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ABSTRACT
Neurodegenerative diseases such as Huntington’s and Alzheimer’s diseases are incurable

and are among the top ten leading causes of death globally. Though their symptoms vary, they
are all multifactorial and have overlaps in their etiologies. Therefore, these diseases share
common therapeutic targets. Enzymes are the key factors behind biological pathways and
without their activities, a lot of metabolic reactions will not take place; therefore, they comprise a
large number of pharmacological targets. My dissertation focused on enzymes on the kynurenine
pathway (KP) of the tryptophan pathway (TP) that are directly involved in neurodegeneration
through N-methyl-D-aspartate receptor (NMDAr) regulation and free radical generation.
Kynurenine (KYN) on the KP is at the key point of the KP where it acts as a substrate of three
enzymes: kynurenine aminotransferase (KAT), kynurenine monooxygenase (KMO) as well as
kynureninase (KYNU). When catalyzed by KAT, KYN converts to a neuroprotective metabolite
kynurenic acid (KA), when catalyzed by KNYU, KYN converts into anthranilic acid which
subsequently hydroxylates into a free radical generator 3-hