blotting paper (V&P Scientific, San Diego, CA), 15 mm/sec — 3

sec pause in contact with paper

Total Cycle Time: 70 seconds
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TipCharger Cleaning (TC)
1. 3 dips in DI water at 15 mm/sec — 5 sec submerged pause on final dip
2. 1 dip in TipCharger (IonFields, Inc, Moorestown, NJ), 40 sec exposure to plasma

Total Cycle Time: 47 seconds

TipCharger-HTS Cleaning (TC-HTS)
1. 3 dips in DMSO at 15 mm/sec — 5 sec submerged pause on final dip
2. 3 dips in isopropanol at 15 mm/sec — 5 sec submerged pause on final dip
3. 1dip in TipCharger (IonFields, Inc, Moorestown, NJ), 40 sec exposure to plasma

Total Cycle Time: 82 seconds

Pintool Volumetric Calibration

Volumetric calibration of the pintool was performed using fluorescein. A 10mM
fluorescein (Fluka, Seelze, Germany) stock solution was prepared in DMSO. This stock
solution was then used to make a 1 to 2 dilution series in 1X Dulbecco’s Phosphate
Buffered Saline (DPBS), pH 7.1, (Mediatech Inc, Herndon, VA) via hand pipetting in
150 pl final volume. This was performed in octuplet. A 25 pl aliquot of each dilution
point was then transferred to a black-clear bottomed polystyrene microplate (#3702,
Corning Life Sciences, Acton, MA) and the absorbance read using a 480 nM filter on an
Envision Multilabel Reader (Perkin Elmer, Waltham, MA). The resulting data was fit
using a linear regression model in Microsoft Excel, yielding a linear detection range from
0.2 to 25 pM with an R? of 0.9997. Ten microliters of the 10 mM fluorescein stock was

then added to a 384-well polypropylene plate (#3656, Corning Life Sciences, Acton,
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MA) for use in pin transfer experiments. Calibration was performed on a BioMeckFXP
(Beckman Coulter, Fullerton, CA) using pins and pin-racks from V&P Scientific (San
Diego, CA). Typical calibration experiments transferred approximately 25 nl of 10 mM
fluorescein stock solution into 25 ul of DPBS in black, clear-bottomed polystyrene plates.
Absorbance at 480 nM was read using the Envision plate reader. Data from the standard
curve was then used to calculate actual volumes transferred by the pins. The exact
calibration protocol is detailed below:

Alternatively, for low concentrations of fluorescein, calibration was performed
utilizing fluorescence readout as opposed to absorbance. In this case the standard curve
was linear from 0.78 uM to 25 pM. Fluorescence readings were taken using a Envision
Multilabel Reader (Perkin Elmer, Waltham, MA) equipped with a 480 nM excitation
filter and a 535 nM emission filter. The calibration was performed as described above
with the exception of the final plate reading method and the absolute concentrations of

fluorescein used.

Carryover Detection

Carryover experiments were performed using a total of four assay plates and four
drug plates. The first drug plate was filled with DMSO to control for any contamination
that may be present on the pins prior to exposure to test compound. The second drug
plate was filled with test compounds in 10 mM DMSO stocks. The third and fourth drug
plates were again filled with DMSO. Carryover was defined as activity that was outliers
from negative control populations on either the third or fourth assay plates as determined

by robust statistical methods. The outlier cutoffs were calculated as the upper fourth plus
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1.5 times the fourth spread (the upper fourth and fourth spread are similar to the third

quartile and interquartile range, respectively), which corresponds to a p-value ~0.005 for

normal distributions. However, such cutoff criteria are more robust to population

deviations from normality.” A typical carryover experiment is detailed below:

1.

2.

10.

11.

12.

13.

Complete cleaning of pins.

Standard cleaning of pins (methods used varied — see cleaning methods above)
Transfer of 25 nl DMSO from drug plate 1 to assay plate 1

Standard cleaning of pins

Transfer of 25 nl 10 mM variable test compound or fluorescein from drug plate 2
to assay plate 2

Standard cleaning of pins

Transfer of 25 nl DMSO from drug plate 3 to assay plate 3

Standard cleaning of pins

Transfer of 25 nl DMSO from drug plate 4 to assay plate 4

Complete cleaning of pins

Standard cleaning of pins

Transfer of 25 nl 10 mM staurosporine (positive control) to appropriate wells on
all assay plates. (standard cleaning of pins between each assay plate)

Complete cleaning of pins

Each experiment was repeated in triplicate for a total of 12 assay plates for each

carryover condition tested. Assay plates were drugged using a BiomekFXP workstation

(Beckman Coulter, Fullterton, CA). Custom protocols were written for each pin-cleaning

method tested.
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2.3 Results

Primary Screening Results and Initial Carryover Detection

The initial evidence for compound carryover was detected after using the ES8
cytotoxicity assay to screen the bioactive collection in triplicate. Each screen replicate
consisted of 18 plates, for a total of 54 tested plates. Compound plate order was
randomized between each replicate. The overall average Z’ for all replicates was 0.89
indicating a well-behaved assay system. The ECsy of control compounds added in dose-
response to each plate was also extremely replicable, with an average variance of 7.4%.
However, it was noticed that a small sub-set of compounds were not behaving in a
replicable manner. These compounds would appear as potent hits in one run, but not in
the other two. (Fig 1a). The effect of these compounds can also be seen upon
examination of the standard deviations of the replicate measurements. While most
compounds have standard deviations less than 8%, a small bump can be seen at
approximately 50%. (Fig 1b). Suspecting that this was the result of compound carryover,
the Pearson correlation of well activity with the activity of the same well in neighboring
plates was determined. (Fig 1c¢). This clearly indicated that the well activity in plate

immediately prior to or immediately after the plate of interest was highly correlated.
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a. Evidence of Carryover in Primary Screens
Three Runs with Randomized Compound Plate Orders

100- — [ — —
-‘.a—f 80 — ——F
®
2
£ 60 o —— —— ®Runi
(5] ORun 2
= a0 — ——{— - oRun3
=
'S
L 201 — ——r
=
£
o 0 T :
%‘bﬂy Q"'\' ei"? '1:\:" %"'» 3 '-bq'\ co"':\ 'bq'qy
o o b 7 o o A L) Q%
o A o © o © o o o
b 53 % 53 % 5 @ % b
a2 v v Z v A v V a2
o o o o o o o o o
8 ) o ) ) o o o o
&) o o o o ) o o )
) » » ) > ) > » )
L & < ) o o - -
b. Standard Deviations for All Wells Over Three Replicates
501 5.0,
4.04
40 ]
3.04
& 304 2.01
o
E | 4
@ 1.0
[=]
s 207 J
0.0-
0 8 16 24 32 40 48 56
10
0 T T y ; 7 T
0 8 16 24 32 40 48 56
Single Point % Growth Standard Deviation
N = 3, Randomized Plate Order
[+
Correlation of Well Activity with
Activities of the Same Well on Neighboring Plates
1.0 Run 1
\ Run 2
Run 3
0.8
.E 1 plate after (N + 1)
=
3 0.6
3 2 plates after (N + 2)
5 3 plates after (N + 3)
o 0.4
P
o
0.2
0.0

Distance From Plate

90

Fig 2.1

Fig 2.1 - Detection of carryover in
primary screening data

1a. Data from replicate screening runs
of the St. Jude Bioactive collection.
Each run was performed using
randomized compound plate order.
Note the extreme differences between
replicates in this set of compounds. 1b.
The standard deviation for all wells
over the three replicates. Percent
activity was defined as described in
materials and methods. While most
compounds have a standard deviation
of less than 8 %, a small subset was
observed to have standard deviations
approaching 50%. 1c. The Pearson
correlation of well activity with the
activity of the same well on
neighboring plates. Note that plates
either one plate prior to or one plate
after the plate of interest are highly
correlated, while the correlation
decreases as a function of the distance
from the plate of interest. The presence
of this correlation is highly indicative
of cross-contamination.



Selection of Probable Carryover Compounds

In order to study the carryover phenomena in greater detail, we applied a simple
heuristic to the triplicate ES8 % growth inhibition values to select a test set composed of
52 compounds predicted to show carryover behavior and 78 “control” compounds
predicted to behave normally. Since most compounds (>90%) showed little or no
activity in the assay, the chance that an active compound in plate n would be proceeded
by another active compound in the corresponding well of plate n+1 in all three
independent replicates of the assay (with randomized plate order) is small. Such an
observation is more likely to result from active compound cross-contaminating inactive
compound in the subsequent plate. A compound with growth inhibition >50% in all three
replicates was defined as “active”. We defined potential carryover molecules as any
“active” with median growth inhibition Y% in plate n that was followed by compounds
showing >2Y% growth inhibition in all three n+1 plates. In contrast, any “active” in
plate n followed by compounds with <10% activity in all three n+1 plates was defined as

normal.

Pintool Quality Control

Immediately after the pintool cross contamination problem was detected, the pins
used in the screening experiment (10Hold) were subjected to standard fluorescence
intensity based volumetric calibration. As expected, these pins exhibited poor behavior,
with a CV greater than 25% and a clear bio-modal distribution. (Fig 2.2a). Examination

of the pins by light microscopy showed significant buildup of debris on the pin surface
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and collecting in the slot. The pins were cleaned by repeated complete cleaning cycles
and tested a second time with identical results.

Fig 2.2

a. Fluorescein Volumetric Calibration b. Fluorescein Volumetric Calibration
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Figure 2.2 - Volumetric data for various pin sets. 2.2a. Volumetric performance of the old
hydrophobic coated pins (10Hold). Note the bimodal character and poor overall percent
error. Data was collected at 15 mm/sec withdrawal speed on the BiomekFX as described.
Also note the extreme fouling seen the representative pin pictured here. 2.2b. Volumetric
performance of new hydrophobic coated pins (10Hnew). Note the lack of fouling and
clean appearance of the representative pin seen here. Data was collected at 15 mm/sec
withdrawal speed on the BiomekFX as described. 2.2¢. Volumetric performance of the
plasma cleaned older hydrophobic coated pins (10Hold post-plasma). Note the lack of
fouling visible on the representative pin and the presence of the cleaning line indicating
the depth to which the pins were dipped in the plasma. Also note the like-new volumetric
performance. These pins were cleaned using a single 40 second exposure to room
temperature plasma prior to volumetric calibration. 2.2d. Volumetric performance of
non-coated stainless steel pins. This data was collected at 20 mm/sec withdrawal speed
The volumetric performance of these pins was comparable to that of the hydrophobic
coated pins.
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Comparison with new pins showed a significant deterioration of volumetric performance
(Fig 2.2b). The pins were then subjected to 40 seconds of exposure to room temperature
plasma generated using the TipCharger instrument resulting in a return to like-new
volumetric performance (Fig 2.2¢). Stainless steel pins were also shown to perform

comparably with the hydrophobic coated pins in the volumetric transfer tests. (Fig 2.2d).

Testing of Probable Carryover Compounds

The test set of 130 compounds was subjected full dose response studies as well as
our carryover detection experiment. (Fig 2.3) Of the 130 compounds selected, 107
displayed ECsg values below 25 uM.

Figure 2.3

Cross Contamination Assay
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Figure 2.3 — Schematic of a typical cross contamination experiment. Before each replicate, pins
were subjected to the complete cleaning protocol. Control compounds were added to test
plates from a separate source plate.

Position was randomized during plating of the test compounds in the source plate in order
to control for the effects of specific pin condition. The initial carryover experiment was

performed using the HTS cleaning method along with the 10Hold pins prior to plasma
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cleaning in order to establish a baseline for worst-case scenario behavior. Of the 52
predicted problematic compounds, 47 carried over one plate while 24 carried over two
plates. From the 78 predicted non-carryover compounds, 6 carried over one plate and
only one carried over two plates. This confirmed that the compounds we had predicted to
be problematic were in fact causing cross-contamination artifacts.

To determine whether carryover was an effect of damage to specific pins, or
characteristics of specific compounds, the 10Hold pre-plasma cleaning carryover
compounds were mapped onto the volumetric data for each pin. (Fig 2.4a). Carryover
compounds were observed to come preferentially from pins which were transferring
abnormally large volumes. After plasma cleaning, the carryover and non-carryover pins
were equally distributed. (Fig 2.4b). When compound potencies were compared to their
carryover behavior, no strong correlations were observed. The pre-plasma 10Hold pins
displayed higher % error on average when compared with their post-plasma cleaning
performance. (Fig 2.4¢c-d) This analysis shows that detection of compound carryover is

not simply a function of potency.
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Figure 2.4
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Figure 2.4 - Analysis of carryover patterns. 2.4a. Pin carryover performance mapped onto
volumetric performance data for the pre-plasma cleaned old hydrophobic pins (10Hold).
Note that carryover pins are preferentially located in the 2™ bump of the volumetric data.
This is not unexpected, since pins which deliver larger volumes would logically be more
susceptible to cross-contamination issues. 2.4b. Pin carryover performance mapped onto
volumetric performance data for post-plasma cleaned old hydrophobic pins (10Hold).
Here carryover pins are equally distributed throughout the volumetric population,
indicating that carryover is no longer a function of pin liquid volume delivery. 2.4c.
Single plate carryover data for the pre-plasma cleaned 10Hold pins as a function of
compound ECsy. Note the high variability seen in this data set, as well as the fact that
carryover is not a function of compound potency. 2.4d. Single plate carryover data for the
post-plasma cleaned 10Hold pins. Here the data is much less variable and while carryover
is still present, the relative percent inhibition is slightly lower in all cases. This suggests
that the high carryover signals were likely the result of fouling on the pin surface, a
phenomena which could also lead to stochastic variability in the pin behavior. However,
when the fouling is removed, the remaining carryover is likely to be the result of more

permanent damage to the pin coating.
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Testing of Pin Type and Cleaning Method Effects

The first pin type tested with diverse cleaning methods was the 10Hold pin set
(Fig 2.5a). As noted previously, our standard HTS cleaning method resulted in 53
carryover compounds with these pins. The use of room temperature plasma cleaning (TC
cleaning method) resulted in 34 of the predicted carryover and two of the predicted non-
carryover compounds displayed detectable activities one plate away. Twenty-two of the
predicted problematic and none of the predicted non-problematic compounds were also
detectable two plates out. Combining this method with the standard HTS cleaning
protocol (TC-HTS cleaning method) yielded 35 predicted carryover and one predicted
non-carryover compounds with detectable activity one plate away. This number
decreased to 15 predicted carryover compounds when data from two plates out was
examined. Use of the more rigorous V&P cleaning protocol with post-plasma 10Hold
pins showed 31 of the 52 predicted carryover compounds and two of the predicted non-
carryover compounds with detectable activities one plate away. Only 17 of the predicted
carryover and none of the predicted non-carryover compounds had detectable activities
two plates out.

In a final effort to restore the 10Hold pins to “like-new” behavior, the pins were
sonicated in undiluted V&P110 solution for 15 minutes, as recommended by V&P
Scientific. Following this they were again tested for carryover using the V&P cleaning

method. Under these conditions, 24 predicted carryover and one predicted non-carryover
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compound were detectable one plate away. Twelve of the predicted carryover compounds
also displayed detectable activity two plates out.

In contrast to the results with the 10Hold pins, use of the 10Hnew pins with the
HTS cleaning method resulted in only 10 of the predicted carryover compounds with
cross contamination one plate away, and none showing contamination two plates out (Fig
2.5b). None of the predicted non-carryover compounds showed detectable cross
contamination. Using the TC cleaning method with these pins, only six predicted
problematic compounds were detectable one plate away. None of the predicted non-
carryover compounds displayed any detectable activities, and none of the test set was
detectable two plates out. With the TC-HTS cleaning method, only six of the predicted
problematic compounds were detectable one plate out. No compounds were detected two
plates away. Using the V&P cleaning protocol, five compounds from the predicted
carryover set displayed activities one plate out, with one compound from this set
detectable two plates away. None of the predicted non-carryover compounds had
detectable activities even one plate away. The uncoated stainless steel pins (10Hstainless)
displayed similar performance to the 10Hnew pins (Fig 2.5¢). Using the HTS cleaning
method only six of the predicted carry over compounds were positive over one plate, and
only one displayed detectable contamination two plates out. All other cleaning methods
applied to these pins (TC, TC-HTS and V&P) resulted similar results.

Finally, the time dependence for effective cleaning using the TipCharger was
determined utilizing the TC protocol outlined in materials and methods, but with the pins
exposed to plasma for varying amounts of time. The pins used were the new hydrophobic

coated pins (10Hnew). If the pins were not exposed to plasma at all, but were simply
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dipped in water for cleaning, 117 of the 130 compounds, including all 52 predicted carry-
over compounds displayed significant activity one plate out (Fig 2.5d). However, after
only ten seconds of exposure to plasma, the number decreased to 15. The performance
remained the same with 20 seconds of exposure, but after 40 seconds, the number of
detectable cross-contamination compounds dropped to 6, the same level as all other

cleaning methods tested.
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Figure 2.5 Comparison of cleaning methods. - 2.5a. Performance of the old hydrophobic
coated pins (10Hold) using various cleaning methods. While use of the TipCharger did
decrease the number of carryover compounds, it did not eliminate the phenomenon. All
cleaning methods preformed in a fairly comparable manner for the test set. Further
cleaning by sonication of the pins in undiluted VP110 for 15 minutes did decrease
carryover somewhat, but was again unable to eliminate it, suggesting that the pins had
become irreversibly damaged over time. 2.5b. Performance of the new hydrophobic
coated pins in the carryover experiments. Note that all methods performed similarly and
that carryover is much reduced compared to the older hydrophobic pins. 2.5c.
Performance of the new non-coated stainless steel pins in the carryover experiments.
Note that these pins perform comparably to the hydrophobic coated pins, and in some
cases out-perform them. 2.5d. Time dependence of the TipCharger instrument. Note that
exposure to room temperature plasma for only 10 seconds is sufficient to reduce
carryover behavior significantly, although a further decrease is seen after a 40 second
exposure.
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Figure 2.6
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Figure 2.6 - Characteristics of the carryover test set and representative structures of
problematic compounds. - 2.6a. The full test set of predicted carryover and predicted non-
carryover compounds. Note that both sets are highly diverse and are similar with respect to most
chemical descriptors. 2.6b. Representative structures of problematic compounds. SJ000285231
was particularly poorly behaved and was not removed under any conditions tested. 2.6c.
Characteristics of experimentally validated carryover and non-carryover compounds. These sets
were classified using data from the pre-plasma 10Hold pins using the HTS cleaning method.
Again, note the similarity between the two sets. This data suggests that carryover is a multi-
faceted problem involving both the specific compound and the specific pin being used to transfer
it.

Characterization of the compound test set using standard computed chemical
descriptors along with the structures of particularly problematic compounds is shown in

Fig 2.6.

Fluorescein Characterization of Carryover

After testing the pins using our variable compound test set, it was decided to
attempt to detect carryover behavior using a non-biological assay, using fluorescein. The
pins were calibrated in a manner identical to that used in the volumetric performance
assays using the fluorescence readout, after which they were subjected to a typical
carryover experiment. Carryover volume in plate immediately following the fluorescein
stock plate was calculated based on the standard curve. The experiment was run in
triplicate. An average carryover volume of 0.15 nl with a maximum of 1.68 nl was found
using the post-plasma cleaning 10Hold pins. (Fig 2.7a) This corresponds to an in well
concentration of 0.06 and 0.67 uM respectively. When the 10Hnew pins were tested, no
repeatable carryover was detectable, and average concentrations were below the 0.025
pM detection limit of our assay. (Fig 2.7b). The replicates from both sets of pins were
then compared to determine if carryover was pin specific or more stochastic in nature. In

the case of the 10Hold pins, carryover was clearly related to specific pins (Fig 2.7¢)
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while in the case of the 10Hnew pins, carryover was much more stochastic in nature (Fig

2.7d).
Figure 2.7
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Figure 2.7 - Fluorescein carryover performance of 10Hold and 10Hnew pins. 2.7a.
Carryover volume as determined by FITC volumetric calibration for the post-plasma
10Hold pins. Average carryover volume was 0.1 nl with several pins carrying up to 2 nl
FITC one plate out. 2.7b. Carryover volume as determined by FITC volumetric
calibration for the 10Hnew pins. Average carryover was below detectable limits. 2.7c.
Repeatability of carryover behavior for the 10Hold pins (post-plasma). Note that most
pins were fairly replicable, with some exceptions, indicating that carryover is a function
of pin condition. 2.7d. Repeatability of the carryover behavior for the 10Hnew pins. Note
that carryover behavior here is much more stochastic in nature, indicating that carryover
is likely not a function of pin condition in this case.
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2.4 Discussion

The results of this study indicate that compound carryover caused by pin-transfer
instruments is a highly complex phenomenon. It is a function of both compound identity
as well as pin type and pin condition. The greatest contribution to carryover is certainly
pin condition. New pins out-perform old pins significantly under all conditions.
Interestingly, volumetric performance did not correlate with carryover performance. This
indicates that quality control measures that simply examine volumetric delivery variance
will not be effective in detecting potential cross-contamination issues. However, the
fluorescein carryover experiment was successful in detecting this variance, suggesting
that experiments of this type would be more useful in tracking pin performance than
simple volumetric calibration runs.

The comparison of pin cleaning protocols using a wide range of test compounds
resulted in several interesting observations. The first is the absence of large differences
between the various pin cleaning methods tested. However, of the methods tested, the
best performing condition was the V&P cleaning protocol in conjunction with the new
hydrophobic coated pins (10Hnew). Use of the stainless steel pins added only two
compounds which were not problematic using the hydrophobic pins and decreased the
absolute potencies of the observed carryover phenomena. This fact, coupled with the
comparable volumetric performance seen between the un-coated and coated pins suggests
that use of the 10-fold less expensive uncoated pins is a viable option in high-throughput
screening. Furthermore, use of the stainless steel pins simplifies major cleaning efforts as

damage to the coating of the pins is not a concern.
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Another finding of this study was that the use of room-temperature plasma to
clean small molecules is as effective as other methods. This plasma is generated by the
TipCharger instrument by exposing normal atmosphere to high voltages, resulting in the
production of a mixture of nitrogen and oxygen plasmas.’ The production of this plasma
results in a large number of free electrons which interact with the surroundings,
transferring large amounts of energy to both solvent and solute molecules on the surface
of the pin. This results in the rapid breakdown of small molecules into theoretically
inactive fragments. Interestingly, the TC-HTS cleaning method in association with the
uncoated 10Hstainless pins was highly efficacious in removing all except three of the test
compounds. Only the 10Hnew pins cleaned using the VP protocol resulting in
comparable cross-contamination performance. A further advantage of using this method
for pin cleaning was the remarkable removal of fouling from the 10Hold pins. A single
40-second exposure to the plasma was sufficient to restore the pins to like-new
volumetric performance.

The use of this instrument in regular cleaning regimens would likely prevent the
build-up of fouling on the pin surfaces, resulting in overall improved performance
without the need to conduct other offline rigorous cleaning protocols. While the majority
of our testing was performed using 40 seconds of exposure to the plasma, time
dependency experiments showed that only a slight decrease in performance occurred with
shorter exposures of 10 or 20 seconds. It should be noted that in its current form, it is
necessary to dip pins in a secondary non-DMSO solvent before use of the TipCharger
instrument, as large levels of DMSO can interfere with effective formation of plasma.

However, by dipping in either water or isopropanol first, we were able to minimize this
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phenomenon. While this cleaning method did result in much improved volumetric
performance, the cross-contamination problems in the 10Hold pins was not removed,
suggesting that further damage to the pins unrelated to fouling issues was likely
contributing. Further cleaning of this pin set by sonication in undiluted VP 110 solution
was also unable to recover the old pins to like new performance with respect to carryover.

Although we were not able to either completely eliminate carryover, or recover
old-pins to like-new performance in this regard, we were able to develop a method that
was highly successful in detecting the presence of carryover in real screening data. This
relatively simple method, which correlates well activity on one plate with the activities of
the same well on surrounding plates proved highly efficacious in predicting compounds
which were indeed exhibiting cross contamination behavior. Utilization of this technique
allows the detection of problematic pin performance without the need to perform more
stringent tests such as those used in this study. Pin sets displaying this behavior can then
be removed from service or subjected to more vigorous cleaning methods such as
sonication in undiluted VP110.

In conclusion, we have rigorously tested a wide range of cleaning methods and
pin types commonly used in high-throughput screening efforts using a large and diverse
set of test compounds. We have found that while most cleaning methods perform
relatively comparably when new pins are used, and that uncoated stainless steel pins
perform as well as the more costly hydrophobic coated pins in typical high throughput
screening settings. Furthermore, we have developed an algorithm capable of detecting
deteriorating pin performance in normal screening data, without the need to perform

rigorous cross-contamination experiments. This study represents the most thorough set of
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experiments examining this phenomenon currently in the literature, and the data reported

here will be valuable for all screening groups using pin transfer techniques.
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Chapter 3

Optimization of a Non-Radioactive High-Throughput Assay for
Decarboxylase Enzymes

Before a large scale high throughput screening effort can take place, rigorous

optimization of the primary assay as well as design and implementation of the secondary
assay panel is necessary. The following details this process.
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Modified from David C. Smithson, Anang A. Shelat , Jeffrey Baldwin, Margaret A.
Phillips and R. Kiplin Guy, Assay and Drug Development Technologies 2009, In Press

INTRODUCTION
Decarboxylase enzymes represent a significant target family for the development
of therapeutic agents. Ornithine decarboxylase (ODC) and S-adenosylmethionine
decarboxylase control the polyamine biosynthetic pathway, a therapeutic target in both
oncology and parasitology." ? Other medically relevant decarboxylases include histidine
decarboxylase, a target in the inflammation pathway, DOPA decarboxylase, a
Parkinson’s disease target, and diaminopimelate decarboxylase, a potential antibiotic

‘[arge‘[.3’4’5

In spite of the importance of the enzyme class, few decarboxylases have been
subjected to large scale drug discovery efforts, in part due to difficulty in quantifying
their activities in a manner compatible with modern high-throughput approaches.
Classical methods for assaying decarboxylase function often involve capture of '*CO,
from radio-labeled substrates or derivatization of the enzyme products followed by HPLC
analysis.” ’ Neither of these techniques is suitable for high throughput screening (HTS)
efforts, as they involve either formation of radioactive gas or lengthy, resource intensive
detection procedures. Use of a commercial low-throughput method linking the production
of CO; to the consumption of NADH using phosphoenolpyruvate carboxylase (PEPC)
and malate dehydrogenase (MDH) to track decarboxylase activities has been reported.®

(Fig 3.1) Reaction progress was measured by the decrease in NADH absorbance at

340nm. We believed this assay was a good candidate for adaptation to HTS.
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Figure 3.1 — Linked Assay Mechanism. ODC catalyzes the decarboxylation of
ornithine, which releases CO,, which is captured by the basic buffer (pH 8.05) as
bicarbonate. Phosphoenolpyruvate carboxylase (PEPC) uses this bicarbonate to generate
oxaloacetate from phosphoenolpyruvate. The oxaloacetate is then reduced by malate
dehydrogenase (MDH) to malate in a NADH dependant fashion. There is a 1:1
relationship between the amount of CO, produced by ODC and the amount of NADH
oxidized by MDH, allowing kinetic parameters for ODC to be calculated from observing
NADH levels as a function of time. The assay system has been optimized such that ODC
is the rate limiting step.

The target chosen for optimization of this assay system was ODC from
Trypanosoma brucei, the causative agent of Human African Trypanosomiasis. This
disease is fatal if left untreated and is a major health problem in much of central Africa.’
The only clinically validated molecular target for treatment of T. brucei infections is
ODC, which catalyzes the first step in polyamine metabolism, the decarboxylation of
ornithine to produce putrescine. Putrescine and the other polyamines spermidine and
spermine, are necessary for cellular reproduction, making their regulatory enzymes
attractive drug targets in both parasitology and oncology. The biological roles of
polyamines are numerous, and they have been implicated in the regulation of a wide
range of important genes, including P53 and c-myc '* !

In mammalian cells, ODC is highly regulated and possesses a very short half-life

of 10 to 20 minutes.'> However, in protozoal parasites, particularly T. brucei brucei and
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T. brucei gambiense, the enzyme is longer lived (~4 hours)."> This difference allows the
use of irreversible and non-selective inhibitors of ODC such as difluromethylornithine
(DFMO) in clinical treatments for African Trypanosomiasis.14 Unfortunately, DFMO
possesses poor pharmacokinetic properties, resulting in the need for multi-day high
dosage intra-venous treatment regimens which limit its use in the third-world."

To date, most drug discovery efforts directed towards ODC inhibitors have
focused on analogues of ornithine (such as DFMO), putrescine, or pyridoxal-5’-
phosphate (PLP), a cofactor necessary for ODC activity shared by many other
enzymes.'®'” None of these have proved as effective as DFMO for treatment of T. brucei
infections. No large scale efforts to discover inhibitors based on scaffolds other than
substrate, product, or cofactor analogues have been reported. The lack of large scale drug
discovery efforts has been due in part to the difficulty in assaying ODC activity in a high
throughput manner.

Therefore, we have optimized a commercial enzyme linked bicarbonate detection
system for use in high throughput screening of ODC. We report the results of this
optimization and the performance of the assay on a proof-of-concept screen of

approximately 3600 unique molecules.

MATERIALS AND METHODS

Materials

All chemicals assayed in this study were purchased from vendors without further

purification. DI water was filtered with a MilliQ Synthesis Ultra-Pure water system
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(Millipore, Billerica, MA) immediately before use. Infinity"™ Carbon Dioxide Liquid
Stable Reagent was purchased from Thermo Fisher Scientific. (Waltham, MA). L-
Ornithine, pyridoxal 5’-phsophate (PLP) and dithiothreitol (DTT) were purchased from
Sigma-Aldrich (St. Louis, MO). DFMO-HCI was purchased from Chem-Impex
International (Wood Dale, IL). All plate based enzymatic assays were performed in 384-
well black-sided, clear-bottomed polystyrene microplates (#3702) from Corning Life
Sciences (Acton, MA). The bioactive compound screening library at St. Jude Children’s
Research Hospital was assembled from commercially available collections including the
Prestwick Chemical Library (Prestwick Chemical, Illkirch, France); the LOPAC
Collection (Sigma-Aldrich, St. Louis, MO); and the Spectrum Collection, the NINDS
Collection, the Natural Product Collection, and the Killer Plate Collection from
Microsource (Microsource Discovery systems, Gaylordsville, CT). The total bioactive
test set contains approximately 7300 compounds, including many internal replicates. The

total number of unique compounds in the collection is approximately 3600 molecules.

Purification of T. brucei ODC

ODC was expressed as an N-terminal 6xHis-tag fusion protein in E. coli
BL21(DE3) cells as described.® Protein was purified by Ni**-NTA-agarose column
followed by Superdex 200 gel-filtration column chromatography. Fractions containing
the desired protein were identified by SDS-PAGE. Those containing pure ODC were
combined and concentrated using an Amicon-Ultra centrifugal filter device (10Kda
cutoff, UFC901024, Millipore, Billerica, MA) to concentrations of approximately 40

mg/mL. Yields of purified ODC were generally 7 to 13 mg/L of cultured cells.
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Assay Automation and Nitrogen Atmosphere Generation

All screening data was generated on a High Resolution Engineering (Woburn,
MA) integrated screening system using Liconic plate incubators (Woburn, MA) and a
Stabuli T60 robotic arm (Stabuli, SC). This system is enclosed in a gas-tight Plexiglas
enclosure allowing a nitrogen atmosphere to be generated by continual purging with
approximately 30 psi nitrogen through twin 8 mm inner diameter tubes. Nitrogen was
obtained by boil-off from liquid nitrogen using an inhouse dry-nitrogen system supplied
by NexAir (Memphis, TN). Nitrogen consumption during screening was estimated to be
approximately 200 liters per minute. Percent oxygen within the enclosure was monitored
using an Air Aware oxygen detector (model 6810-0056, Industrial Scientific, Oakdale,
PA) and maintained at less than 2.5% throughout all high throughput assays. Assay
solutions were dispensed using Matrix Wellmates (Matrix Technologies, NH) equipped
with 1l rated tubes. Plates were centrifuged after all liquid additions using a Vspin plate
centrifuge (Velocityll, Menlo Park, CA). Compound transfers were performed using a
384-well pin tool equipped with 10 nl slotted hydrophobic surface-coated pins (V&P
Scientific, San Diego, CA). This allowed delivery of ~25nl of DMSO stock solution with
CVs of less than 10%. All absorbance data was measured using an EnVision Multilabel
Plate Reader equipped with a 340 nm narrow bandwidth filter (Perkin Elmer, 2100-
5740). During automation, the screening system was operated offline and individual

instruments were accessed using manual operation of the robot arm.

ODC-PEPC-MDH Linked Assay
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This assay was performed under nitrogen atmosphere. Assay buffers were
prepared under normal atmosphere while flushing with a stream of nitrogen and
transferred to enclosed nitrogen atmosphere upon completion. Assay buffer (66 mM
TRIS, 25 mM NaCl, 8 mM MgSOs, 0.01% Triton-X, pH 8.05) was prepared daily. The
assay reaction was prepared using two master mixes A and B, which were prepared
immediately before use. Mix A contained ornithine (0 to 10 mM), PLP (0 to 937 uM) and
5.7 mM DTT in assay buffer. Mix A was prepared immediately before testing from
frozen stocks prepared in water (0.5 M Orn, pH 7.5, 20 mM PLP and IM DTT). Mix B
contained Infinity™ Carbon Dioxide Liquid Stable Reagent (Infinity'™ CO,, Thermo-
Fisher Scientific) and ODC (0 to 300 nM). Mix B was prepared immediately prior to
testing from fresh Infinity'™ Carbon Dioxide Liquid Stable Reagent and frozen ODC
stocks. For testing, 15 pul Mix B was added to appropriate wells in a 384-well clear
bottomed plate followed by compounds transferred by pin. 10 ul Mix A was then added
to start the reaction.

Final optimized assay concentrations were 2.3 mM DTT, 600 uM ornithine, 60
uM PLP, 60% Infinity™ Carbon Dioxide Liquid Stable Reagent, 150 nM ODC, 10uM
test compound and 0.01% Triton-X, in a 25 pl final volume unless otherwise specified.
Reaction progress was monitored by following absorbance at 340 nm using an Envision
plate reader (Perkin Elmer) equipped with a narrow bandwidth 340 nm filter (Perkin
Elmer, 2100-5740). Absorbance was monitored for 20 minutes, with time points taken
every minute. Data from minutes 15 to 20 after addition of Mix A was fit to a linear
model using statistical methods described below. The resulting slope of this fit was taken

as the rate of the reaction and used as the endpoint for the assay.
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Compounds for screening were placed in 384 well polypropylene plates (Corning
Life Sciences, Acton, MA) at 10 mM concentration in DMSO with columns 1, 2, 13 and
14 empty. Positive controls (DFMO, 1 M, 10 ul) were placed in a separate 384 well
polypropylene plate in wells A2, B2, C2, D2, E14, F14, G14, H14, 12, J2, K2, L2, M14,
N14, O14 and P14. Negative controls (DMSO, 10 ul) were placed in the same plate as
positive controls in wells A14, B14, C14, D14, E2, F2, G2, H2, 114, J14, K14, L14, M2,
N2, 02 and P2. All microplate compound transfers were accomplished using a 384-well
pin tool equipped with 10 nl hydrophobic surface coated pins (V&P Scientific, San
Diego, CA). This allowed delivery of ~25nl of DMSO stock solution with CVs of less
than 10%.

Cuvette assays were performed as described for above with the following minor
modifications; the final assay volume in cuvettes was 500 pl at 40% Infinity™™ Carbon
Dioxide Liquid Stable Reagent, 50 uM PLP, 50 uM DTT, 1% DMSO and varied
ornithine concentrations from 10 mM to 100 uM. As with microplate assays, assay buffer
(66 mM TRIS, 25 mM NaCl, 8 mM MgSO,, 0.01% Triton-X, pH 8.05) was prepared

fresh daily.

PEPC-MDH Linked Assay - Microplate

For assay of the linking enzymes, assay buffer (66 mM TRIS, 25 mM NacCl, 8
mM MgSO,, 0.01% Triton-X, pH 8.05) was prepared daily using water. The assay
reaction was prepared in two master mixes. Mix A contained 1.25 mM sodium
bicarbonate (Sigma Aldrich), 100 uM PLP and 5.7 mM DTT in assay buffer. Mix B was

100% Infinity™ Carbon Dioxide Liquid Stable Reagent. For testing 15 pl Mix B was
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added to appropriate wells of a 384 well clear-bottom microplate followed by pin-transfer
compound DMSO stocks. Compounds were allowed to equilibrate in the presence of
enzymes for 20 minutes before substrate was added. The reaction was started by addition
of 10 pul Mix A and reaction progress was monitored by absorbance at 340 nm. Positive
controls were wells with no sodium bicarbonate added, negative controls were DMSO.
Final assay concentrations were 2.3 mM DTT, 60 uM PLP, 0.75 mM sodium
bicarbonate, 60% Infinity"™ Carbon Dioxide Liquid Stable Reagent, and 0.01% Triton-X.
Reaction progress was monitored by decrease in absorbance at 340 nm using an Envision
plate reader (Perkin Elmer) equipped with a narrow bandwidth 340 nm filter (Perkin
Elmer, 2100-5740) for 10 minutes with time points taken every one minute. Data from
minutes 1 to 5 was fit to a linear model using statistical methods as described below and

normalized to the positive and negative controls.

Primary Screening Data Analysis and Reaction Rate Calculation
Primary screening data analysis was performed using custom protocols written in

Pipeline Pilot (v. 6.1.1, Accelrys) and the R program (http://www.r-project.org/, v.

2.7.0)."® For rate determination, kinetic data were fit using 3 methods: a linear model
using least squares (“linear”, calculated using the Im function in robustbase R package, v.
0.2-7), a linear model using only the difference between the first and last time points
(“delta”), and a robust linear model using an iteratively re-weighted least squares
algorithm (“robust”, calculated using the Imrob function in robustbase R package, v. 0.2-
7). ¥ For hit identification, the final 5 minutes of data (6 data points in total including the

15 minute time point) were fit using the “linear” method. The fitted rates were the values
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used in the calculations of all plate statistics. Only plates passing the minimum Z-prime
and Z-factor thresholds of 0.4 and 0.4, respectively, were accepted. Initial screening hits
were determined on a plate-by-plate basis by identifying compounds with activities that
were simultaneously outliers from the negative control and variable compound
populations. The outlier cutoffs were calculated as the upper fourth plus 1.5 times the
fourth spread (the upper fourth and fourth spread are similar to the third quartile and
interquartile range, respectively), a robust statistic which corresponds to a p-value ~
0.005 for normal distributions.”® For Z’ calculations, 16 positive and 16 negative controls
were used unless otherwise stated. Reaction rate was transformed from AU/min to mM
NADH/min using an extinction coefficient of 6.349 AU mM 'cm™ for NADH and an
approximate path-length of 0.4 cm for assays performed at 25 pl final volume in a 384
well plate.

Reaction rates for dose response data were calculated as described above. Rates
were then normalized to DMSO and DFMO controls and sigmoidal curves with variable
slopes were fit using Graphpad Prism 4.03. No constraints were used when fitting this

data.

Receiver Operating Characteristic (ROC) Analysis

ROC analysis was performed using custom R scripts (http://www.r-project.org/,

v. 2.9.0) and the R rocr package (v. 1.0.2). The ROC test set was composed of 63
compounds which uniformly sample from the distribution of observed primary screen
activities (-7 — 103%). A compound was considered a true positive if it inhibited ODC in

a dose dependent fashion, had no effect in the PEPC-MDH assay system, and showed a
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2-fold increase in reaction rate when screened with 300 nM ODC. The ROC curve was
formed by plotting the true positive rate vs. the false positive rate as a function of
decreasing primary screen activity. Confidence intervals for the ROC area under the

curve (AUC) were calculated from 200 bootstrap simulations.

RESULTS

Optimization of ODC-PEPC-MDH Linked Assay

The assay system was chosen in part because the linking system was available
from Thermo Fisher Scientific, simplifying quality control and large-scale reagent
sourcing. This system was designed for clinical detection of bicarbonate in bodily fluids,
and is extremely sensitive to low levels of dissolved CO,, which is in equilibrium with
bicarbonate in aqueous solutions. Unfortunately, this sensitivity is a disadvantage in HTS
applications. The background signal produced by atmospheric CO, reduces the assay
linear time and causes reagents placed on the screening deck to rapidly degrade.
However, if reagents are stored, dispensed, incubated and read under a nitrogen
atmosphere, this liability is largely mitigated. When the assay is performed under
nitrogen, the signal to noise ratio increases from 2.5 to 8.1 and there is a significant
increase in reagent stability. (See Fig (3.2a)) For this reason, all optimization and

screening experiments were performed under an inert nitrogen atmosphere as described.
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FIG. 3.2. Optimization of assay conditions. 3.2a: Increase in background signal under
normal atmosphere. The signal seen here in green is solely from atmospheric CO,. (¢ =
Nitrogen atmosphere, no ornithine, ¥ = standard atmosphere, no ornithine, A =
Nitrogen atmosphere, 625 uM ornithine, m = standard atmosphere, 625 uM ornithine)
Quadruplicate data was collected in a 384 well microplate as described in the presence of
the indicated concentrations of ornithine. All other reagent concentrations were identical
to the optimized conditions described in materials and methods. The nitrogen atmosphere
was maintained as described with O, levels under 2.5%. 3.2b: Optimization of enzyme
levels. ¥ =7’ values, m = reaction rates. Dashed line indicates standard Z’ cutoff value
of 0.5. Data was collected in a 384 well microplate using optimized assay conditions with
varied final ODC concentrations. Z’ Values were calculated using 8 positive (ImM
DFMO) and 8 negative (DMSO) controls. The signal window at 150nM ODC is
approximately 5 fold. 3.2¢: Determination of ODC K, at 150 nM ODC and 60 uM PLP.
Data was collected in a 384 well plate as described and fit to the Michaelis-Menten
equation. 3.2d: Optimization of Infinity™ CO, percentage. (m = 60% Infinity™ CO,, A
= 45% Infinity™ CO,, ¥ = 30% Infinity™ CO,, ¢ = 15 % Infinity' ' CO,, ® = 7.5%
Infinity™ CO,) Data was collected in 384 well plates as described at optimized assay
conditions with varied Infinity™ CO,. Data points were taken every 15 seconds in
quadruplicate. The plot of AUs4 vs. time at 60% Infinity™ CO, represents a typical data
set under optimized assay conditions with a AAU34 of approximately 0.4 AU.

The assay rate was linear with respect to ODC concentration from 20 nM to

approximately 600 nM. A final concentration of 150 nM ODC was chosen for the
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primary screen, based upon signal to noise ratio and Z’ score (>4 and >0.5 respectively,
Fig (3.2b)). The final PLP concentration chosen was 60 pM, approximately 300-fold
over the literature reported K,,.>', to minimize the probability of finding compounds that
interfered directly with PLP, or competed for the PLP binding site. The assay buffer was
not optimized, and was formulated to match the commercial linking buffer in order to
maintain performance of the linking system. Several methods to remove dissolved CO,
from the buffer were tested including vacuum degassing and nitrogen sparging. None
offered significant reductions in background signal over using fresh MilliQ Synthesis
grade water (data not shown). To ensure that the assay system was performing
comparably to other literature methods, the Ky, for ornithine was measured. The values
obtained (420 +/- 22 uM, Fig (3.2¢)) were consistent with literature values (370 to 500
uM). > > The relatively low ornithine concentration chosen for screening (625 uM, 1.5 x
Ki) was selected to maximize the probability of finding ornithine competitive inhibitors.
The key determined under screening conditions (0.71 sec™ at ~22° C) is approximately
10-fold lower than the reported literature values.”’ This was determined to be a
temperature effect, and it was possible to replicate literature values by performing the
assay at 37° C. Due to limitations with our integrated plate reader, all high-throughput
screening was performed at room temperature (~22°C).

Finally, the amount of linking enzyme mix (Infinity"™ CO,) was optimized (Fig
(3.2d)). While the signal remained linear over the 20 minute assay window for both 60%
and 45% InfinityTM CO2, 60% was chosen in order to maximize the linear time
available during screening and reduce dependence on precise timing during the process.

The percentage was not increased past 60% due to the fact that absorbance values were
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already approaching 1.2 at this concentration. The assay system’s tolerance for DMSO
was also tested, and was shown to be up to 10% at optimized screening conditions (data

not shown).

Optimization of Secondary PEPC-MDH Assay

In light of the fact that this assay is dependent upon the activity of the two linking
enzymes as well as that of ODC, a secondary assay to test the effects of hits on the
linking enzymes was designed. Titration of exogenous sodium bicarbonate into the
reaction mixture showed a Knapp of 0.47 +/- 0.04 mM, which is consistent with reported
literature values for the Ky, of PEPC from E. coli (0.1 to 0.3 mM).** ** (Fig (3.32)) A
bicarbonate concentration of 1.5 x Kyapp (0.75 mM) was chosen for testing inhibitors. A
final concentration of 60% Infinity CO, was used in order to mimic the primary assay
screening conditions. At these reagent concentrations a linear time of 7 minutes was
observed with a AAU of approximately 0.8. (Fig (3.3b)) A signal window of 26 was
observed and a Z’ of 0.75 was calculated using no bicarbonate reagent as the positive

control.
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Fig 3.3. Optimization of PEPC-MDH assay system. Data was collected under nitrogen
as described in materials and methods. All data was collected under nitrogen in 384 well
microplates. 3.3a: Determination of the K,, apparent with respect to bicarbonate. The
value obtained is consistent with literature values. **** Data was fit to the Michalis-
Menton equation. 3.3b: Determination of assay linear time. (m = 0.75 mM HCO;, A =no
HCO;) Under optimized assay conditions, the bicarbonate signal was linear for
approximately 7 minutes.

Testing of Known Inhibitors and Selection of Positive Controls

The only known ODC inhibitor available in large enough quantities for use as a
high throughput screening control compound is DFMO. At optimized assay conditions in
the ODC-PEPC-MDH linked system, DFMO exhibited an ICsy of 200 +/- 40 uM, which
is consistent with the literature Kj,,, value of 160 uM (Fig (3.4a)).”° No effect on the ICs
value was seen when the amounts of linking enzyme present were changed. Additionally,
it was possible to make 1 M stock solutions of DFMO in DMSO that were stable for
several months at room temperature. Stock solutions at this concentration allowed
efficient pin transfer of DFMO into the control wells in nano-liter volumes and permitted
this compound to be used as positive control in screening at a final concentration of 1
mM. Inhibitors of the linking enzymes were ineffective under normal screening

conditions (Fig (3.4b) and (3.4¢)). Neither baicalein, a PEPC inhibitor, or isoquinoline, a
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MDH inhibitor, had any effect at concentrations up to 1 mM under optimized assay
conditions, well past their reported K; values of 0.79 uM and 200 puM respectively.” %
However, if the percentage of Infinity™ CO, was reduced, inhibition by baicalein
became apparent, with ICsy values approaching literature values. Isoquinoline was not
observed to have any inhibitory effects under any conditions tested; this is unsurprising

given its poor potency.
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FIG. 3.4. Performance of known inhibitors in the ODC-PEPC-MDH and PEPC-
MDH assays. (m = 60% Infinity'” CO,, A = 45% Infinity"™ CO,, ¥ = 30% Infinity™
CO,, ¢ = 15 % Infinity™ CO,) Data was collected under optimized screening conditions
as described unless otherwise noted. Compounds were allowed to equilibrate with
enzymes for 20 minutes prior to addition of substrate. Percent inhibition is defined as (1 -
Vilve) x 100. At Infinity’™ CO, percentages lower than 45% reaction rates were
calculated from the first 10 minutes of the reaction rather than the normal 20 minutes
used at higher percentages due to limitations in assay linear time (see fig 1d). For PEPC-
MDH assay results, rates were determined from the first 5 minutes. (see fig 2b). 3.4a:
Performance of DFMO, a known ODC inhibitor, in the ODC-PEPC-MDH assay with
varying amounts of linking enzymes. Note that linking enzyme concentrations do not
effect the performance of DFMO. 3.4b: Performance of baicalein, a known inhibitor of
PEPC at several different final linking mix concentrations in the ODC-PEPC-MDH
assay. At normal screening conditions (60% Infinity™ CO,) no inhibition is seen, even
from this sub-micromolar inhibitor. However, upon dilution of the linking mix, inhibition
becomes apparent. 3¢: Performance of isoquinoline, a known inhibitor of MDH in the
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ODC-PEPC-MDH asssay at several Infinity™ CO, percentages. No inhibition was seen
in any condition tested. Reaction rates at Infinity™™ CO, concentrations lower than 45%
were calculated from the first 10 minutes of data due to limitations in assay linear time
(see fig 1d). 3.4d: Performance of DFMO in the PEPC-MDH assay system at varying
levels of Infinity™ CO,. 3.4e: Performance of baicalein in the PEPC-MDH assay system
at varying levels of Infinity™ CO,. As with the ODC-PEPC-MDH system, a dependency
on the amount of linking enzymes present greatly effects the amount of inhibition seen.
3.4f: Performance of isoquinoline in the PEPC-MDH assay. No inhibition was observed
under any conditions tested. *Literature value®® **Literature value?’ ***Literature
value®®

In the PEPC-MDH secondary assay system, DFMO did not have any effect below
10 mM concentrations. This inhibition is the result of a pH decrease in the assay solution
due to the fact that the hydrochloride salt of DFMO was used to make inhibitor stock
solutions. Baicalein, the PEPC inhibitor, was not observed to have any effect on the
secondary assay at normal screening levels of Infinity"™ CO,. However, as in the case of
the ODC-PEPC-MDH system, when linking enzyme levels were dropped, inhibition by

baicalein was detected. Isoquinoline had no effect on the two enzyme system under any

conditions tested.

Optimization of the High-Throughput Assay

Before performing any screening, the stability of the assay was tested using the
fully automated system. Location-dependant effects were measured across a microplate
prepared using the automated assay system. The only significant effect seen was a slight
increase in high signal for the outside columns (Fig 3.5a and 3.5b). This did not affect Z°
values significantly due to the fact that negative control wells were placed on both

interior and edge columns (8 negative controls in columns 1 and 2, and 8 in columns 13
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and 14). In order to maximize the amount of data gathered across a wide range of

variable compounds, a twenty minute kinetic read with time points every minute was

used during the initial screening efforts.
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FIG. 3.5. ODC-PEPC-MDH linked plate geographic effects and high throughput
data scatter plot. Assays were performed in 384 well plates as described and rates were
calculated from the final 6 data points from a 20 minute observation. m = High Signal
(DMSO), A = Mid Signal (200 pM DFMO), ¥ = Low Signal (I mM DFMO) 3.5a:
Column effects resulting in a slight increase in signal on the outer columns. 3.5b: Data
from 3a arranged by row, showing that signal across rows is constant. The signal window
for the assay is also apparent in these figures and is approximately 4.5. 3.5¢: Data from
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the small scale high throughput assay of the bioactive compound collection at St. Jude
Children’s Research Hospital. Green circles = positive control (1 mM DFMO), Red
circles = negative control (DMSO), Blue circles = hit compound, Black circles = inactive
compound. Magenta line = 99 percentile cutoff, orange line = 95t percentile cutoff.
Percent activity was calculated by normalizing kinetic reaction rates (20 minute data
collection with the final 6 data points fit as described in materials and methods) to
positive and negative controls. 8832 total data points were collected from ~3600 unique
compounds. Absolute replicate number for each compound varied from 1 to 7, depending
on vendor library composition and plating. The assay took 8.7 hours to complete using
our automation system.

Primary Screen and Optimization of Kinetic Fitting Parameters

For the initial proof-of-concept screen, the bioactive collection at St. Jude
Children’s Research Hospital (8832 data points for ~3600 unique molecules in 23 384
well plates) was selected for testing. Absolute replicate number for each compound
varied from 1 to 7 depending on vendor library composition and plating. The compounds
were screened at 10 uM against the ODC-PEPC-MDH system using a 20 minute kinetic
read. Eight positive controls (1 mM DFMO) and eight negative controls (DMSO) were
placed in columns 1, 2 and 13, 14 to help detect possible edge effects. The scatter plot for
percent activity across the library is shown in Figure 3.5¢. The screening run took 8.7
hours to complete using our automated system.

We tested three different methods for determining the assay rates (Fig. 3.6).
Fitting using the later portion of the data (time points 10 to 20) improved Z’. The “delta”
model performed similarly to the “linear” model on average, albeit with slightly higher
variance. The “robust” model performed the best when all time points were included, but

failed to converge without at least 15 time points. The “linear” method using time points
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from 15 to 20 minutes was chosen to calculate endpoint values as a compromise between
assay run time and Z’.

The overall data quality for the 3-enzyme assay was satisfactory, with an average
7’ value of 0.68 across all plates. The robust outlier cutoff yielded 84 primary hits, of
which 52 were unique. Internal duplication of compounds afforded an assessment of
assay reproducibility. Active replicates were detected 86% of the time with an average
activity CV of 16%, and 97% of the time with an average activity CV of only 3% when

restricting replicates to those from the same vendor.
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Fig 3.6. Effect of varying curve fitting methods on average Z’ values for scaling
screen. = Median, €= Mean, solid line = standard Z’ cutoff of 0.5. Data was collected
as described in materials and methods under optimized assay conditions. Time points
were taken every minute for 20 minutes. Note that the first five to ten minutes are poorly
behaved and that eliminating them dramatically increases the average Z’ for the run. This
is primarily a result of a decrease in scatter rather than an increase in signal, since the

average rates calculated were consistent for all methods tested.

Secondary Testing
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To further characterize the hits, aliquots of each unique sample were cherry-
picked and subjected to full dose response studies consisting of 10 points in a 1:3 dilution
series (top = 100 pM). Thirty-three of the initial 52 unique hits displayed a full dose
response while 15 displayed partial dose responses in the ODC-PEPC-MDH system—a
92% confirmation rate. None of the samples significantly affected the PEPC-MDH
system at concentrations up to 100 pM at 60% Infinity’™ CO, under optimized assay
conditions. To further confirm that inhibition of ODC was the rate limiting step in the
reaction cascade, the samples were re-screened at 300 nM ODC, and the rates at the ICs
were compared to those determined at 150 nM ODC. All samples displayed the predicted
two-fold increase at the higher enzyme concentration, confirming that inhibition of ODC
was the rate limiting step. These compounds were designated as true positives for the

ROC analysis.

ROC Analysis

Receiver-operator characteristic (ROC) analysis provides an assessment of the
discriminatory power of an assay that is non-parametric (i.e., does not assume Gaussian
distribution) and that is independent of both the number of true positives and the
threshold for classifying hits. The ROC AUC is the probability that the assay will rank a
randomly chosen true positive ahead of a randomly chosen true negative. A random
assay—one which cannot discriminate true positives from true negatives—has an AUC =

0.5. The ROC AUC for the ODC assay is 0.90 (Fig. 3.7, 0.82-0.97 95% confidence
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interval). Setting the cutoff at >30% in the primary screen would return >70% of all true

positives, while yielding ~10% of all true negatives.

ROC AUC =0.90 (0.82-0.97)
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Fig 3.7. ROC curve for the ODC assay. The ROC AUC is 0.90 (0.82 —0.97, 95%
confidence interval). Bootstrap simulation curves are in light gray. The dotted-line is the
curve for a random assay.

Hit Compounds

Due to the nature of the compound library, this proof-of-concept screen was not
expected to yield many well behaved inhibitors with drug-like scaffolds. Indeed, a large
number of quinone containing compounds were identified, along with several compound
series containing Michael acceptors and other reactive groups. Though these compounds
are not likely to be good lead candidates, they do inhibit the enzyme and were useful in
the validation of the assay protocol. ODC has an active site cysteine residue and is known
to require large amounts of reducing agent to be active in vitro. Therefore, it would be
expected to be sensitive to potential alkylators as well as oxidizing compounds. ODC has
historically been a difficult target to inhibit, and it is likely that screening a larger

compound library will be necessary to find well-behaved inhibitors.
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DISCUSSION

This study represents the first effort to develop an assay suitable for screening
decarboxylases in a high throughput manner. Although it is a linked enzyme assay, the
lack of susceptibility to known inhibitors of the linking enzymes suggests that relatively
few false positive hits will be identified due to inhibition of the other enzymes in the mix.
Baicalein, a known inhibitor of PEPC with a Kj of 0.79 uM, did not affect the assay
appreciably until the linking enzyme mix had been diluted two-fold and even then, only
inhibited the reaction by 50%. Isoquinoline, a known inhibitor of MDH with a literature
K; of 200 uM, did not inhibit the assay at any tested condition. Furthermore, none of the
hits identified at 10 uM in the primary screen affected the dual enzyme linking system at
concentrations up to 100 uM. Although the exact concentrations of the linking enzymes
in the mixture are not disclosed by the manufacturer, these observations suggest that high
concentrations of both PEPC and MDH are present, and that the assay is extremely
resistant to inhibitors of the linking enzymes under optimized conditions (60%
InfinityTM CO2, 600 uM Orn, 60 uM PLP and 0.01% Triton-X).

However, the known ODC inhibitor, DFMO, exhibited an ICsy value of 206 +/-
40 uM after 20 minutes of pre-incubation, which is consistent with the literature Ki,,, of
160 pM. ROC analysis, based on a definition of true positive which requires ODC
specificity, quantitatively demonstrates the high discriminatory power of the assay.
Moreover, the high degree of agreement found between replicate samples in the library

further underscores the robustness of the assay system.
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While the HTS assay requires a CO,-free atmosphere in order to stabilize the
reagents, other engineering controls may alleviate this need. For example, sealed reagent
bottles equipped with nitrogen lines feeding bulk liquid dispensers would allow large
amounts of the Infinity CO, reagent to be loaded into automated systems without
degrading. It should be noted that performing the assay under normal atmosphere
decreases linear time from approximately 60 minutes to 40 minutes, meaning that timing
in the screening run must be monitored closely. The effect of moving to normal
atmospheric conditions for screening is primarily an increase in background signal. This
decreases the average Z’ values observed from ~0.7 to ~0.5, a typical lower limit for
high-throughput assay systems. Additionally, since this assay is based on absorbance
values, it cannot be used in an endpoint fashion due to absorbance interference from the
test compounds. To compensate for this, it is necessary to use a kinetic read. However,
throughput was maximized by using a short kinetic read as it minimized movement of the
plate, which is often rate limiting in high throughput screens on integrated systems. The
throughput for this assay is approximately 10 plates per hour using our automated
systems, when using a 5-minute kinetic read.

The relatively high primary hit rate of 1.4% reflects both the liberal primary hit
cutoff in and the nature of the bioactive collection. It is likely that the hit rate would
decline significantly for a more diverse compound library, particularly one curated to
remove electrophiles and redox-active compounds. The identification of active scaffold
series known to be redox active compounds and/or non-specific alkylators highlights the
need for secondary assays that will address both of these liabilities in any true HTS-effort

aimed at discovering novel inhibitors of ODC. However, since none of these compounds
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were found to effect the linking enzymes, this sensitivity is due to the specific
decarboxylase screened, not the assay method itself.

In conclusion, this study describes a quick and accurate method to screen ODC
and other decarboxylases in high-throughput. The system is robust, generates hits with
the desired biochemical effects, and is superior to existing assays that rely on either

radiolabeled substrate or HPLC methods.
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Ornithine Decarboxylase
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INTRODUCTION

The only clinically validated molecular target for treatment of HAT is ornithine
decarboxylase (ODC), which catalyzes the decarboxylation of ornithine to produce
putrescine, the first step in polyamine metabolism. The polyamines putrescine,
spermidine, and spermine are known to be necessary for cellular replication."  Increases
in polyamine concentration have also been linked to carcinogenesis. Therefore, inhibitors
of the polyamine biosynthetic pathway have been extensively investigated as potential
chemotherapeutic and chemopreventative compounds. (Reviewed in *)

To date, most discovery efforts directed towards ODC have been focused on
analogues of ornithine (such as DFMO), putrescine, or PLP.* None of these has proved as
effective as DFMO for treatment of T. brucei infections. No large scale efforts to
discover novel inhibitors have been reported. The lack of prior high-throughput screening
efforts directed at ODC is due in part to the difficulty in assaying its activity. Classical
assay methods utilize capture of '*CO, from radio-labeled ornithine or derivatization of
putrescine followed by HPLC analysis.™ ¢ Neither of these techniques is tenable for a
large scale screening effort.

Therefore, we have optimized an enzyme linked assay suitable for high
throughput screening of ODC. (See Chapter 3) Herein we report the use of this method
to identify active compounds from a library of 316,114 unique compounds. This effort

led to the discovery of four novel inhibitory chemotypes possessing previously
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uncharacterized modes of inhibition. A subset of the inhibitors appeared to bind to a

novel site that was characterized by molecular docking and mutagenesis techniques.

Materials and Methods

Materials

All chemicals were used as purchased from their vendors. DI water was filtered
with a MilliQ Synthesis Ultra-Pure water system (Millipore, Billerica, MA) immediately
before use. Infinity"™ Carbon Dioxide Liquid Stable Reagent was purchased from
Thermo Fisher Scientific (Waltham, MA). L-Ornithine, pyridoxal 5’-phsophate (PLP),
and dithiothreitol (DTT) were purchased from Sigma-Aldrich (St. Louis, MO). DFMO
was purchased from Chem-Impex International (Wood Dale, IL). All plate-based
enzymatic assays were performed in 384-well black-sided, clear-bottomed polystyrene

microtiter plates (#3702) from Corning Life Sciences (Acton, MA).

Screening Library

The compound library at St. Jude Children’s Research Hospital was assembled
from commercially available collections including the Prestwick Chemical Library
(Prestwick Chemical, Illkirch, France); the LOPAC Collection (Sigma-Aldrich, St. Louis,
MO); the Spectrum Collection, NINDS Collection, Natural Product Collection, and Killer
Plate Collection (Microsource Discovery Systems, Gaylordsville, CT); Chemical
Diversity (San Diego, CA); ChemBridge (San Diego, CA); Life Chemicals (Blulington,

ON); and Tripos (St. Louis, MO). The library was constructed by filtering available
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compounds using a combination of physiochemical metrics chosen to improve
bioavailability and functional group metrics chosen to reduce the likelihood of non-
specific or artifactual hits.” ® The filtered compound list was used to generate maximally
diverse clusters by reducing the compounds to core fragments using the method of Bemis
and Murcko.” The clusters were prioritized based on the diversity of the existing library.
Five to 20 compounds are required per cluster. Clusters of more than 20 available
compounds were preferred, with a maximum of 20 compounds being purchased from

within each cluster.

Purification of T. brucei ODC (TbhODC) and human ODC (hODC)

TbODC and hODC were expressed as N-terminal 6xHis-tag fusion proteins in E.
coli BL21(DE3) cells as described.'® Protein was purified by Ni**-NTA-agarose column
followed by Superdex 200 gel-filtration column chromatography. Fractions containing
the desired protein were identified by SDS-PAGE. Those containing ODC were
combined and concentrated using an Amicon-Ultra centrifugal filter device (10 KDa
cutoff, Millipore, UFC901024) to concentrations of approximately 40 mg/ml. Yields of
purified TbODC were generally 7 to 13 mg/liter of cultured cells. Protein concentration
was determined by Bradford assay. Yields of purified hODC were approximately 2 to 5

mg/liter of cultured cells.

Site-directed mutagenesis of TbhODC

The S369A and S402A TbODC) mutants were produced using the pODC29

plasmid that encodes the wild-type ThODC with the QuickChange™ mutagenesis kit
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(Stratagene, La Jolla, CA using the following forward primers: 5°-
GTCGTAGGAACTTCTGCCTTTAATGGATTCCAG-3’ and 5’-
CCTTTAATGGATTCCAGGCTCCGACTATTTACTATG-3 for S396A and S402A,
respectively (desired mutations in bold). The TbODC D364E mutant was generated using
the standard Kunkel technique in the Bluescript vector (Stratagene, La Jolla, CA) using
the M13 helper phage (Stratagene, La Jolla, CA) and the Kunkel strain BO265."" The

primer used for this mutant was 5’ATGTGATGGGCTCGAGCAGATAG.

Assay Automation and Nitrogen Atmosphere Generation

All screening data was generated on a High Resolution Engineering (Woburn,
MA) integrated screening system using Liconic plate incubators (Woburn, MA) and a
Stabuli T60 robotic arm (Stabuli, SC). This system is enclosed in a virtually gas tight
Plexiglass enclosure allowing a nitrogen atmosphere to be generated by continual purging
with approximately 30 psi nitrogen through twin 8 mm inner diameter tubes. Nitrogen
was obtained via an in-house dry-nitrogen system supplied by NexAir (Memphis, TN).
Percent oxygen was monitored using an Air Aware oxygen detector (model 6810-0056,
Industrial Scientific, Oakdale, PA) and maintained at less than 2.5% throughout all high
throughput assays. Assay solutions were dispensed using Matrix Wellmates (Matrix
Technologies, NH) equipped with 1pl rated tubes. Plates were centrifuged after all bulk
liquid additions using a Vspin plate centrifuge (Velocityl1, Menlo Park, CA). Compound
transfers were performed using a 384-well pin tool equipped with 10 nl slotted
hydrophobic surface coated pins (V&P Scientific, San Diego, CA). This allowed delivery

of ~25 nl of DMSO stock solution with CVs of less than 10%. All absorbance data was
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measured using an EnVision Multilabel Plate Reader equipped with a 340 nm narrow

bandwidth filter (Perkin Elmer, 2100-5740).

ODC-PEPC-MDH Linked Assay

This assay was performed under nitrogen atmosphere. Assay buffers were
prepared under normal atmosphere while flushing with a stream of nitrogen and
transferred to the screening enclosure. Assay buffer (66 mM TRIS, 25 mM NaCl, 8 mM
MgSOy, 0.01% Triton-X, pH 8.05) was prepared daily in water. The assay reaction was
prepared using two master mixes A and B, which were prepared immediately before use.
Mix A contained ODC (375 to 750 nM), PLP (150 uM) and DTT (5.7 mM) in assay
buffer. Mix B contained Infinity"™ Carbon Dioxide Liquid Stable Reagent (Infinity ™
CO,) and L-ornithine (0 to 10 mM). For testing 10 ul Mix A was added to appropriate
wells in a 384-well clear-bottomed plate followed by compounds transferred by pin.
Plates and compounds were allowed to equilibrate in the presence of ODC for 20
minutes. Following this 15 pl Mix B was added to start the reaction. Plates were then
incubated at room temperature for 15 minutes to allow the signal to stabilize before being
moved to the plate reader. Final primary screening assay conditions were 2.3 mM DTT,
60 uM PLP, 625 pM L-Orn, 150 nM TbODC, 10 puM test compound and 60% Infinity™
CO; (v/v) in assay buffer with a final volume of 25 pl.

Reaction progress was monitored by decrease in absorbance at 340 nm using an
Envision plate reader (Perkin Elmer) equipped with a narrow bandwidth 340 nm filter
(Perkin Elmer, 2100-5740). Absorbance was monitored for 6 minutes, with time points

taken every minute. These data were fit to a linear model using statistical methods
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described below. The resulting slope of this fit was taken as the rate of the reaction and
used as the endpoint for the assay.

Compounds for screening were placed in 384-well polypropylene plates (Corning
Life Sciences, Acton, MA) at 10 mM concentrations in DMSO. Sixteen Positive controls
(DFMO, 1 M in DMSO) and 16 negative controls (DMSO) were placed in a single
separate 384-well polypropylene plate and pin-transferred to test plates after the addition
of variable compounds.

Cuvette assays for low-throughput re-testing were performed as described above
with the following minor modifications; the final assay volume in cuvettes was 500 pl at
40% Infinity™ Carbon Dioxide Liquid Stable Reagent, 50 pM PLP, 50 uM DTT, 1%
DMSO and varied ornithine concentrations from 10 mM to 100 pM. As with microplate
assays, assay buffer (66 mM TRIS, 25 mM NaCl, 8 mM MgSQy,, 0.01% Triton-X, pH
8.05) was prepared fresh daily. Cuvette assays were performed under normal atmosphere

at 37 °C.

Primary Screening Data Analysis and Reaction Rate Calculation

Primary screening data analysis was performed using custom protocols (RISE
3.0) written in Pipeline Pilot (v. 7.0, Accelrys) and the R program (http:/www.r-
project.org/, v. 2.5.0).'? Kinetic data from the full 6 minute observation (6 points in total)
were fit to a linear model using a using a robust, iteratively re-weighted least squares
algorithm (“Imrob” function in robustbase R package, v. 0.2-7) that reduces the influence
of outliers compared to classical least squares.”® The slope values from kinetic data fits

were taken as endpoints that were then used for the calculations of all other plate
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statistics. Only plates passing the minimum Z-prime and Z-factor thresholds of 0.4 and
0.4, respectively, were accepted. Initial screening hits were determined on a plate-by-
plate basis by identifying compounds with activities that were simultaneously outliers
from the negative control and variable compound populations. The outlier cutoffs were
calculated as the upper fourth plus 1.5 times the fourth spread (the upper fourth and
fourth spread are similar to the third quartile and interquartile range, respectively), which
corresponds to a p-value ~0.005 for normal distributions. However, such cutoff criteria
are more robust to population deviations from normality."* For calculations of Z-scores,
16 positive and 16 negative controls were used unless otherwise stated. Z-scores were
calculated as described.”” Reaction rate was changed from AU/min to mM NADH/min
using an extinction coefficient of 6.349 AU mM 'cm™ for NADH and an approximate
path-length of 0.4 cm for assays performed at 25 pl final volume in a 384-well plate.
Dose response data were fit using a non-linear regression to a four parameter sigmoidal
curve model, resulting in fit values for maximum and minimum responses, hill-slope and

ECso.

PEPC-MDH Linked Assay

For assay of the linking enzymes, assay buffer (66 mM TRIS, 25 mM NacCl, 8
mM MgSO,, 0.01% Triton-X, pH 8.05) was prepared daily using water. The assay
reaction was prepared in two master mixes. Mix A contained 1.25 mM sodium
bicarbonate (Sigma Aldrich), 100 uM PLP, and 5.7 mM DTT in assay buffer. Mix B was
100% Infinity™ Carbon Dioxide Liquid Stable Reagent. For testing 15 pl Mix B was

added to appropriate wells of a 384-well clear-bottom microplate followed by pin-
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transfer of compound DMSO stocks. Compounds were allowed to equilibrate in the
presence of enzymes for 20 minutes before substrate was added. The reaction was started
by addition of 10 pl Mix A and reaction progress was monitored by decrease in
absorbance at 340 nm.

Final assay concentrations were 2.3 mM DTT, 60 uM PLP, 0.75 mM sodium
bicarbonate, 60% Infinity"™ Carbon Dioxide Liquid Stable Reagent, and 0.01% Triton-X.
Reaction progress was monitored by decrease in absorbance at 340 nm using an Envision
plate reader (Perkin Elmer) equipped with a narrow bandwidth 340 nm filter (Perkin
Elmer, 2100-5740) for 10 minutes with time points taken every minute. Data from
minutes two to seven was fit to a linear model using statistical methods as described

below.

Radiolabeled Ornithine ODC Assay

CO, released from L-[1-'*CJornithine by the decarboxylation activity of ThODC
was directly measured as previously described'®'” at pH 7.5 at 37 °C in the absence or
presence of inhibitors. ICsy values were determined in an 8-point dose response curve

performed in singlicate. Data was fit to a simple ICsp model as described."®

Reductive Assay

Reductive activity of all hits was determined using a high-throughput assay based
on the detection of molecules capable of reducing resazurin (Cat Num R7017, Sigma-
Aldrich, St. Louis, MO) to resorufin as described. '° Briefly: 25 ul of assay solution (5

UM resazurin, 50 mM HEPES, 50 mM NacCl, pH 7.5, 50 uM DTT, prepared immediately
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prior to usage) was added to a black 384-well polystyrene plate (Cat. Num. 3573,
Corning, Lowell, MA) using a Matrix WellMate (Thermo Fisher, Hudson, NH). Test
compounds were added by pin-transfer using 10 nL hydrophobic coated pins
(FPICS10H, V&P Scientific, San Diego, CA) to a final concentration of 10 uM. Test
plates were incubated in the dark at room temperature for 60 minutes and fluorescence
intensity was read on an Envision (PerkinElmer, Waltham, MA) with Ex = 560 nm and
Em = 590 nm. Each compound was read in quadruplicate and the signals averaged to
generate relative activity levels. Compounds which differed significantly from DMSO
levels as determined by use of in-house statistical software (RISE 3.0) were scored as

being potentially redox active.

Reversibility Assay

Reversibility assays were performed by dialysis. ODC (1500 nM) was incubated
with inhibitors at 10 x ICsyp concentrations for 40 minutes in assay buffer. Samples were
then dialyzed in assay buffer overnight using 3000 MW cutoff Slide-A-Lyzer MINI
dialysis units (Pierce, IL) and assayed at 600 uM Orn, 60 uM PLP and 150 nM ODC.
Percent activity recovered was defined as the difference between the ratio of the dialyzed
rate to the uninhibited rate and the ratio of the inhibited (10 x ICs() rate to the uninhibited

rate. Compounds were labeled reversible if >90% activity was recovered.

T. brucei Cytotoxicity Assay

Culture adapted T. brucei brucei were grown at 37° C, 5% CO, in HMI-9 medium

one) supplemented with penicillin/streptomycin (Gibco, units/mL), o heat-
(HyClone) suppl d with penicillin/streptomycin (Gibco, 50 units/mL), 10% h
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inactivated FBS (Omega Scientific, lot #3137) and 10% Serum Plus (JHR Biosciences) to
a density of 1 x 10° cells/mL, then diluted to 1 x 10* cells/mL prior to screening. 100 pl
of diluted culture was added to each well of a white flat-bottom sterile 96 well plate
(Greiner) and 0.5 pl of test compound in DMSO was added. Plates were incubated for 48
hours at 37° C, 5% CO; before the addition of 50 pul Cell Titer Glo (Promega) to each
well. Plates were shaken for 2 minutes on an orbital shaker at 500 RPM. Luminescence
was read after 8 minutes on an Envision plate reader (Perkin Elmer). To test for
putrescine reversibility trypanosomes were cultured in the presence of 500 uM putrescine

during ICs determination experiments.

General Cytotoxicity Assays

BJ, Raji, HEK 293 and HEP G2 cell lines were purchased from the American
Type Culture Collections (ATCC, Manassas VA) and were cultured according to
recommendations. Cell culture media were purchased from ATCC. Cells were routinely
tested for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit
(Cambrex). Exponentially growing cells were plated in Costar 96 well custom assay
plates, which were black with clear bottoms (Corning), and incubated overnight at 37° C
in a humidified, 10% CO, incubator. DMSO inhibitor stock solutions were added the
following day to a final DMSO concentration of 0.5%. Cytotoxicity was determined
following a 72 hour incubation using the Cell Titer Glo assay (Promega). Luminescence

was read on an Envision plate reader (Perkin Elmer).
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Kinetic Analysis and Dose Response Analysis

Mode of inhibition for ornithine was determined by monitoring the reaction rate
in the presence of increasing substrate concentration (0 to 10 mM Orn, in 1:3 dilution
series; in the presence of 60 uM PLP) with varying concentrations of inhibitors (0, ICsg, 3
x ICsp and 4 x ICsp). For PLP mode of inhibition studies, ornithine concentration was
held constant at 600 uM while PLP was varied from 0 to 600 uM. All kinetic data were
gathered from experiments performed in 384-well format, as described above. This data
was used in Lineweaver-Burke analysis followed by fitting the data to the appropriate
Michaelis-Menton inhibition equation (Competitive, Mixed-Competition with varied o
values, Non-Competitive or Un-Competitive) for determination of K;.** In specific cases
reported in this manuscript, mode of inhibition and K; values were confirmed by analysis
using the cuvette-based assay. K, for ornithine was calculated by fitting data to the
Michaelis-Menton equation with a variable K;,, and V.. Data was fit using Graphpad
Prism 4.03 (Graphpad Software, La Jolla, CA).

Reaction rates for dose-response data were calculated as described below. Rates
were then normalized to DMSO and DFMO (1 mM) controls and sigmoidal curves with
variable slopes (4-parameter fit) were fit using Graphpad Prism 4.03 or custom protocols

in Pipeline Pilot (v. 7.0, Accelrys)

Computational Chemistry and Molecular Modeling

Structural data used in modeling experiments was taken from the protein databank

(1QU4 — apo TbODC, 1D7K — apo hODC)*"* >, All molecular modeling was performed
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using MOE (v. 2007.09, Chemical Computing Group, Inc.). Site Finder, a geometric
method for finding potential binding pockets similar to LigSitez3, was used to identify
potential binding sites. The analysis was run with 1.4 and 1.8 A probe radii for
hydrophobic and hydrophilic probes respectively. A minimum site size of 25 alpha
spheres was used, and a minimum bounding sphere radius of 2.5 A were used to
eliminate smaller pockets unlikely to bind with drug-like molecules. Dummy atoms were
placed at the center of the alpha spheres generated by Site Finder and used as
superposition targets for docking calculations.

Docking studies were also performed using MOE (v. 2007.09). Docking was
performed using rigid ligand and receptors, using the Alpha Triangle placement method
with 80,000 maximum generations for each ligand conformation. Scoring was done using
the London dG scoring function. This is a five parameter function taking into account
rotational and translational entropy, ligand flexibility, hydrogen bonding, metal ligations
and desolvation energies. The predefined ligand conformer library was generated using
the systematic conformational search function in MOE with a 10 kcal/mol cutoff. Results
were visualized in Pymol (v. 0.99, Delano Scientific LLC) and receiver-operator curve

(ROC) scores were generated in Pipeline Pilot (v. 7.0, Accelrys).

RESULTS

Primary Screen Results

For the purposes of identifying novel inhibitors of TbODC, a collection of

316,114 unique molecules was tested at St. Jude Children’s Research Hospital. The
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compounds were screened at 10 uM against the TbODC-PEPC-MDH linked enzyme
system. Plates with Z’ values of less than 0.4 were rejected for the purposes of
identifying hits. This somewhat liberal data quality cutoff was chosen in order to
maximize the number of hits chosen for further examination, since preliminary
examination of the data showed that the hit rate was quite low. After filtering for poor Z’,
625 plates, with an average Z’ of 0.52 and an average Z-factor of 0.47, containing a total
of 240,000 unique compounds remained. These plates were used for selecting hits. Hits
were picked using robust methods corresponding roughly to using a p-value cutoff of
0.005, resulting in 883 primary hits (0.3% hit rate). * No minimum activity was required
for characterization as a “hit.” This technique is more completely described in materials
and methods.

To further characterize the hits, samples of each unique compound were cherry-
picked and subjected to full dose-response studies using a dilution series of 10 points in a
1:3 dilution steps (top = 100 uM). Of the initial 883 compounds picked, 189 displayed a
saturating dose response in the ODC-PEPC-MDH system, while 310 displayed partial
dose responses. Upon retesting, 384 of the initially identified hits were inactive, giving a
validated hit rate of 43.4%. None of the compounds detectably affected the PEPC-MDH
system at concentrations up to 100 uM concentrations. Comparison of inhibited reaction
rates at both 150 and 300 nM ODC showed that all compounds were acting via inhibition
of ODC and that ODC inhibition was the rate limiting step in the coupled assay system.
The remaining validated hits were filtered to remove those containing potentially
undesirable chemical moieties, such as highly reactive groups or metal containing

compounds and checked for commercial availability, leaving 179 commercially available
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validated hits. These validated hits were re-ordered from their suppliers. At the same
time, expanded sets were designed, centered on promising compound series, and sourced
from the same vendors. This produced a total of 260 compounds which were subjected to

the secondary assay panel.

Secondary Testing

The identity and purity of all 260 re-ordered compounds were validated using
UPLC-MS.** The average purity was 79%, and any compound less than 90% pure was
rejected from further analysis. Seventy-five of the compounds failed purity or identity
checks. Stock solutions were prepared at a putative concentration of 10 mM in DMSO
and the concentrations confirmed using CLND.” The remaining compounds were re-
tested in the primary assay to validate their activities. Of the 185 pure compounds tested,
76 showed activity in the primary assay. At this point the compounds were also screened
versus hODC and at high (300 nM) concentrations of TbODC to determine selectivity
and verify that ODC inhibition was the rate limiting step in the system. Inhibition of
TbODC was determined to be rate limiting in all cases. The compounds were also
screened for redox activity to eliminate non-specific radical based inhibitors."” A
representative compound from each scaffold series was also tested using the radio-
labeled ornithine assay to confirm inhibition of TbODC in an orthogonal assay system.
The representative compound was also tested for reversibility by dialysis. Of the 76
compounds active in the primary assay, only 7 were acceptably active in all assays. The
results of these are summarized in Table 1. The active compounds represented four

scaffold classes. Following confirmation of activity in this fashion the compounds were
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screened at varying L-ornithine (Orn) concentrations (0.31, 1.3, 2.5, 5.0 and 10 mM) as
well as varying PLP concentrations (0.5, 1.5, 1, 3, 5 and 10 uM) in order to determine
mode of inhibition and K; values. These compounds, spanning 4 scaffold series, along

with small structure-activity groups are discussed below.

Novel Inhibitors of ODC

The first well-behaved inhibitor discovered during the course of this effort,
(compound 1, Table 4.1, Fig 4.1) was a bisbiguanide compound. This compound was
quite potent, with a K; value of 2.7 uM, and displayed competitive inhibition with respect
to ornithine but non-competitive inhibition with respect to PLP. However, despite its
resemblance to the dithioamidines, it was not a selective inhibitor of TbODC, inhibiting
hODC with a similar potency. This, as well as the difference in the mode of inhibition
with respect to PLP, suggests that it has a different binding mode than the dithioamidines.
This compound was reversible and inactive in the redox assay. No close analogs were

available for structure-activity relationship studies.
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Table 4.1 — Inhibitors of ThbODC

WT TbODC K;  WT TbODC ICsp WT TbODC IC5,  hODC IC5, High:Low ODC
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Table 4.1 — All values are pM unless otherwise noted. *K; values were determined by
global fitting of raw rate data to appropriate Michaelis-Menton equations and are
expressed as fit value followed by 95% confidence limits. K; values were determined
using data from 3 separate triplicate experiments. **ICs determined at 37 °C at 400 uM
L-Orn as described in materials and methods. Data was fit to simple ICsy model.
***Primary HTS hit compound. All other compounds were gart of reordered analogue
series. ****gK; value from uncompetitive inhibition model. *Single point active at 100
uM All ICsy values were determined at isokinetic conditions (1.5 x K, L-Orn, 60 uM
PLP) as described in materials and methods. ICsy values are expressed as the mean of 3
measurements taken in triplicate + standard deviation. ODC concentrations were 150 nM
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1/rate

for all experiments. High and low ODC rates were determined at 150 and 300 nM ODC
respectively in the presence of 625 uM L-Orn. NT: Not Tested, NA: Not Active.
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FIG. 4.1. Bisbiguanide inhibitor data. 4.1a and 4.1b: Lineweaver-Burk plots for
Ornithine versus 1 and PLP versus 1. (¢ =10 uM, ¥ =6 uM, A =4 uM, e =
uninhibited) 4.1¢: Species selectivity analysis for 1. Data for TbODC (V) and hODC (m)
enzyme linked assays collected at 22°C in 384-well plates. Data was fitted to a 4
parameter sigmoidal dose response for determination of ICsy values. All data was
collected under isokinetic conditions at 1.5x K, for ornithine. 4.1d: Reversibility of 1.
TbODC was incubated with inhibitor for 1 hour followed by overnight dialysis into assay
buffer. Data was collected as described in materials and methods.

The second and third chemotypes were the benzthiazoles (compounds 2 to 5,
Table 1, Fig 4.3) and the indoles (compounds 5 and 6, Table 1, Fig 4.4) which were
moderately potent, with K; values of 14.0 and 27.1 uM respectively. Both chemotypes

were non-selective inhibitors, inhibiting both hODC and TbODC. Both chemotypes
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displayed un-competitive inhibition with respect to PLP. The benzthiazoles were un-
competitive with respect to ornithine, while the indoles were non-competitive. Both
chemotypes were also reversible inhibitors of TbODC. Although there was only a single
commercially available active member in each of these re-ordered series, the preliminary
structure activity relationships from the screening collection suggest a specific binding
interaction is responsible for the inhibition. This is particularly true for the benzthiazoles,

which were heavily represented in the compound library.
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FIG. 4.2. Benzthiazole inhibitor data. Selectivity curves and reversibility data for these
compounds can be found in supplementary data. Lineweaver-Burk plot for Ornithine
versus 2 and PLP versus 2. (¢ =28 uM, ¥ =9.5 uM, A =3.2 uM, e = uninhibited)

After 2 was verified as a promising compound, all compounds containing the

benzthiazole core were cherry-picked from our screening collection and subjected to full

dose-response analysis. Though the small amounts of available compound prevented
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determination of K; values for these compunds, the I1Csy values at 625 pM Orn, 60 uM
PLP and 150 nM TbODC suggest that very little modification to the scaffold is
acceptable. The structures and ICsy values for these compounds can be found in the
supplementary data. In order to maintain activity, the 4-position ethoxy group must be
present. Moving this group to the 6-position on the benzthiazole ring, or substitution with
a methoxy group eliminates activity. Furthermore, the p-propoxy group on the phenyl
amide moiety must also be preserved. This group can be substituted with a p-isopropoxyl
moiety with a similar potency being maintained, but all other substitutions on this ring
were inactive. In the case of the indole compounds, only one close analogue could be
obtained for testing. This compound, SJ000360927, showed that the nitrile group was

necessary for activity.
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FIG. 4.3. Indole inhibitor data. Selectivity curves and reversibility data for these
compounds can be found in supplementary data. Lineweaver-Burk plot for Ornithine
versus 6 and PLP versus 6. (¢ =40 uM, ¥ =13 uM, A =4.4 uM, e =uninhibited)
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The final novel chemotype discovered was the dithioamidines (compounds 8 to
15, Table 1, Fig 4.5). These compounds were both selective and potent inhibitors of
TbODC, with the most potent showing a K; of 3.6 uM. Importantly, this compound has
no detectable effect on hODC up to 100 uM. The compounds exhibit competitive
inhibition with respect to ornithine and un-competitive inhibition with respect to PLP.
They also displayed reversible inhibition. A reasonable preliminary structure-activity
relationship exists in the series. To be active, these compounds must contain two
thioamidine moieties connected by a flexible linker of at least 4 atoms. Longer linkers
were tolerated, with no upper limit on linker length being detected within the test set.
These compounds were not active in the redox assay and are among the most potent
reversible inhibitors of TbODC known. Interestingly, the anti-trypansomal drug
pentamidine (11) was also part of this inhibitor group, but does not appear to act by this

mechanism in whole cells.
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FIG. 4.4. Dithioamidine inhibitor data. 4.4a and b: Lineweaver-Burk plots for
Ornithine versus 8 and PLP versus 8. (¢ =40 uM, ¥ =13 uM, A =4.4 uM, e =
uninhibited). 4.4c: Species selectivity analysis for 8. Data for TbODC ('¥) and hODC (m)
enzyme linked assays collected at 22°C in 384-well plates. Data was fitted to a 4
parameter sigmoidal dose response for determination of ICsy values. All data was
collected under isokinetic conditions at 1.5x K, for ornithine. 4.4d: Reversibility of 8.
TbODC was incubated with inhibitor for 1 hour followed by overnight dialysis into assay
buffer. Data was collected as described in materials and methods.

Identification of Potential Inhibitor Binding Sites on ThODC

Since the active sites of TbODC and hODC are highly homologous, it seemed
unlikely that the TbODC selective dithioamidines were binding at the active site, despite
the fact that they were competitive with ornithine.”>?’ Therefore, an effort was made to
identify other potential binding sites on the surface of the TbODC homodimer. Site

Finder was used to identify three major possible binding sites. The first of these (Site 1)
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is a pocket just below the active site bounded by R337, H333, G201, and P245. The
second (Site 2) is a groove at the dimer interface just above the active site bounded by
K173, V168, P297, and F179. The final (Site 3) is a small, relatively deep pocket above
and behind the active site bounded by D364, S396, and S402, with a possible entrance to
the protein hydrophobic core defined by N92, D38, Q401, and E36. After computational
identification, each site was utilized for DOCKing using a pre-generated conformer
library containing all active dithioamidines as well as inactive analogues. Sites 1 and 2
were both predicted to be poor binding sites in comparison to the active site for all active
compounds in the test set. However, Site 3 was predicted to be a better binding site for
the dithioamidines than the active site. Furthermore, Site 3 yielded better discrimination
between active and inactive dithioamidines than did any other site, with a receiver
operator characteristic area under curve score (ROC AUC) of 0.99 versus scores of ~0.91
at the three other sites. The ROC AUC is the probability that the assay will rank a
randomly chosen true positive ahead of a randomly chosen true negative. A score of >0.5
in this metric represents discriminatory ability. Binding at Site 3 would also explain the
selectivity seen with this scaffold series. Residues at both possible entrances to the site
are unconserved between TbODC and hODC. The apo structure of this site and the top
docked pose of the dithioamidine 9 at this site are pictured in Fig 4.6a and 4.6b
respectively. Enrichment plots (ROC Plots) of the docking results for the three alternate

sites, as well as the active site can be found in supplementary materials.
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Fig 4.5. Proposed dithioamidine binding site. 4.5a: TbODC bound to DFMO. DFMO
is in purple, PLP is salmon, active site residues are white, and residues that form the
proposed binding site are indicated as follows: D364 is colored yellow and forms the
bottom of the binding site and magenta residues form the two possible entrances to the
proposed dithioamidine binding site. 4.5b: 9 docked into the proposed binding site on
TbODC and superimposed with the apo human ODC structure. TbODC residues are
orange, hODC residues are light blue. D364 is yellow, active site residues are white,
DFMO is purple, and PLP is salmon. Note that S402 from TbODC is not conserved in
hODC, and that the opening to the proposed site is completely occluded in the human
enzyme. This could help account for the remarkable selectivity seen with the
dithioamidine series of inhibitors.

As the DOCKing studies suggested that Site 3 might represent the bone fide site
for the dithioamidenes, this site was examined in greater detail. The majority of the high
scoring dock poses involved favorable interactions of one thioamidine moiety with D364,
a negatively charged residue at the bottom binding site. The second thioamidine moiety
assumed placements allowing a wide variety of interactions with charged or polar groups
in and around the binding pocket. Previous studies have shown that D364 is critical to
enzyme function, and that substitution with alanine renders the enzyme inactive.”® In

order to test our binding hypothesis, a more conservative mutant (D364E) was used to

evaluate the role of the residue in the binding of the dithioamidine compounds. While this
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mutant did have dramatically increased K, (60 mM vs. 0.37 mM)) and decreased key
(0.02 sec” vs. 7 sec) some activity was still measurable. This mutant was then used to
test 1 and 8, two competitive inhibitors with similar K; values emerging from our studies
that possess theoretically different binding modes. The non-TbODC selective inhibitor 1
was able to inhibit 20 uM D364E TbODC with an ICsy value of approximately 40 pM
while 8 had no detectable effect up to 100 pM, indicating that D364 does play a role in
the binding of the dithioamidine compounds. The results of these assays, along with
steady state kinetic data for all enzymes used in the comparison are included in Table

4.2.

Table 4.2 — Steady state kinetic analysis of TbODC enzymes with inhibition data

oDC K (L-Orn) Compound 1 Compound 8

protein (mM) Kcat (s7) Koat/Km(L-OM) iGo(uM)  ICso(uM)
Wild Type

TbODC 0.37 £0.03 7.0+0.2 19 51 6.2

D364E .

TbODC 66 + 16 0.025 + 0.003 0.00038 ~40 >>100

S396A

ThODC 0.27 £ 0.03 1004 37.0 6.9 13

Table 4.2 — Steady state kinetic analysis of TbODC with inhibition data. All data were
collected at 37 °C using the linked enzyme assay as described in materials and methods.
All ICsg values were determined at isokinetic conditions (400 uM L-Orn for WT-TbODC
and S396A-TbODC, 60mM L-Orn for D364E TbODC, 150 uM L-Orn for WT-hODC,
60 uM PLP was used for all experiments). ICsy values were determined with the cuvette-
based enzyme linked assay using the same protocol as for the '“CO, assay. ODC
concentrations were 150 nM for all experiments except for D364E, in which 20 uM ODC
was used to compensate for the low k., of the mutant. *Single point active at 50 uM
(~60% inhibition).

Two other mutants, S402A and S396A, at one possible entrance to the binding
site were also tested. The S402A mutant expressed as an insoluble aggregate, and S396A

had no detectable effect on binding of 1 or 8. However, in light of the fact that many
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energetically close docked poses of 8 placed the second thioamidine moiety at the
entrance defined by D38, this is not unexpected.

To further evaluate the effect of the D364E mutation on the geometry of Site 3,
the residue was virtually modified using the apo structure 1QU4 as a template. After
performing a rotomer search and minimizing all residues within 8 A of the mutation
using the AMBER99 forcefield, no large scale structural changes were seen. However,
E364 is able to move closer to the backbone amine of T359 and assume a more optimal
hydrogen bonding position (2.10 vs. 2.44 A). Furthermore, E364 is able to move within
hydrogen bonding distance of K169, a residue located in a loop whose flexibility is
thought to be important for proper functioning of the catalytic cycle.”” This movement
also orients the carboxylate of the residue away from the thioamidine groups of the
inhibitors, making the binding interaction less favorable.

Whole Cell Efficacy

Although all compounds able to inhibit TbODC were active in whole cell growth
inhibition assays (with the exception of 6), none showed statistically significant shifts in
ECso values when tested in the presence of 500 uM putrescine, an amount sufficient to
completely rescue growth inhibition caused by DFMO. Compound 1 displayed
significant growth inhibition in all cell lines tested with 5 to 10 fold selectivity for T.
brucei. Interestingly, the only benzthiazole active versus T. brucei or any of the
mammalian cell lines was 2. However, since 2 showed no shift in ECsy when tested in

the presence of putrescine, it is unlikely that this
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Table 4.3 — Whole Cell Cytotoxicity Results

T. brucei T. brucei . HEK293
Compound | ECs(uM) | ECs(um) | R ,ﬁcﬂ’ EgEPGﬁI ECy, | BY 'inc“
OuMPut | 500pMPut | M) o (M) | M) (LM)
1 0.67 (0.21) | 0.63(0.35) | 3.2(0.3) 6.3(1.2) | 86(0.9) | 11(2.1)
2 4.6 (1.5) 6.5 (3.1) 15 (2) >50 13 (7) >50
3 >50 >50 >50 >50 >50 >50
4 >50 >50 >50 >50 >50 >50
5 >50 >50 >50 >50 >50 >50
6 >50 >50 >50 >50 >50 >50
7 >50 >50 >50 >50 >50 >50
8 0.63(0.12) | 0.83(0.22) >50 >50 >50 >50
9 1.5(0.5) 7.1(4) >50 >50 >50 >50
10 18 (8) 22 (6) >50 >50 >50 >50
11 0.10 (0.015) | 0.078 (0.005) >50 >50 >50 >50
12 28 (9) 34 (11) >50 >50 >50 >50
13 3.1(0.3) 4.2 (0.4) >50 >50 >50 >50
14 25 (15) 28 (12) >50 >50 >50 >50
15 29 (10) 54 (22) >50 >50 >50 >50
DFMO 242 (63) >10,000 696 (273) | >10,000 | 320 (57) | >10,000

Table 4.3 Whole cell cytotoxicity results. ECsy values were determined using a 10 point
dose response curve with a top concentration of 50 uM with the exception of DFMO,
which was tested with a top concentration of 10 mM. Data was normalized to positive
and negative controls and fit to a four parameter sigmoidal curve with the top plateau
limited to values below 125% growth. Values are expressed as the mean of three separate
experiments with standard deviations in parentheses. T. brucei ECsy values were
determined in the presence or absence of 500 uM putrescine.

activity is the result of ODC inhibition. Compounds 6 and 7 were completely inactive in
all cell lines tested. The dithioamidienes were all active versus T. brucei and completely
inactive in the cytotoxicity test panel. However, as in the case of 2, no shifts in ECsy were

observed in the presence of high concentrations of putrescine, indicating that the

observed toxicity is not ODC dependent.

DISCUSSION

This study was the first large scale screening effort to discover new chemotypes

for ODC inhibition. Screening a large chemical library has led to the discovery of several
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potent and selective inhibitors, including the first known inhibitors that are selective for
TbODC over the highly homologous hODC. We also report the first non-substrate, non-
product-based inhibitors of ODC. The identification of pentamidine, a known weakly
binding inhibitor of TbODC (K; > 30 uM), as a hit compound in the primary screen
shows that our assay was sensitive.’® This suggests that most reversible ODC inhibitors
present in our screening library with K; values below 30 uM are likely to have been
identified.

The four classes of inhibitors identified in this screening effort represent novel
chemotypes for ODC inhibition. They also possess novel modes of inhibition. The
benzthiazoles, typified by 2, are the most potent ornithine un-competitive inhibitors
known for ODC, and are also uncompetitive with respect to PLP. While the exact binding
modes of these compounds are unknown, it is unlikely to be at the active site, since
addition of substrate increases the potency of the inhibitor. It is known that binding of
ornithine stabilizes the dimerization of ODC.”' This suggests that the benzthiazoles bind
to the ODC homodimer. While other uncompetitive inhibitors of ODC have previously
been characterized, their K; values have been in the mM range®, significantly weaker
than 2, which possesses a K; of 12.6 to 15.4 uM. Identification of the binding site for this
inhibitor would allow further optimization with the potential for an improvement in
binding affinity. Since the compound is non-selective for TbODC over hODC, it is also
likely that the binding site is conserved between the human and trypanosomal enzymes.
Interestingly, 2 is the only benzthiazole active versus whole cell T. brucei, as well as the

only one active in the human cell line panel. However, the potency versus T. brucei does
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not shift in the presence of high levels of putrescine, indicating that ODC is unlikely to be
the primary mode of action.

The indole 6 is non-competitive with respect to ornithine, and un-competitive
with respect to PLP, suggesting a binding mode that differs from the benzthiazoles and is
not at the active site. Since this compound is non-selective for TbODC versus hODC, the
binding site must be conserved between the two enzymes. While the presence of an
electrophilic nitrile that is required for activity suggests the possibility of a covalent
mechanism of action, the fact that inhibition is completely reversible indicates any
modification is reversible. As with 2, the identification of this binding site would prove
useful in the further development of novel ODC inhibitors for both TbODC and hODC.
All of the indoles tested were inactive in whole cell assays.

Two classes of potent competitive inhibitors were also discovered during the
screen. The first of these, exemplified by 1 (alexidine), is bisbiguanides. Reports of
alexidine’s antimicrobial activity date back to the 1950°s®® and it has anti-fungal activity
and has been assayed as a potential chemotherapeutic compound.** * Alexidine
represents an interesting molecule for use in characterizing ODC more fully. Although it
is a competitive inhibitor, alexidine is too large to fit completely within the active site,
suggesting that the binding mode is more than a simple interaction with a single active
site. Prior studies have suggested that ODC is susceptible to allosteric modulation by
G418, another large, basic antimicrobial compound.’® However, G418 binds very weakly
(K of 3-8 mM), severely hampering mechanistic studies. Alexidine, with the much lower

K of 3.8 uM, represents a much better opportunity to investigate the modulation of ODC

through allosteric binding sites. While this compound does display whole cell anti-

164



trypanosomal effects, it is not affected by the presence of putrescine, indicating that it is
unlikely to be acting via the polyamine pathway in this context.

The final class of inhibitors discovered in this screening effort is the most
interesting. The dithioamidine series, and 8 in particular, represent the first selective
inhibitors for TbODC. 8 is a known inhibitor of nitric oxide synthase and is one of the
most potent reversible inhibitors of ODC known, with a K; of 3.6 uM. This compound is
structurally significantly different from the simple putrescine and ornithine analogues
previously reported as reversible inhibitors of ODC **7 suggesting that either the active
site of ODC tolerates larger compounds or that these compounds are not binding at the
active site. Because 8 is not highly functionalized it may be possible for medicinal
chemistry efforts to improve its potency. This proposition is supported by the work of
Tidwell et al, who have previously reported similar diamidine scaffolds as anti-
trypanosomal compounds with unknown mechanism and shown clear structure activity

. . cq - . 3839
relationships within these compound series.™

These results are replicated here, with all
of the dithioamidine compounds being active versus whole cell T. brucei, though no
correlation with ODC activity was observed. Furthermore, the ECsy of the compounds
versus the parasite do not shift in the presence of high levels of putrescine, indicating that
ODC inhibition is not responsible for the observed activities. All of the compounds were
inactive to 50 pM in mammalian cytotoxicity assays.

Other diamidine compounds such as berenil have been shown to be effective

inhibitors of SAMDC, another enzyme in the polyamine biosynthetic pathway.*® This

raises the possibility that diamidine or dithioamidine compounds could be developed that
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are able to inhibit both TbODC and SAMDC, effectively shutting off both rate limiting
steps in the polyamine biosynthetic pathway.

The remarkable selectivity for TbODC versus hODC displayed by the
dithioamidines is likely due to the binding of these compounds to a secondary site,
located behind the active site and bounded by tbD364, tbS396 and tbS402, with a second
possible entrance defined by tbN92, tbD38, tbQ401, and tbE36. Binding at this site may
explain selectivity, since the residues at the entrance to the site are not conserved between
the trypanosomal and the human enzymes. In hODC, tbS402 is replaced by hR402, and
tbN92 is substituted by hK92. Examination of the crystal structure of the human enzyme
(17DK) shows these changes place greater positive charge density at the binding site
entrances, and in the case of the tbS402 entrance, completely occlude access to the
binding pocket. Both molecular modeling experiments and mutagenesis data support the
idea that the dithioamidines interact directly with tbD364, a residue known to be
important for ODC catalytic activity. This residue is conserved across a wide range of
eukaryotic ODC enzymes, indicating an important role for maintaining enzymatic
functionality.”®

D364 is uniquely positioned at the center of interaction between two important
loops. The first loop, in which D364 resides, contains both D361 and C360. D361 is an
active site residue involved in the stabilization of the terminal amine of ornithine during
substrate binding. The precise positioning of the substrate by D361, along with D332 and
the backbone carbonyl of Y331 has been hypothesized to be necessary for the substrate
binding. The residue thought to be responsible for protonating the anion generated by

decarboxylation, C360, is also in the same loop as D364, and shifts in this residue would
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likely be detrimental to enzymatic function.* The second loop, which interacts with
D364, contains K169 (directly hydrogen bonded to D364) and L166, a residue which has
been predicted to interact with the carboxylate of L-ornithine.”” This loop is known to be
flexible, and that flexibility is thought to be important in the ODC catalytic cycle.
Perturbations in the positioning of D364 would affect the populations of conformers
available to this loop. In short, D364 is at the center of what is likely to be a highly
dynamic set of hydrogen bond interactions involving many residues known to be vital to
enzymatic function. The importance of its positioning is supported by mutagenic data for
this residue, where substitution with an alanine renders the enzyme inactive, and even the
relatively conservative substitution with glutamic acid increases K, by more than 175-
fold, and decreases k., by 280-fold.

The relatively small number of inhibitors discovered in this screen and the
similarity of these inhibitors to polyamines underscores the difficulty of developing
inhibitors for this enzyme. The bulk of available evidence, including the results of this
screen, suggests that ODC’s small and charged active site is unable to bind conventional
drug-like molecules. However, this study has shown that TbODC is susceptible to
inhibition by compounds likely to be acting at allosteric sites. Furthermore, allosteric
inhibition of this enzyme may allow it to escape the stabilization typically seen in the
presence of other reversible inhibitors in mammalian systems.

In conclusion, we have used a high-throughput assay to screen over 300,000
molecules, to identify potent and selective inhibitors of TbODC. Three of the four
scaffold series presented display activity versus whole cell T. brucei, though not via the

polyamine pathway, suggesting that the compounds are able to enter the cells. These
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inhibitors are likely to bind at novel, non-active site locations on the enzyme, and
represent valuable tools for further development of more drug-like inhibitors of this
clinically relevant drug target.
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Chapter 5

Conclusions
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The work presented herein represents the first fruits of a new high-
throughput screening facility along with the first large scale drug discovery effort
targeted at trypanosomal ODC. The lessons learned during this process, and particularly
during the ODC project will be invaluable to future high-throughput screening efforts at
St. Jude Children’s Research Hospital as well as to other investigators interested in
polyamine biosynthesis in Trypanosoma brucei.

The set-up and optimization of a fully automated high-throughput screening
facility is always a challenging endeavor. Many of the systems are one of a kind or small
production run models and are relatively poorly tested before release. Additionally, many
of the most experienced high-throughput screening groups are in industry, meaning that
their knowledge is largely inaccessible to the academic researcher. As such, a wide range
of preliminary experiments, from timing optimization to wash protocol development
(chapter 2) were performed both before and during the process described in this thesis.
The results of these experiments, when appropriate, have been published, allowing other
screening organizations to learn from our efforts and streamline their own. This is
becoming increasingly important as academic high-throughput screening groups become
more and more common. However, while the general approaches used to solve these
problems can be shared with others, specific solutions are often highly application
specific, meaning that each screening group must conquer their own systems before a
successful screening program can begin full-time operation.

TbODC was the first full deck screen attempted at St. Jude. As such, everything
from relatively simple automation issues including robotic programming and instrument

integration to more complex issues such as data handling, curve fitting, cherry-picking
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procedures and automated liquid handling protocols for the production of dose response
plates had to be developed and optimized during the screening process. Many of the
protocols implemented during the TbODC assay are still in use at St. Jude and have
proved invaluable for other screening efforts. In particular, our experiences with
automating low volume liquid handling in a flexible, user-friendly manner has proved
invaluable across a wide range of projects institution wide.

Optimization of an assay for use in a high-throughput screen is not a simple
process. The assay in question must be highly robust, and a suitable panel of secondary
assay systems must be in place which is capable of dealing with false positives from the
primary screen. In this effort, an assay suitable for the screening of any carbon dioxide
producing enzyme has been optimized and shown to be highly sensitive. The main
drawback to this screening effort had nothing to do with the assay system itself, but rather
with the sensitivity of ODC to various redox stressors. The majority of false positives
resulted from incubating the enzyme in the presence of test compound without
dithiothreitol (DTT). This resulted in the identification of compounds capable of
irreversibly inhibiting the enzyme in its oxidized state rather than its active reduced state.
If this assay system were to be used in the future for screening of ODC, the compounds
should be incubated in the presence of ODC and DTT. However, this may not prove to be
any better, since it is known that a wide range of small molecules are able to react with
DTT to produce free radicals which can then inhibit enzymes non-specifically.”  In
short, it is most likely necessary to screen potential hit compounds under both conditions.

Well behaved inhibitors should behave identically in both.
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This phenomena may be worthy of additional investigation since a significant
portion the DTT-sensitive false positive compounds were not identified as redox active in
the proxy-assay for oxidative potential.” It should be noted that the false positive
compounds contained ~10 to 15 compound series with varying levels of internal structure
activity relationships and including compounds which were selective for TbODC versus
hODC. However, since none of these compounds replicated in the '*CO, assay or in the
whole cell putrescine rescue experiments, they must still be regarded as screening
artifacts rather than ODC inhibitors. The compounds were not tested for their H,O,
production potential, and this remains a possible mechanism for the observed DTT-
sensitivity. However, since sensitivity to the presence of a reducing agent was observed
with both DTT and B-mercaptoethanol, which is known to be less susceptible to H>O,
production, it seems unlikely that the remaining false positives are due to this. It is well
known that ODC requires large amounts of reducing agents (preferably DTT) to maintain
activity in vitro.> * This level of sensitivity to reductive potential likely results in ODC
being abnormally sensitive to oxidative compounds in the absence of a protective amount
of reducing agent.

The ODC inhibitors identified in this high-throughput screening effort represent
potentially useful tools in the quest to create clinically useful ODC targeted drugs. In
particular, the identification of potential allosteric sites and novel modes of inhibition
may allow the development of more potent compounds suffering from fewer off-target
effects. Towards that end, crystallographic studies of both the dithioamidine and the
benzthiazole based compounds are ongoing in collaboration with Margaret Phillip’s

laboratory. It should be noted that these compounds have significant off-target effects in
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addition to their ODC inhibiting properties. They are trypanocidal rather than
trypanostatic and cannot be rescued by addition of putrescine (as would be expected if
they were acting solely via ODC). Therefore, these compounds should not be regarded as
potential drug leads themselves, but rather as tools to be used in the development of other
less toxic inhibitors of ODC.

If further work is pursued on these scaffold series, the allosteric benzthiazole
based inhibitors seems the most promising. The benzthiazole scaffold is present in FDA
approved drugs and is known to have a wide range of biological activities.””
Furthermore, the preliminary structure activity relationships within the benzthiazole
series suggest that some optimization may be possible. The fact that the compound is
uncompetitive with L-ornithine is also beneficial, since inhibition of ODC is expected to
result in accumulation of substrate. This means that it may be possible to for an inhibitor
with lower overall binding affinities to be efficacious. However, since it is clear that the
benzthiazole inhibitors presented herein are not acting in a putrescine dependent it is
likely that significant effort will be required to eliminate off target effects. Therefore, any
effort to optimize this scaffold should be regarded as a relatively high-risk project.

The relatively low number of ODC inhibitors found in this screening effort, along
with the fact that none of the hits were active at whole cell levels via polyamine
dependent pathways casts some doubt on the feasibility of developing more ODC
inhibitors. The overall low hit rate of this screen demonstrates that ODC is not a
particularly druggable target. Therefore, despite the successes detailed above, further
work to develop novel inhibitors based on anything other than simple substrate or product

analogues is likely to be unsuccessful.
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However, this does not mean that the polyamine pathway itself is invalidated.
Screening of other enzymes in this pathway, particularly SAMDC could be quite
productive. In fact, the same assay system presented herein to screen ODC could be used
to screen large libraries for SAMDC inhibitors. A second approach which would be
useful in identifying polyamine pathway inhibitors would be to screen whole T. brucei
and evaluate all hits for their ability to be rescued by addition of either putrescine or
spermidine to the culture media. Preliminary efforts to identify compounds using both of
these approaches are underway both in our laboratory and in the laboratories of our
collaborators. Still other groups have pursed polyamine dependent enzymes further down
the pathway. A recent publication by the Fairlamb and Frearson groups has used an
approach similar to that presented here to chemically validate trypanothione synthetase as
a drug target in T. brucei.® In light of these results, coupled with those presented herein, it
seems prudent to focus on other targets within the T. brucei polyamine pathway in the
future.
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Chapter 4 Supplementary Data
Supplementary Data for:
Smithson et al. - Discovery of Potent and Selective Inhibitors of Trypanosoma brucei

Ornthine Decarboxylase.

S4.1 Species Selectivity Curves for Compounds 1, 2, 6 and 8
b.

a.
1.00 1.004 X
0.75- 0.75- "
% 0.50- 0.50
0.251 m hoDpC Enz Linked 0.254
¥ TbQODC Enz. Linked
0.00 +—rmmr—rrmmr—rr—r . 0,00

0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
[1 (uM)] [2 (M)
c. d.
1.004 |}
1.00- | ) []
0.754
0.754 -
. £
= 3 i
5 0.504 050
| . Li - .
0.25+ TbODC Enz F.lnked 0-259 m hoDC Enz Linked
¢ hODC Enz. Linked ¥ TbODC Enz. Linked
0.00 +——rrm——rr—rr—— . 0,004

1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
[6 (nM)] [8 (LM)]

Data was gathered in 384 well plates as described in materials and methods. All curves
were determined under isokinetic conditions at [1.5x K;,] L-ornithine. (625 pM L-Orn for
TbODC, 150 uM L-Orn for hODC) ICs experiments were performed in independent
triplicates.

0.001 0.01 0.1
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S4.2 Reversibility of representative compounds
Reversibility

1.2
1.0
_0.8
Z
306
0.4
0.2

05mso DFMO 8 1 2 6 DMSODFMO 8 1 2 6
500 yM 10yM 10uM  15.M 10 uM 500 yM10uM  104M  15.M 10 .M

Non-Dialyzed Dialyzed
Reversibility was determined as described in materials and methods.

S4.3 Reaction Linearity with Respect to [ODC]

Reaction Rate vs. [ODC]

o

(=]

S
1

I Linearity was determined at 625 uM
Orn and 60 uM PLP in 384-well
plates using HTS assay protocol
under a nitrogen atmosphere.

o
o
s

0.02-

0.01=

Reaction Rate (mM NADH/min)

M Reaction Rates

0.00
0 250 500 750 1000 1250 1500

[ODC (nM)]

S4.4 K, Determination for Enzymes used in Study

6 37°C KpDetermination - Linked Assay 22°C Ky Determination - Linked Assay
Cuvette 0.9+ HTS Plate Based
0.8+
0.7=

1
=]
o

L

0 ThODC
« hODC

rate (sec™)
(=]
w
1

Keat (57) K (mM) 0.3+
TbODC 7.0+/-0.2 0.37 +/-0.02

hODC 53+-0.3 0.7 +/-0.05

Keat (51) K (mM)
TbhbODC 0.78 +/-0.01 0.42 +/-0.02 A TbODC

0.1 hODC 0.38 +-0.007 0.10 +/-0.008 ™ NODC
o=t T T T 1 0. T T T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000
[Ornithine (uM)] [Ornithine (uM)]

TbODC and hODC in plate based assay were 150nM, TbODC and hODC in cuvette
assays were at 100nM.
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S4.5 D364E ThODC K, Determination

0.0175= D364E TbhODC

37°C
0.0150+ Cuvette
0.0125=

—_—

52 0.0100
(7]

—

2
© 0.0075

Keat (57) K (mM)
0.025 +/- 0.003 65.8 +/-16.4

0.0050=

0.0025=

0.0000

1 T 1 1 1 1 T L 1
0 10 20 30 40 50 60 70 80 90

[Ornithine (mM)]
D364E TbODC was tested in cuvettes at 20 uM ODC due to low activity of the enzyme.
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S4.6 Proposed Alternate Binding Sites for Dithioamidine Compounds

The above structure is based on the TbODC structure 1QU4. Green coloration represents
chain C of the dimer and blue coloration represents chain D of the dimer. Yellow spheres
represent the enzyme active site where ornithine and PLP bind. Gray spheres represent
potential alternate binding site 1, pink spheres represent potential alternate binding site 2
and orange spheres represent potential alternate binding site 3.
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S4.7 Proposed Alternate Binding Sites — Residue View

a.
D361 H33

a. Site 1. Apo TbODC structure. PLP is salmon, active site residues are white and
residues that form the boundaries of the entrance to the proposed binding site are purple.
b. Site 2. Apo TbODC structure. PLP is salmon, active site residues are white and
residues that form the boundaries of the entrance to the proposed binding site are purple.
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S4.8 Docking Results
ROC Curves for Docking Models

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00 %

True Positive Rate (sensitivity)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
False Positive Rate (1 - specificity)

|.Act5ite -WT E5ite3 - WT @Site3 - D364E [J5itel - WT OSite2 - WT W Site3 - hODC |

ROC Curves for Docking Models — Enrichment plots for each alternate binding site
tested using molecular docking approaches. Note that Site 3 outperforms other models,
while the remaining sites perform similarly. Site 3 in the D364E mutant model performs
much worse than the same site in the wild-type TbODC enzyme. The top 100 poses of
each compound were used for calculating enrichment, and true positives were defined as
those compounds with K; values less than 50 uM. AUC scores are as follows: ActSite —
WT (Active Site, wild-type TbODC): 0.91, Site3-WT (Site 3, wild-type TbODC): 0.99,
Site3-D364E (Site3, D364E TbODC model): 0.80, Site1-WT (Site 1, wild-type TbODC):
0.93, Site2-WT (Site 2, wild-type TbODC): 0.91, Site3-hODC (Site 3, wild-type hODC):
0.93.
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S4.9 Additional Benzthiazoles Screened

Note that these compounds did not have K; values determined, and while identities were
confirmed by mass spec, purities were not able to be accurately assessed due to the
limited amount of available compound. ICs, values were obtained at 625 uM L-ornithine,
60 uM PLP and 150 nM TbODC, fit as described in materials and methods, and are
expressed as 95% confidence intervals.

Compound ID I1Cso (nM)
SJ000288115 4.6t07.8
SJ000024884 3.7to0 10.1
SJ000002905 Inactive (>100 uM)
SJ000019249 Inactive (>100 uM)
SJ000151009 Inactive (>100 uM)
SJ000246794 Inactive (>100 uM)
SJ000121058 Inactive (>100 uM)
SJ000150783 Inactive (>100 uM)
: ~ : \‘
/>—NH
@—NH : N }—@—0
N \/o o
I/ S$J000288115 S$J000024884
S, S,
pa I
\/O o o \—\
SJ000002905 SJ000019249
S, F S,
/>—NH />—NH
N N
\/O o \/O o
SJ000151009 SJ000246794
S: S \o
N/ o™ N\ N/:
o
0 o o
SJ000121058 ~ SJ000150783 /O
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S4.10 Paper numbering to St. Jude Registry Number Key — please use the below
designations when requesting additional information regarding compounds included in
this report.

Internal Manuscript
SJREGNO Numbering
SJ000285319 1
SJ000026125 2
SJ000360936 3
SJ000122887 4
SJ000298934 5
SJ000126684 6
SJ000360927 7
SJ000288115 8
SJ000359132 9
SJ000359141 10
SJ000285200 11
SJ000359413 12
SJ000359140 13
SJ000359137 14
SJ000354134 15
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Compound UPLC-MS Data
(Peaks at 0.2 min are DMSO solvent peaks)
1 (SJ000285319) UV-TIC — Purity = >95% - Product Mass at 0.91 min

1503074_061609 2: Diode Array

019 Range: 1.11e+2
1.1e+2

1.0e+2:
9.0e+1]
8.0e+1
7.0e+1:
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1.0e+14
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0.00 010 020 030 040 050 0.60 0.70 0.80 0.90 1.00 110 120 1.30 1.40 1.50 1.60 170 1.80 190 2.00

1 (SJ000285319) ELSD Signal — Purity = >95% - Product Mass at 0.92 min

1503074_061609

(2) ELSD Signal
0.92 Range: 117

110.0004

100.0004
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80.0004

70.0004
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0.00( T T T LA AN LA R SRR RS SRR RSN T ISR LA ASAN AR AN LSRR MM RAALE SR AR
0 010 0.20 030 040 050 060 0.70 0.80 0.90 1.00 110 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90

1 (SJOOO2853 19) Parent Ion — Expected Mass+1: 509.8

1503074_061609 273 (0.943) Cm (263:278)
100

.

511

512

1: Scan ES+
7.36e7

T T T T T T T T T T T T T T T T
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2 (SJO

4298-0492_061609 Sm (Mn, 2x3)

00026125) UV-TIC — Purity = 95% - product mass at 1.40 min

2: Diode Array

B 1.40 Range: 4.504e+2
11027900 Area
1 Time Height Area  Area%
128 22876260 498844.28 433
1.40 444346560 11027900.00 95.67
4.0e+2]
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2 3
<
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00026125) ELSD Signal — Purity = 98 % - product mass at 1.41 min

(2) ELSD Signal
1.41 nge: 557
15371 Area
Time  Height Area  Area%
129 8032 238.95 153
141 555068 15370.62 98.47

1.29
239

0.00 T

2 (SJO
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100

%

T T T T T T T T T T T
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00026125) Parent Ion — Expected Mass +1: 357.7
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1: Scan ES+
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T
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3 (SJ000360936) — UV-TIC — Purity = >95% - product mass at 1.09 min

5659942_061609
1.09

AU

2: Diode Array
Range: 4.946e+2

0.0 T T T

0.40

0.90
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T T T i T T T T T T T
010 020 0.330 050 0.60 070 0.80 100 110 1.30 140 150 160 170

5659942_061609
= 110
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400.0004
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300.0004
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T
1.80

3 (SJ000360936) — ELSD Signal — Purity = >95% - product mass at 1.10 min

e Time
190 2.00

(2) ELSD Signal
Range: 603

0.00 T T T T T T T T T T

T T T T T T T T T T
010 020 030 040 050 060 070 080 0.90 1.00 110 1.20 1.30 1.40 1.50 1.60

3 (SJ000360936) Parent lon — Expected Mass +1: 299.1

5659942061609 317 (1.095) Cm (317:325)

100+ 2%

300

%

301
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1: Scan ES+
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4 (SJ000122887) UV-TIC — Purity =>95% - product mass at 1.11 min

5648570_061609 2: Diode Array
111 Range: 4.966e+2

4.0e+24
3.5e+2

3.0e+2]

2.5e+24

AU
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4 (SJ000122887) ELSD Signal — Purity = >95% - product mass at 1.11 min

5648570_061609 (2) ELSD Signal
B 111 Range: 630
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4 (SJ000122887) Parent lon — Expected Mass +1: 329.1
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5 (SJ000298934) UV-TIC — Purity = 100 % - product mass at 1.32 min

6131130_061609 2: Diode Array
132 Range: 5.178e+2
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2.5e+27
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5 (SJ000298934) ELSD — Purity = 100 % - product mass at 1.33 min

6131130_061609 (2) ELSD Signal
133 Range: 485
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350.000

300.0004

SuU

250.0004

200.0004

150.0004

100.0004

50.0004

0.00 LA A A A Ay NS LA s Rk LA A LA LA R R L R LAY A AN AN A RS LSS i RS A R AR B s BOA b A ol s aaa aad aall L 1 T
010 020 030 040 050 060 070 080 0.90 1.00 110 1.20 1.30 1.40 1.50 1.60 1.70 1.80 190 2.00

5 (SJ000298934) Parent [on — Expected Mass +1: 357.1
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6 (SJ000126684) — UV-TIC — Purity = 90% - product mass at 0.74 min

5808287_061609 Sm (Mn, 2x3) 2: Diode Array

Range: 1.146e+2

Area

1.1e+2] Time  Height Area Area%

0.39 2349835 54031.35 250
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003 T T e T T T e T T e T o Time

6 (SJ000126684) — ELSD Signal — Purity = >95% - product mass at 0.75 min

5808287_061609 (2) ELSD Signal
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6 (SJ000126684) Parent Ion — Expected Mass +1: 242.1

5808287_061609 221 (0.763) Cm (217:226) 1: Scan ES+
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7 (SJ000360927) — UV-TIC

5123723_061609 Sm (Mn, 2x3)

— Purity = 92 % - product mass at 0.37 min

2: Diode Array
Range: 1.107e+2

1.1e+24 Aren
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7 (SJ000360927) — ELSD Signal — Purity = >95% - product mass at 0.38 min

5123723_061609
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8 (SJ000288115) UV-TIC — Purity = >95% - Product Mass at 0.57 min

P8227_061609_NH4HCO3 2: Diode Array
Range: 1.298e+2
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8 (SJ000288115) ELSD Signal — Purity =>95%
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8 (SJ0002881 15) Parent Ion — Expected Mass +1: 283.1
P8227_061609_NH4HCO3 178 (0.615) Cm (177:186) 1: Scan ES+
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9 (SJ000359132) UV-TIC — Purity = >95%, product mass at 0.39 min

5101224_061609_NH4HCO3 2: Diode Array
Range: 1.306e+2
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9 (SJOOO359132) ELSD Signal — Purity = >95%, product mass at 0.44 min

5101224_061609_NH4HCO3 (2) ELSD Signal
020 Range: 211

200.0004

180.000

160.000H

140.0004

120.0004

Lsu

100.000H

80.0004

60.000H

40.0004 0.44

20.0004 J
0.00

T T T T T
000 010 0.20 030 040 050 060 070 080 0.90 1.00 110 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90

9 (SJ000359132) Parent lon — Expected Mass +1: 221.1
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10 (SJ000359141) UV-TIC — No Detectable UV Signal

5121881_061609_NH4HCO3
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10 (SJOOO359141) ELSD Signal — Purity = >95% - Product mass at 0.4 min

5121881_061609_NH4HCO3
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10 (SJ000359141) Parent lon — Expected Mass +1: 207.1
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100+ 207

(2) ELSD Signal
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11 (SJ000285200) UV-TIC — Purity = >95% - product mass at 0.39 min

Pentamidine_061609 2: Diode Array
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11 (SJOOOZSSZOO) ELSD — Purity = 100 % - product mass at 0.41 min

Pentamidine_061609

(2) ELSD Signal

041 Range: 358

325.000-
300.00(
275.000%
250.000:
225.000-

200.00(

Lsu

175.000-

150.000=

125.000-

100.00¢

75.000=

50.000=

25.000-

0.00(
0 010 020 030 040 050 060 070 080 080 100 110 120 ' 130 140 150 ' 160 170 180 180

11 (SJOOO285200) Parent Ion — Expected Mass +1: 341.4

Pentamidine_061609 121 (0.418) Cm (118:125) 1: Scan ES+
100+ 341 6.77e7

342

T T T T T T T T T T T T T T
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12 (SJ000359413) UV-TIC — Product in Solvent Peak — attempts at separation
unsuccessful — no masses other than product and solvent were detected in solvent peak.

5134608_061609_Polar 2: Diode Array
017 Range: 1.071e+2

1.0e+2]
9.0e+14
8.0e+1
7.0e+14

6.0e+14
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2.0e+14

1.0e+14
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000 010 020 030 040 050 060 070 080 090 100 110 120 1.30 1.40 150 160 170 1.80 1.90 2.00

12 (SJ 000359413) ELSD Signal — Product in Solvent Peak — attempts at separation
unsuccessful

5134608_061609_Polar (2) ELSD Signal
015 Range: 60

55.00(;
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35.0004

Lsu

30.0004
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000 010 020 030 040 050 060 070 08 09 100 110 120 130 140 150 160 170 180 190 200

12 (SJ000359413) Product Parent Ion Chromatogram — Product is in solvent peak

5134608_061609_Polar 1: Scan ES+
0.16 193 3.00Da
1009 4.06e8

e

B A A A s S A A A R A AR A A M AR AL AR At ASAA Ras) AR RRSAS AR RN AR RS LI ]
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 110 1.20 1.30 140 150 1.60 170 1.80 1.90 2.00
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12 (SJ000359413) Parent Ion — Expected Mass +1: 192.1

5134608_061609_Polar 47 (0.162) Cm (44:52)
100

195

194
196

1: Scan ES+
2.72e7

T T T T T T T T T T T
189 190 191 192 193 194 195 196 197 198 199

202
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13 (SJ000359140) UV-TIC — Purity = >95% - product mass at 0.48 min

511143170616097NHAHCO3 2: Diode Array
Range: 1.306e+2
1.3e+24

1.2e+2
lle+2
1.0e+2
9.0e+1-
8.0e+1-
7.0e+1-
6.0e+1-
5.0e+1-
4.0e+1-
3.0e+1-

2.0e+1-

1.0e+1-

AU
e T R T e B T R D R

e
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0.00 0. 10 0. 20 0. 30 0. 40 0.! 50 0.4 60 0.70 0. BO 0. 90 1. 00 1. 10 1.20 1.30 1.40 150 160 170 1.80 19 2 00

13 (SJ000359140) ELSD Signal — Purity = >95% - product mass at 0.50 min

5111431_061609_NH4HCO3 (2) ELSD Signal
Range: 256

240.0004

220.0004

200.0004

180.0004

160.0004

140.0004

Lsu
o
N
3

120.0004

100.0004

80.0004

60.0004

40.0004
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13 (SJ000359140) Parent Ton - EXpected Mass +1: 255.1

5111431_061609_NH4HCO3 152 (0.525) Cm (142:164) 1: Scan ES+
1004 255 1.49e7

T
255 256 257 258 259 2

203
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14 (SJ000359137) — UV-TIC — Product in Solvent Peak — attempts at separation
unsuccessful — No other major components detected — Purity = >95%

5104095_061609_Polar 2: Diode Array
Range: 1.092e+2

1.0e+2
9.0e+14
8.0e+1
7.0e+14

6.0e+17
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4.0e+1

3.0e+14
2.0e+14

1.0e+14

T e R P S

14 (SJ000359137) — UV-TIC — Product in Solvent Peak — attempts at separation
unsuccessful — No other major components detected — Purity = >95%

5104095707616097P0\ar ) ELS{I’I‘)‘S\C(NG?!

s0000]
5000}
s0000}
w000}
e

35.0004

- 30.0004

25.0004
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0.00 010 020 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 120 1.30 1.40 150 1.60 170 1.80 1.90 2.00

14 (SJ000359137) - Product Parent lon Chromatogram — Product is in solvent peak

5104095_061609_Polar 1: Scan ES+

0.16 203 3.00Da

1004 1.03e8
0,18
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14 (SJ000359137) Parent lon — Expected Mass +1: 203.0

5104095_061609_Polar 47 (0.162) Cm (45:52) 1: Scan ES+
100+ 203 6.39¢6

%

T T T T T T T T T T m/z
195 196 197 198 199 200 201 202 203 204
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15 (SJ000359134) — UV-TIC — Purity = >95% - product mass at 0.43 min

5104054_061609
019

1.0e+24

9.0e+17

8.0e+14

7.0e+14

6.0e+14

AU

5.0e+14

4.0e+1

3.0e+14

2.0e+19

1.0e+14

2: Diode Array
Range: 1.099e+2

15 (SJ000359134) — ELSD Signal — Purity = 100 % - product mass at 0.44 min

5104054_061609
0.44

130.000-
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Lsu
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15 (SJ000359134) Parent Ion — Expected Mass +1: 181.1

5104054061609 130 (0.449) Cm (124:139)
100+ 181

182

183

1: Scan ES+
1.30e8
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S4.11 Tables of All ODC High-throughput Screen Hits and Mode of inhibition

The following tables are a summary of all screening data from the ODC high-throughput
screening effort. The compounds below are the re-ordered hit compounds plus small
structure activity series which were not reported as validated hits in the main body of
chapter 4. Most of these compounds displayed DTT dependent inhibition and required
incubation with ODC in the absence of DTT in order to display inhibition. All
compounds with reported ECsy values versus TbODC displayed the doubling in rate
when screened at 2x [ODC] which is characteristic of ODC dependant inhibition.
Furthermore, none of the compounds displayed detectable inhibition of the linking
enzymes in the 2-enzyme linked assay. Validated hits in the below table were not
reported in the primary publication due to lack of pure compound, lack of preliminary
SAR or irreversible inhibition. All compounds with reported ECsy values versus whole
cell T. brucei were evaluated for their ability to be rescued by the addition of 500 uM
putrescine (sufficient to reverse growth inhibition by 1 mM DFMO) to the culture media.
None displayed significant shifts in ECsy values indicating that all had significant non-

ODC related mechanisms of toxicity.
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Field Definitions are below:

CompoundID:

TbODC ECso (uM):

T. brucei ECso (uM):

Ornithine Mode of Inhibition:

PLP Mode of Inhibition:

Validated Hit:

Vendor Catalogue Number (SJ_Unique ID field in St. Jude
Chemical Biology Compound Registration Database)

Enzyme-linked assay ECs, value as determined by fitting to
a 4-parameter sigmoidal dose response curve. Value is a
mean of 3 replicates. Compounds were pre-incubated with
ODC and no DTT in this experiment. ECsy values were
determined at 625 uM L-Orn and 60 uM PLP at room
temperature.

ECs values of compounds versus whole cell T. bruceli
brucei as determined by the Cell-Titer-Glo Assay.
Materials and methods for this experiment is on the
following page.

Mode of inhibition with respect to varied L-ornithine
concentrations. See materials and methods section of
chapter 4 for full details. Compounds were pre-incubated
with ODC and no DTT in this set of experiments.

Mode of inhibition with respect to varied pyridoxal-5’-
phosphate concentrations. See materials and methods
section of chapter 4 for full details. Compounds were pre-
incubated with ODC and no DTT in this experiment.

Hits were designated as validated if full dose responses
could be measured for both normal
(compound+ODC+Linking enzymes followed by L-
Orn+DTT+PLP) and reverse DTT
(compound+ODC+DTT+PLP+Linking enzymes followed
by L-Orn) linked enzyme assays.
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S4.11 Tables of All ODC High-throughput Screen Hits and Mode of inhibition

Structure

O

07NN o—
N
|
0
o o}
0 N
o=§
cl
HO N O
@)

ThODC

Compound ID ECg

(M)

7992559 30.48
F1098-0070 9.81

7800304 30.62

C393-0024 13.10
F2074-0019 1.75
E677-1397 2.35
E677-1143 3.7
7144577 8.91
F1031-0071 3.30
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T. brucei
ECso (M)

0.74

0.14

4.09

0.01

8.42

5.32

0.08

Ornithine
Mode of
Inhibiton

Un-
Competitive

Non-
Competitive

Un-
Competitive

MNon-
Competitive

MNon-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

TRUE

TRUE

TRUE

TRUE

TRUE

FALSE

FALSE

FALSE

FALSE



Structure

ranY
HO N DO
L/

ThODC
Compound ID ECs

(M)

F0815-0045  ND

F1310-0007  ND

K286-4390  0.44

K286-4341  4.32

K286-4371  1.46

K286-4369  2.31

K286-4395  1.61

3366-3045  3.27

K286-4382 073

K286-4379  2.24

T brocel Ornithine
ECs (uM) V0% f
Inhibiton
2.26 Inactive
0.42 Inactive
6.14 cor:::t-itive
25.85 Cgr:l::t-itive
10.03 c;)r:;}:t_itive
4.86 Co:::t_itiue
16.49 Co:;:t-iiiue
13.16 cgr:::t.itive
12.29 CQr:I ;:t-iiive
4.51 Co:::t_itive
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PLP Mode
of
Inhibition

Inactive

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Un-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

ThODC Ornithine  PLP Mode

T. brucei
Compound ID ECs, EC TM,) Mode of of
(M) s L Inhibiton  Inhibition
5545617 Inactive 34.00 Inactive Inactive

Non- Non-

5223890 16.49 8.60 Competitive Competitive

Non- Un-

3448-2065  0.29 437 Competitive Competitive

Non- Non-

7485255 1.0 113 Competitive Competitive

6375520 Inactive 8.21 Inactive Inactive

Non- Non-

6381814 1.04 0.86 Competitive Competitive

Non- Non-

6376401 259 6.38 Competitive Competitive

Non- Non-

6373722 6.48 9.86 Competitive Competitive

Non- Non-

7012006 218 S47 Competitive Competitive
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Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

Cl

TbODC

T. brucei
Compound ID EC
pos ® ECso (uM)
(M)

6633405 1.06 0.19

6372407 Inactive 5.03

2368-0065 4.85 Inactive

5864204 14.13 23.14

5865587 13.61 8.91

6324093 14.19 1.05

6320643 8.59 0.00

6327734 24.21 0.13

3448-9166 1.40 5.06
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Ornithine  PLP Mode

Mode of of

Inhibiton  Inhibition
Non- Non-

Competitive Competitive

Inactive Inactive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

O on

HN O S/\n,OH
(0]

Br

TbODC T brucei Ornithine
Compound ID ECs Mode of
ECso (uM) el
(nM) Inhibiton
7202-3086  4.32 4.49 Nane
Competitive
0094-0016  5.36 2.51 Nom-
Competitive
2237-1807 161  10.22 Nom-
Competitive
7741221 2.77 1.42 Nom-
Competitive
Non-
5218493 34.91 7.38 .
Competitive
F1387-0033  0.89 0.62 Nom-
Competitive
Non-
F1387-0032 3.55 5.07 -
Competitive
F1387-0028 094 068 Non-
Competitive
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PLP Mode
of
Inhibition

Non-
Competitive

Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

S—

o O
G0

H
0. _.N._.O
/\VNWHZ/@
o} Cl

TbhODC
Compound ID ECs
(M)

T. brucei
ECso (uM)

7925755

Inactive 1.17

F0815-0095 1.73 5.64

E750-0136 7.94 9.46

7923517 9.28 17.13

2548-0747 1.86 10.14

6629745 9.72 0.10

6629868 6.13 10.60

3405-0210 10.00  Inactive

5305098 4.16 6.13
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Ornithine
Mode of
Inhibiton

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

H
Cl 0 N\fo
O
Cl o]

0
@f\“ @
Br o N/&D
H

e
é%f

Cl

HN =

Br

ThODC T brucei Ornithine  PLP Mode

Compound ID ECs Mode of of
(uM) ECso (WM) | hibiton  Inhibition

Non- Non-

5240915 6.42 17.22 Competitive Competitive

5240794  17.14  Inactive N”r’;;:‘;"c° undef

Non- Non-

D053-0388 774 1.34 Competitive Competitive

Non- Non-

DRe-0a75 10.63 1.52 Competitive Competitive

Non- Non-

FORNG-1812 (.69 £61 Competitive Competitive

Non- Non-

F1REH 1243 2.83 Competitive Competitive

Non- Non-

1983508 .56 0.02 Competitive Competitive

Non- Non-

6077688 8.95 17.01 Competitive Competitive

Non- Non-

6316000 .80 £.84 Competitive Competitive
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Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



TbhODC Ornithine  PLP Mode

T. brucei i
Structure Compound ID ECs, ECq, (uM) Mode of of Va::lt;lta?ted
(uM) sl Inhibiton  Inhibition
Cl
o
N N N
0=§=0 6653473  4.30 7.88 on- on- FALSE
Competitive Competitive
O‘:fﬂ*
&

0
- N Non- Non-
0=8=0 6653675 4.30 5.16 - . FALSE
Competitive Competitive
0¢N+
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&
cl
o] =N
oS 6680314 181  0.34 Hae Non- — palsE
Competitive Competitive
0=N’
o
,Esf/ 6389350  3.84 8.03 o= hon= FALSE
0" = 5 Competitive Competitive
o]
cl
Non- Non-
O“N"@\ PoRaane &0 2 Competitive Competitive FALSE
o 0
o]
e Non- Non-
6627645 2.24  Competitiv o e FALSE
e Competitive Competitive
6657582  1.83 0.31 Non- . FALSE
Competitive Competitive



Structure
Br,
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Cl
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‘N' Cl
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TbODC

Compound ID ECs,

6627762

6658016

6625728

6631480

6631369

6626128

F0808-1801

F0808-1800

5860222

5960045

(kM)

2.21

2.82

6.82

5.70

7.41

10.50

1.56

3.07

13.10

12.13
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T. brucei
ECso (uM)

2.85

0.45

2.08

6.19

7.37

3.50

28.18

22.42

13.42

8.18

Ornithine
Mode of
Inhibiton

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Competitive

Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

TbODC

Compound ID ECs,

5863070

5968220

D053-0032

D053-0117

D053-0306

7969312

7967759

7870161

7924532

(kM)

28.30

26.36

10.29

14.95

4.30

6.26

Inactive

0.95

Inactive
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T. brucei
ECso (uM)

0.02

0.04

3.63

217

2.00

2.77

3.28

0.64

3.81

Ornithine  PLP Mode
Mode of of
Inhibiton Inhibition

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Inactive Inactive

Non- Non-
Competitive Competitive

Inactive Inactive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

TbODC

Compound ID ECs,

6371621

6378891

6633774

7016468

5994-0447

6635495

7630880

6378816

7634527

(kM)

Inactive

Inactive

Inactive

Inactive

1.00

5.19

Inactive

Inactive

2.98
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T brucei Ornithine  PLP Mode
ECs, (uM) Mode of of

ed Inhibiton  Inhibition
3.45 Inactive Inactive
7.30 Inactive Inactive
9.46 Inactive Inactive
3.99 Inactive Inactive
112 Non- Non-

’ Competitive Competitive
Non- Non-

763 Competitive Competitive
5.32 Inactive Inactive
12.29 Inactive Inactive
4.48 Non- Non-

Competitive Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



ThODC Ornithine  PLP Mode

T. brucei i
Structure Compound ID ECs, EC TM,) Mode of of Va::lt;lta?ted
(M) s L Inhibiton  Inhibition
Eb\NH OH
N 7630693 Inactive 2.99 Inactive Inactive FALSE
WORCE©
1]
0
¢NH OH . . .
O N 7630436 Inactive 5.35 Inactive Inactive FALSE
O
0
0
0 - -
“S:Ow//@& 5467940 1527  0.24 Non- Non- FALSE
/@/ Y Competitive Competitive

@ P 5934605 4143  14.67 Non- Non-  — palsE
b’”ﬁ“‘ ol Competitive Competitive

F1031-0135 1296  2.95 neiE Non- — EaLSE
Competitive Competitive

Non- Non-
/“)3 :6 F0B42-0019  18.10 3.08 Competitive Competitive FALSE
ci

Non- Non-

F1031-0171  17.22 2.93 Competitive Competitive FALSE
F

@ “ F1031-0043 Inactive 2.21 Inactive Inactive FALSE
OH
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Structure

L

TbhODC
Compound ID ECs

(uM)

F1031-0061 21.12
F0870-0083  2.33
F1310-0022  1.05
F0842-0027  2.54
6586297 15.85
6589006 6.85
5976843 11.27
7261142 17.22
6323011 13.10
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T. brucei Ornithine

ECs, (uM) Mode of

50 Y Jnhibiton
Non-

418 Competitive
Non-

401 Competitive
Non-

3.89 Competitive
Non-

460 Competitive
. Non-

Inactive Competitive
Non-

50.00 Competitive
Non-

0.06 Competitive
Non-

b Competitive
Non-

0.02 Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure
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ThODC T brucei Ornithine

Compound ID ECsg Mode of
ECso (uM) oy

(M) Inhibiton

2368-0377 259 0.00 Non-
Competitive
Non-
5966880 10.30 2.31 -
Competitive
Non-
3297-0914 4.67 17.86 .
Competitive
7968826  1.58 1.42 hione
Competitive
Non-
7968687 2.95 3.55 -
Competitive
7925578  6.31 3.26 Mo
Competitive
Non-
7968218 6.85 3.26 -
Competitive
6374848  3.50 1.96 hione
Competitive
7011428 3.0 2.33 hione
Competitive
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PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated

Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

N "NH OH

So
O\NH OH
JO 0O
0

ThODC
Compound ID ECsg
(uM)

6372208 4.43

7967682 6.36

6372780 2.03

6375950 1.87

7926588 4.00

5977995 20.42

6290791 14.76

5870242 7.69

K079-0037 13.73

223

T. brucei
ECso (uM)

1.80

2.67

0.23

0.30

3.55

1.67

0.85

0.02

22.74

Ornithine
Mode of
Inhibiton

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



TbODC Ornithine  PLP Mode

T. brucei i
Structure Compound ID ECso .. "{"c:ﬂ') Mode of of va::l(ijta‘]:ed
(uM) 0 Y Inhibiton  Inhibition '
3132-0665 27.66  23.50 Non- Non- FALSE

Competitive Competitive

M 6760 Inactive 3.98 Inactive Inactive FALSE
F
F F - -
H F 4770-1860  9.36 0.28 hon= hon- FALSE
Competitive Competitive
W ¢ F
o-N o]
_N
\Or—s
N
N= - -
gL K243-0077 2267  7.97 Non- —  Nom  — palse
Competitive Competitive
HO OH
2
_O,N%Q’ E540-1032  Inactive 0.62 Inactive Inactive FALSE
S
S
Non- "
N 3405-0201 16.82 13.65 .. Competitive = FALSE
Competitive
OH
NJ\jN‘NH
K297-0325 Inactive 0.28 Inactive Inactive FALSE
(@)
HS*N
s
Non- -
N 3405-0009 14.70 3.56 . Competitive FALSE
Competitive
0”0
N
/
HN s - -
Oy Q 7833672 1527  1.01 Non- Non- FALSE
E*o cl Competitive Competitive
& 0
Br Non- Non-
O " @ F1055-0007 10.04 13.96 Competitive Competitive FALSE
o]

224



Structure

o]

o—/
-
Y
o »
o O
$ i
o]

ThODC T. brucei Ornithine

EC
Compound ID 0 ECL (M) Mold? of
(M) Inhibiton
F1055-0005 Inactive 0.00 Inactive

5243661 483 657 Non-
Competitive
Non-
E677-0508 3.73 4,63 .
Competitive
Non-
7982563 3.45 25.79 .
Competitive
C276-0038  4.00  24.70 Non-
Competitive
Non-
7906760 4.34 11.70 "
Competitive
Non-
C276-0041 3.42 31.62 "
Competitive
Non-
7918942 6.72 5.03 .
Competitive
7906754  5.44 2.11 Hae
Competitive
Non-
C276-0043 1.79 13.35 .
Competitive
Non-
7906759 36.11 0.58 "
Competitive
7918941 826  1.95 Non-
Competitive
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PLP Mode
of
Inhibition

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

Cl

N OH
QL
N™ "NH OH

I\©\NH OH
Q

ThODC T brucei Ornithine PLP Mode

Compound ID ECs Mode of of
@y S M) ibiton  Inhibition

0418-0093 Inactive Inactive Inactive Inactive
Non- Non-

F2(25000 1.92 2351 Competitive Competitive

F1387-0062 Inactive 50.00 Inactive Inactive
5133157 Inactive 1.96 Inactive Inactive
Non- Non-

Bar2asd 1243 280 Competitive Competitive

6376502 Inactive 7.75 Inactive Inactive

Non- Non-

7969927 6.82 516 Competitive Competitive

Non- Non-

0958-0297 19.95 465 Competitive Competitive

5140792 Inactive 1.13 Inactive Inactive
6371667 Inactive 2.02 Inactive Inactive
Non- Non-

BATET1F 2238 a.0f Competitive Competitive
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Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



TbODC Ornithine  PLP Mode

T. brucei Vali
Structure Compound ID ECs EC,, (uM) Mode of of a :iita‘a,ted
(uM) 0 Y Inhibiton  Inhibition '
(N\/[\NH OH
: : (N) 6377128 Inactive 2.60 Inactive Inactive FALSE
S
|

6374081 Inactive 6.33 Inactive Inactive FALSE

Non- Non-
83767 50 0.82 Competitive Competitive FALSE

6371681 Inactive 6.18 Inactive Inactive FALSE

6382061 6.57 3.16 Non- Non- FALSE
Competitive Competitive

7967495 Inactive 2.83 Inactive Inactive FALSE

Non- Non-
7970046 104 i Competitive Competitive FALSE

6371856  4.79 3.47 Non- Non- FALSE
Competitive Competitive

50240106 272  12.64 Non- Now- FALSE
Competitive Competitive
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Structure

>—NH
Q-

o
@i@

saacl

Noaael

ThODC
Compound ID ECs,
(kM)

3261-1071 2.25

F2795-0512 Inactive

6350-0006

10.13

6350-0013 10.41

7174955 6.88

F3165-1168

32.91

C338-0072

15.92

C433-0076 3.05

C433-0620 5.03

C433-0614 5.48
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T. brucei
ECso (uM)

50.00

0.06

7.97

7.08

11.19

0.04

0.21

0.02

0.00

0.06

Ornithine PLP Mode

Mode of of

Inhibiton Inhibition
Non- Non-

Competitive Competitive

Inactive Inactive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non- Non-
Competitive Competitive

Non-

Competitive COMPetiive

Non-

Competitive COMPetitive

Non-

Competitive Competitive

Validated

Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

ThODC
Compound ID ECs,
(M)

D093-0045 2.44

D093-0073 8.18

5158512 11.88

5158511 7.31

5228252 8.43

5149913 6.63

1068-0090 1.63

1332-0031 13.00

7568836 14.29

5118904 8.41
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T. brucei
ECso (uM)

0.96

7.10

3.37

7.57

1.63

2512

6.37

0.01

0.55

5.01

Ornithine
Mode of
Inhibiton

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Num_NonCo
mp_3

Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Undef_Com
p_3

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

7
0O, LY

TbODC

Compound ID ECs ;cf:?ﬁf;)
(uM)
7817424 19.40 0.21
5142887 35.48 10.75
6006195 22.46 0.12
6005002 14.70 0.42
5964389 18.67 5.62
5965278 11.68 3.58
2368-0409 4.30 Inactive

E677-0889 5.22 1.12

E677-0564 8.16 1.65

230

Ornithine
Mode of
Inhibiton

Non-
Competitive

Un-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

7
g
0 N N—
-
;—N N oH
|
O
0 N

N = N
)/O;L\H o) CND)\S/

TbODC

T. brucei
Compound ID EC
i ® ECso (uM)
(uM)
F2074-0207 29.11 27.40

F2074-0016  2.25 5.05

F2074-0085 20.53 0.01

F2074-0107 3.85 8.08

F2074-0285 41.43  Inactive

7267501 Inactive 2.78

6604418 9.04 11.53

6927-0961 1.39 0.47
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Ornithine
Mode of
Inhibiton

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Inactive

Non-
Competitive

Competitive

PLP Mode
of
Inhibition

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Inactive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

o

Q
0 Nf—:o
0= %
ol
O

-0

TbODC T. brucei Ornithine  PLP Mode
Compound ID ECs, ECq, (uM) Mode of of
@My M nhibiton  Inhibition

Non- Un-

0665-0081 10.28 1.21 Competitive Competitive

Non- Non-

G128454 5021 0.51 Competitive Competitive

6147058 Inactive 7.86 Inactive Inactive

Non- Non-

fehased $a.38 4.5 Competitive Competitive

Non- Non-

12683453 2422 163 Competitive Competitive

Non- Non-

(2AOHTS 2380 012 Competitive Competitive

Non-

6005-0063 28.54 0.32 -
Competitive

Competitive

Non- Non-

GTRIEs 1020 009 Competitive Competitive

Non- Un-

6000-1760 0.39 11.68 Competitive Competitive
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Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



Structure

TbODC

Compound ID ECs

K286-4381

2360-0539

D053-0279

6377846

7803985

7776670

7521108

7788014

5924-0105

4663-0305

(uM)

1.28

5.24

11.66

Inactive

0.45

0.47

0.69

31.64

0.74

0.77
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T. brucei
ECsq (M)

8.21

223

0.85

2.75

10.45

22.98

3.89

12.59

13.96

22.02

Ornithine
Mode of
Inhibiton

Non-
Competitive

Non-
Competitive

Non-
Competitive

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

PLP Mode
of
Inhibition

Competitive

Non-
Competitive

Non-
Competitive

Inactive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Non-
Competitive

Validated
Hit?

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE



S4.12 Table of All ODC High-Throughput Assay Hits Cytotoxicity Data and

Reverse Addition Results

The following table shows the full cytotoxicity results for each re-ordered hit compound

from table S4.11. It also includes the results for reverse DTT addition experiments and

the selectivity for hODC versus TbODC.

Field Definitions are below:

CompoundID:

Reverse Addition Hit:

hODC selectivity:

Therapeutic Index Fields:

Vendor Catalogue Number (notebook page field in St.
Jude Chemical Biology Compound Registration Database)

If the compound displayed a full dose response curve when
incubated with ODC and DTT, the compound was
designated as a reverse addition hit. This assay was the
most stringent of all secondary assays used.

Compounds were designated as selective if there was a
greater than 10-fold difference in ICsy values for hODC and
TbODC as determined using the normal DTT addition
linked enzyme assay. ICsy values were determined under
isokinetic conditions at 1.5x K, L-Orn and 60 uM PLP.

All therapeutic index fields are defined as the ratio of the
ECs value of the compound versus the test cell line to the
ECs value of the compound versus T. brucei. If no activity
was detected versus the test cell-line the therapeutic index
was set to 1000x. Compounds were tested to a maximum
concentration of 100 uM.
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BJ HepG2 HEK293 Raiji

Compound ID Re.\{erse . hOD_C_ Therapeutic Therapeutic Therapeutic Therapeutic
Addition Hit  Selectivity
Index Index Index Index
7992559 TRUE Non-Selective 67.85 60.62 18.47 10.39
F1098-0070 TRUE Non-Selective 353.97 71.1 187.99 79.78
7800304 TRUE MNon-Selective 4.56 13.76 6.15 3.99
C393-0024 TRUE Non-Selective 7943.28 8891.40 5623.41 8891.40
F2074-0019 TRUE Non-Selective 0.00 594 1.68 5.94
EG77-1397 TRUE TbOQC 6.28 3.94 9.20 2.79
Selective
EG77-1143 TRUE Non-Selective 4.23 1.19 3.25 0.57
7144577 FALSE Non-Selective 658.76 1.32 1000.00 740.90
F1031-0071 FALSE Non-Selective 13.99 1.99 2.09 0.52
FO815-0045 FALSE Inactive 15.70 1.41 3.23 0.48
F1310-0007 FALSE Inactive 118.88 11.48 11.58 B.73
K286-4390 FALSE TbOD.C 8.15 1000.00 1000.00 1000.00
Selective
K286-4341 FALSE TbOQC 1.93 1000.00 1000.00 1000.00
Selective
K286-4371 FALSE TbOD.C 4.98 1000.00 4.45 1000.00
Selective
K286-4369 FALSE TbOE.)C 1000.00 1000.00 1000.00 1000.00
Selective
K286-4395 FALSE TbOQC 1000.00 1000.00 1000.00 1000.00
Selective
3366-3045 FALSE TbOD.C 1000.00 1000.00 1000.00 1000.00
Selective
K286-4382 FALSE TbOQC 1.29 1000.00 1000.00 1000.00
Selective
K286-4379 FALSE TbOD.C 1000.00 1000.00 11.08 1000.00
Selective
5545617 FALSE Inactive 1.11 1.65 1.26 0.69
5223890 FALSE TbOQC 5.22 5.81 3.24 1.58
Selective
3448-2065 FALSE TbOD.C 11.43 1000.00 1000.00 1000.00
Selective
7485255 FALSE Non-Selective 11.82 61.46 3548 11.87
6375520 FALSE Inactive 4.88 1000.00 3.21 6.14
6381814 FALSE Non-Selective 14.70 2512 17.50 9.10
6376401 FALSE TbOD.C 5.23 1000.00 7.87 B6.27
Selective
6373722 FALSE TbOQC 5.07 1000.00 5.07 5.08
Selective
7012006 FALSE TbOD.C 7.72 1000.00 3.94 9.16
Selective
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Compound ID

6633405
6372407

2368-00685

5964204

5965587

6324093

6320643

6327734

3448-9166

7202-3086

0094-0016

2237-1807

7741221

52184893

F1387-0033

F1387-0032

F1387-0028
7925755

F0815-0085

E750-0136

7923517

2548-0747

6629745

6629868

3405-0210

5305098

5240915

Reverse
Addition Hit

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

hODC
Selectivity

ThODC
Selective
Inactive

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective

Non-Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

Non-Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective
Inactive

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

Non-Selective

ThODC
Selective

ThODC
Selective

Non-Selective

Non-Selective

BJ

Therapeutic

Index

40.93
3.25

Inactive

0.08

1000.00

47.60

68117.92

370.44

1000.00

7.05

2512

1000.00

3.47

1000.00

6.17

528

11.82
35.47
1.80

0.07

1000.00

1000.00

502.13

2.87

Inactive

8.15

2.80
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HepG2
Therapeutic
Index

1000.00
0.93

Inactive

1000.00

0.00

0.04

52609.35

0.26

1000.00

2.1

1000.00

292

7.61

1000.00

6.17

4.96

11.82
39.80
1.58

5.30

292

4.93

1000.00

1000.00

Inactive

1000.00

1000.00

HEK293
Therapeutic
Index

97.08
0.45

Inactive

1.72

1000.00

69.19

47284.70

0.42

1000.00

3.69

19.91

0.87

3.10

0.24

4.16

4.44

11.80
14.74
1.58

10.58

3.68

8.79

399.81

4.73

Inactive

4.93

1.38

Raiji
Therapeutic
Index

78.12
0.81

Inactive

1.15

2.16

60.06

26779.65

370.44

1000.00

2.61

1000.00

0.10

1.00

0.20

219

1.40

4.03
3718
0.71

4.21

1.36

4.94

357.90

1.94

Inactive

4.63

1.79



BJ HepG2 HEK293 Raiji

Compound ID Re.\o:erse . hOD.C. Therapeutic Therapeutic Therapeutic Therapeutic
Addition Hit  Selectivity
Index Index Index Index
5240794 FALSE Non-Selective Inactive Inactive Inactive Inactive
D053-0388 FALSE TbOD.C 552 3.10 3.21 2.75
Selective
D053-0375 FALSE Non-Selective 20.93 6.62 6.59 2.84
FO808-1812 FALSE TbOD.C B.57 416 2.69 1.31
Selective
5158531 FALSE TbOQC 18.39 1000.00 14.05 14.15
Selective
7483938 FALSE Non-Selective 1000.00 1000.00 39825.08 3498.24
6077688 FALSE Non-Selective 1000.00 0.00 1000.00 0.02
5316000 FALSE MNon-Selective 1000.00 1000.00 3.57 317
6653473 FALSE TbOD.C 0.62 1.40 0.54 0.19
Selective
6653675 FALSE Non-Selective 0.94 3.92 0.83 0.36
6680314 FALSE MNon-Selective 8.91 49.84 5.49 3.94
6389350 FALSE Non-Selective 0.48 2:52 0.45 0.16
6656502 FALSE Non-Selective 1.89 7.84 1.92 1.87
6627645 FALSE MNon-Selective 2.41 8.80 2.46 1.29
6657582 FALSE Non-Selective 10.48 36.56 8.08 6.18
6627762 FALSE Non-Selective 0.84 7.23 0.82 0.43
6658016 FALSE Non-Selective 16.16 121.59 15.22 8.86
6625728 FALSE Non-Selective 10.14 24.00 9.64 5.41
6631480 FALSE TbOD.C 1.20 455 1.29 0.65
Selective
6631369 FALSE TbOQC 1.46 0.00 0.78 0.93
Selective
6626128 FALSE TbOD.C 11.52 0.00 10.75 8.38
Selective
FO808-1801 FALSE TbOQC 0.00 1.77 0.89 1.77
Selective
FO808-1800 FALSE TbOD.C 1000.00 2.23 2.23 2.23
Selective
5960222 FALSE Non-Selective 4.01 1000.00 3.15 1.97
5960045 FALSE Non-Selective 5.23 1000.00 3.89 4.02
5963070 FALSE Non-Selective 1241.04 1000.00 1134.42 771.22
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Compound ID

5968220

D053-0032

D053-0117

D053-0306

7969312
7967758
7970161

7924532
6371621
6378891
6633774
7016468

5904-0447

6635495

7630880
6378816

7634527

7630693
7630436

5467940

5934605

F1031-0135

F0842-0019

F1031-0171
F1031-0043

F1031-0061

F0870-0083

F1310-0022

F0842-0027

6586297

6589006

5976843

Reverse
Addition Hit

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE
FALSE
FALSE
FALSE
FALSE

FALSE

FALSE

FALSE
FALSE

FALSE

FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

hODC
Selectivity

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective

Non-Selective
Inactive
Non-Selective

Inactive
Inactive
Inactive
Inactive
Inactive

Non-Selective

ThODC
Selective

Inactive
Inactive

Non-Selective

Inactive
Inactive

Non-Selective

ThODC
Selective

TbODC
Selective

ThODC
Selective

Non-Selective
Inactive
Non-Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

BJ

Therapeutic

Index

1000.00

212

3.54

292

4.57
4.85
12.83

7.39
225
3.89
1000.00
9.42

20.04

7.36

9.40
0.52

11.16

414
3.75

5.04

M

9.19

11.35

14.69
9.29
3.40

14.23

3.96

9.88

Inactive

1000.00

1000.00
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HepG2
Therapeutic
Index

1000.00

1.95

2,69

271

15.09
11.80
78.49

9.43
2.58
1000.00
1000.00
1000.00

228

1000.00

1000.00
1000.00

1000.00

1.68
2.09

23.69

1000.00

0.50

0.65

0.77
1.18
0.61

1.26

0.68

1.10

Inactive

0.00

1000.00

HEK293
Therapeutic
Index

1000.00

1.71

232

4.02

6.05
4.24
19.33

7.49
1.44
1.94
217
1.01

2.09

6.37

2.67
0.65

11.16

2.78
0.84

526

3.04

0.89

0.75

0.74
1.50
0.63

1.32

0.55

1.04

Inactive

1000.00

1.21

Raiji
Therapeutic
Index

1228.26

1.96

0.79

0.86

4.30
3.89
12.74

10.15
14.49
6.85
5.29
11.26

1.04

6.37

8.40
0.74

11.16

2.98
225

2.76

4.30

0.28

0.36

0.40
0.1
0.29

0.44

0.30

0.27

Inactive

1000.00

40.02



Compound ID

7261142

6323011

2368-0377

5966880

3297-0914

7968826

7968687

7925578

7968218

6374848

7011428

6372208

7967682

6372780

6375950

7926588

5977995

6290791

5970242

K079-0037

3132-0665
M 6760

4770-1860

K243-0077
ES540-1032
3405-0201
K297-0325

3405-0009

7833672

Reverse
Addition Hit

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE
FALSE
FALSE
FALSE
FALSE

FALSE

hODC
Selectivity

Non-Selective

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

TbODC
Selective

TbODC
Selective

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

Inactive
ThODC
Selective
ThODC
Selective
Inactive
ThODC
Selective
Inactive

ThODC
Selective

Non-Selective

BJ

Therapeutic

Index

1000.00

1000.00

1000.00

24.36

1000.00

10.65

3.87

10.58

12.71

14.44

14.81

19.85

5.4

15.94

22,46

11.22

20.88

104.66

1000.00

220

0.00
1000.00

1000.00

017

14.97

0.00
1000.00

1000.00

49.52
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HepG2

Therapeutic

Index

8.64

3.59

2233418

0.02

0.01

22.31

4.53

3.00

2.09

10.59

7.32

7.1

6.00

36.86

85.12

4.01

1000.00

0.08

1000.00

1000.00

213
8.91

177.41

1.17
27.54
1000.00
1000.00

1000.00

49.52

HEK293
Therapeutic

Index

1000.00

8.03

707.95

1000.00

0.63

12.60

522

5.26

3.08

9.80

7.42

4.60

6.10

15.19

12.02

321

35.06

58.72

11.06

220

0.04
14.12
0.03

1.81
80.36
3.66
22.87

14.03

49.52

Raiji
Therapeutic
Index

216.94

1000.00

1000.00

8.83

1000.00

16.76

7.29

8.75

1.68

15.62

12.10

12.64

12.48

41.02

55.36

8.95

37.70

104.66

1908.26

1.56

1.80
14.12

158.49

0.04

12.82

3.64
1000.00

1000.00

14.56



BJ HepG2 HEK293 Raiji

Compound ID Re.\{erse . hOD_C_ Therapeutic Therapeutic Therapeutic Therapeutic
Addition Hit  Selectivity
Index Index Index Index
F1055-0007 FALSE Non-Selective 1000.00 3.58 3.81 2.75
F1055-0005 FALSE Inactive 1000.00 211.61 3.98 56100.92
5243661 FALSE Non-Selective 7.61 525 7.63 2.51
E677-0508 FALSE TbOQC 2.96 1.26 2.76 1.08
Selective
7982563 FALSE MNon-Selective 1.94 1.23 1.73 0.69
C276-0038 FALSE TbOQC 2.02 1.44 0.01 0.98
Selective
7906760 FALSE Non-Selective 4.27 1.31 2.70 0.89
C276-0041 FALSE Non-Selective 0.00 1.06 1.58 0.86
7918942 FALSE Non-Selective 9.93 2.78 9.93 4.47
7906754 FALSE TbOD.C 13.51 13.39 26.77 15.02
Selective
C276-0043 FALSE TbOQC 3.75 2.1 2.02 0.81
Selective
7906759 FALSE Non-Selective 85.54 9.67 130.21 152.48
7918941 FALSE Non-Selective 13.86 35.88 19.32 11.82
0418-0093 FALSE Inactive Inactive Inactive Inactive Inactive
7202-3000 FALSE TbOE.)C 1000.00 2.09 2.09 2.09
Selective
F1387-0062 FALSE Inactive 1.00 1.23 1.05 1.53
5133157 FALSE Inactive 2.35 2.02 1.15 7.64
6372490 FALSE Non-Selective 13.77 17.22 2.34 7.81
6376502 FALSE Inactive 0.75 0.52 0.44 0.60
7969927 FALSE TbOQC 2.89 715 2.39 5.19
Selective
0958-0297 FALSE TbOQC 10.75 4.84 7.31 1.31
Selective
5140792 FALSE Inactive 17.23 2.4 1.00 2.00
6371667 FALSE Inactive 15.40 313 2.41 9.62
6372717 FALSE Non-Selective 4.08 1.86 3.01 10.15
6377128 FALSE Inactive 11.74 3.60 1.79 12.89
6374081 FALSE Inactive 4.60 235 1.63 4.94
6376791 FALSE Non-Selective 113.82 18.20 2315 1477
6371681 FALSE Inactive 1.29 1.05 0.85 1.00
6382061 FALSE Non-Selective 12.59 3.98 3.56 11.73
7967495 FALSE Inactive 9.00 5.60 312 6.66
7970045 FALSE TbOQC 2523 66.97 31.10 41.11
Selective
6371856 FALSE TbOD.C 12.86 3.05 2.49 6.82
Selective
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Compound ID

5924-0106

3261-1071
F2795-0512

6350-0006

63560-0013

7174955

F3165-1168

C338-0072

C433-0076

C433-0620

C433-0614

D093-0045

D093-0073

5158512

5158511

5228252

5149913

1068-0090

1332-0031

7568836

5118904

7817424

5142887

6006195

6005002

5964389

5965278

2368-0409

Reverse
Addition Hit

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

hODC
Selectivity

ThODC
Selective
ThODC
Selective
Inactive

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective
TbODC
Selective

ThODC
Selective

ThODC
Selective

Non-Selective

ThODC
Selective

ThODC
Selective

Non-Selective

ThODC
Selective

ThODC
Selective

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective

BJ

Index

1.36

0.63
1000.00
6.27

7.06

5.40

0.23

1000.00

1.69

501.19

1000.00

19.63

7.04

5.81

218

30.60

0.73

1000.00

56.23

597

9.98

118.58

4.65

37.60

117.78

1000.00

6.43

Inactive

Therapeutic
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HepG2

Therapeutic

Index

1.58

0.75
1000.00
3.056

235

10.03

1000.00

1000.00

1000.00

31.62

589.14

237

2.7

15.79

471

30.60

1.98

1000.00

1000.00

8.20

1000.00

242.81

1000.00

1000.00

1000.00

1000.00

5.78

Inactive

HEK293
Therapeutic
Index

1.30

0.42
1000.00
5.60

7.08

7.96

1000.00

017

707.95

12.59

6.31

2.89

592

8.02

3.82

12.79

0.51

1000.00

7924.47

12.56

7.08

185.24

4.66

421.356

93.78

1000.00

3.00

Inactive

Raiji
Therapeutic
Index

0.83

1.00
879.51
0.20

0.37

3.88

1000.00

243.28

761.23

17740.67

889.14

1.66

3.04

530

1.90

18.64

0.59

0.00

7924.47

1.65

1000.00

123.54

5.87

531.71

49.31

3.22

4.80

Inactive



Compound ID

E677-0889

E677-0564

F2074-0207

F2074-0016

F2074-0085

F2074-0107

F2074-0285
7267501
6604418

6927-0961

0665-0081

6128194
6147058
7253329

7285485

7246974

6005-0063

6767933

6000-1760

K286-4381

2360-0539

D053-0279
6377846
7803985

7776670

7521108

7788014

5924-0105

4663-0305

Reverse
Addition Hit

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE
FALSE
FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

hODC
Selectivity

ThODC
Selective

Non-Selective

ThODC
Selective

Non-Selective

Non-Selective

Non-Selective

ThODC
Selective
Inactive

ThODC
Selective

Non-Selective

ThODC
Selective

Non-Selective
Inactive

Non-Selective

Non-Selective

ThODC
Selective

ThODC
Selective

Non-Selective

TbODC
Selective
ThODC
Selective
ThODC
Selective
ThODC
Selective
Inactive
ThODC
Selective
ThODC
Selective
ThODC
Selective
ThODC
Selective
ThODC
Selective

ThODC
Selective

BJ

Therapeutic

Index

812

7.08

1000.00

1000.00

1.78

0.00

Inactive
10.98
8.05

1000.00

1000.00

25.42
6.37
3.33

549

1000.00

281.84

562.90

1000.00

432

1000.00

9.61
6.01
232

0.94

6.77
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2.00

HepG2
Therapeutic
Index

263

6.09

1.82

222

1000.00

6.19

Inactive
11.60
0.00

12.97

1000.00

17.49
202
10.80

20.69

19.74

158.11

1000.00

1000.00

1000.00

22.40

6.37
223
6.65

218

18.18

6.31

1.38

1.06

HEK293
Therapeutic

Index

9.00

8.29

0.06

0.00

8891.40

6.19

Inactive
8.56
4.34

105.70

1000.00

38.67
6.37
6.46

8.20

1000.00

1000.00

562.90

1000.00

1000.00

11.25

8.0
2.69
2.90

0.97

8.30

2.5

1.08

0.69

Raiji
Therapeutic
Index

1.42

7.63

1.82

9.80

8891.40

0.62

Inactive
2.22
5.38

7.23

1000.00

13.50
a1
1.76

3.35

89.12

158.11

502.88

1000.00

0.05

44.80

274
7.96
1.43

0.35

207

2.01

0.80

0.69



S4.13 Table of ODC High-Throughput Assay Hit Purity and Concentration Data
The following table shows the purity and concentration data for each re-ordered hit
compound from table S4.11. It also includes the ECs, value for the reverse DTT addition

experiment, the redox activities and the source of the compound (primary hit or non-

primary hit).
Field Definitions are below:

CompoundID: Vendor Catalogue Number (notebook page field in St.
Jude Chemical Biology Compound Registration Database)

Reverse Addition ECsy (uM): The ICsy value for the compound under
incubated with ODC and DTT, the compound was
designated as a reverse addition hit. This assay was the
most stringent of all secondary assays used.

ELSD/UV Purity: This reflects the % purity as determined by UPLC analysis
using both UV and ELSD detectors. See chapter 4 materials
and methods section for a full description.

Pure: Compounds above 75% pure by ELSD/UV were flagged as
pure. See chapter 4 materials and methods section for a full
description.

Redox Assay Activity: The activity group from the redox-assay (see chapter 4

materials and methods for a full description of this assay).
High activity is greater than 75% active, mid is between 40
and 75% active, low is between ~15 and 40% active and
inactive reflects compounds which were statistically
indistinguishable from the negative control population.
Activities were normalized to positive and negative
controls.

Primary Screen Hit: If the compound was identified as a hit in the primary

screen this field will be “TRUE”. If it was part of a later
SAR directed reorder compound set, it will be “FALSE”.
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Compound ID
7992559
F1098-0070
7800304
C393-0024
F2074-0019
E677-1397
E677-1143
7144577
F1031-0071
F0815-0045
F1310-0007
K286-4390
K286-4341
K286-4371
K286-4369
K286-4395
3366-3045
K286-4382
K286-4379
5545617
5223890
3448-2065
7485255
6375520
6381814
6376401
6373722
7012006
6633405
6372407
2368-0065
5964204
5965587
6324093
6320643
6327734
3448-9166
7202-3086
0094-0016
2237-1807
7741221
5218493
F1387-0033
F1387-0032
F1387-0028
7925755
F0815-0095
E750-0136

Reverse
Addition ECs

(M)
27.00
6.31
7.94
38.15
4.01
29.33
34.20
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive

ELSD/UV
Percent
Purity

95.00
95.00
100.00
95.00
78.00
73.00
71.00
§0.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
50.00
100.00
95.00
95.00
95.00
ND
95.00
95.00
95.00
20.00
95.00
85.00
40.00
33.00
47.00
90.00
40.00
95.00
90.00
95.00
79.00
68.00
90.00
78.00
ND
§5.00
95.00
76.00
94.00

Pure
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE

Concentration
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CLND

(mh)
10.00
4.63
10.00
9.07
257
7.20
8.77
10.00
11.00
9.20
10.80
7.93
10.23
9.30
8.45
10.25
8.93
8.52
8.50
10.00
10.00
6.35
8.43
11.30
ND
12.20
10.62
11.20
1.00
13.85
5.70
10.00
10.00
10.00
8.32
10.00
5.67
6.70
10.00
5.33
10.00
10.00
213
ND
297
10.57
5.30
10.60

Redox Assay
Activity
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
MID
INACT
INACT
HIGH
INACT
INACT
INACT
INACT
HIGH
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
HIGH
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT
INACT
INACT
MID
MID
HIGH
INACT
MID
INACT

Primary
Screen Hit

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE



Compound ID
7923517
2548-0747
6629745
6629868
3405-0210
5305098
5240915
5240794
D053-0388
D053-0375
F0808-1812
5158531
7483938
6077688
5316000
6653473
6653675
6680314
6389350
6656502
6627645
6657582
6627762
6658016
6625728
6631480
6631369
6626128
F0808-1801
F0808-1800
5960222
5960045
5963070
5968220
D053-0032
D053-0117
D053-0306
7969312
7967759
7970161
7924532
6371621
6378891
6633774
7016468
5994-0447
6635495
7630880

Reverse
Addition ECs

(M)
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive

CLND/UV
Percent
Purity

93.00
69.00
15.00
50.00
95.00
95.00
100.00
40.00
95.00
95.00
78.00
25.00
100.00
25.00
70.00
40.00
50.00
50.00
50.00
40.00
75.00
15.00
15.00
10.00
25.00
85.00
50.00
28.00
45.00
34.00
65.00
72.00
60.00
40.00
95.00
95.00
95.00
§7.00
95.00
ND
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00

Pure
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

Concentration
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CLND

(mh)
7.95
10.00
10.00
10.00
10.00
573
10.00
10.00
6.20
9.67
4.40
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
5.35
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
9.73
9.88
1017
9.15
11.18
ND
13.40
13.33
12.72
10.57
9.27
4.83
10.47
10.40

Redox Assay
Activity
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT

Primary
Screen Hit

TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE



Compound ID
6378816
7634527
7630693
7630436
5467940
5934605

F1031-0135
F0842-0019
F1031-0171
F1031-0043
F1031-0061
F0870-0083
F1310-0022
F0842-0027
6586297
6589006
5976843
7261142
6323011
2368-0377
5966880
3297-0914
7968826
7968687
7925578
7968218
6374848
7011428
6372208
7967682
6372780
6375950
7926588
5977995
6290791
5970242
K079-0037
3132-0665
M 6760
4770-1860
K243-0077
E540-1032
3405-0201
K297-0325
3405-0009
7833672
F1055-0007

Reverse
Addition ECs

(M)
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive

CLND/UV
Percent
Purity

95.00
95.00
95.00
95.00
95.00
100.00
95.00
95.00
95.00
95.00
95.00
95.00
80.00
95.00
50.00
33.00
46.00
33.00
45.00
86.00
50.00
95.00
93.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
40.00
75.00
95.00
50.00
50.00
55.00
ND
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00

Pure
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

Concentration
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CLND

(mh)
11.86
10.20
9.91
8.90
7.80
10.57
8.95
9.85
11.85
11.50
12.30
12.00
10.80
11.85
10.00
276
10.00
10.00
10.00
4.85
10.00
10.00
7.77
8.78
9.63
10.45
11.62
9.97
11.43
11.32
3.93
8.43
8.90
10.00
10.00
3.35
ND
9.94
10.00
8.55
10.00
3.60
10.00
10.00
10.60
9.95
9.70

Redox Assay
Activity
INACT
INACT
INACT
INACT
INACT
INACT
MID
HIGH
MID
MID
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
HIGH
INACT
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT

Primary
Screen Hit

FALSE
TRUE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE

FALSE
TRUE
TRUE



Compound ID
F1055-0005
5243661
E677-0508
7982563
C276-0038
7906760
C276-0041
7918942
7906754
C276-0043
7906759
7918941
0418-0093
7202-3000
F1387-0062
5133157
6372490
6376502
7969927
0958-0297
5140792
6371667
6372717
6377128
6374081
6376791
6371681
6382061
7967495
7970045
6371856
5924-0106
3261-1071
F2795-0512
6350-0006
6350-0013
7174955
F3165-1168
C338-0072
C433-0076
C433-0620
C433-0614
D093-0045
D093-0073
5158512
5158511
5228252
5149913

Reverse
Addition ECs

(M)
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive

CLND/UV
Percent
Purity

95.00
85.00
95.00
95.00
95.00
79.00
95.00
90.00
95.00
95.00
60.00
3.00
95.00
55.00
95.00
95.00
90.00
95.00
95.00
95.00
95.00
92.00
95.00
95.00
95.00
100.00
95.00
95.00
95.00
75.00
95.00
90.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
§2.00
95.00
95.00
95.00
95.00
70.00
25.00
15.00
33.00

Pure
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE

Concentration
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CLND

(mh)
1.10
8.10
7.00
7.90
7.70
5.40
7.50
10.00
10.00
5.90
10.00
6.00
10.00
10.00
15.10
10.92
9.38
9.99
1210
10.00
11.10
11.67
12.07
11.12
15.85
8.07
10.41
10.55
10.47
5.30
12.40
10.00
7.25
13.73
8.00
7.45
15.23
6.14
3.30
4.96
4.08
4.48
6.70
9.40
10.00
10.00
10.00
10.00

Redox Assay
Activity
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
MID
INACT
INACT
INACT
HIGH
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
MID
INACT

Primary
Screen Hit

TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE



Compound ID
1069-0090
1332-0031
7568836
5118904
7817424
5142887
6006195
6005002
5964389
5965278
2368-0409
E677-0889
E677-0564
F2074-0207
F2074-0016
F2074-0085
F2074-0107
F2074-0285
7267501
6604418
6927-0961
0665-0081
6128194
6147058
7253329
7285485
7246974
6005-0063
6767933
6000-1760
K286-4381
2360-0539
D053-0279
6377846
7803985
7776670
7521108
7788014
5924-0105
4663-0305

Reverse
Addition ECs

(M)
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive

CLND/UV
Percent
Purity

50.00
95.00
90.00
70.00
60.00
15.00
25.00
32.00
50.00
90.00
89.00
86.00
95.00
47.00
§2.00
61.00
76.00
40.00
ND
75.00
95.00
ND

95.00
95.00
95.00
100.00
100.00
95.00
100.00
95.00
95.00
90.00
95.00
95.00
30.00
25.00
26.00
30.00
94.00
90.00

Pure
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE

Concentration
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CLND

(mh)
4.55
10.00
1.85
10.00
10.00
10.00
10.00
10.00
10.00
468
6.95
4.90
6.37
10.00
3.07
10.00
273
10.00
ND
10.00
523
ND
5.06
9.30
5.45
10.95
4.25
8.056
9.23
822
9.57
13.00
8.03
11.70
10.00
10.00
10.00
10.00
10.00
10.00

Redox Assay
Activity
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
MID
INACT
INACT
INACT
MID
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
HIGH
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT
INACT

Primary
Screen Hit

FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
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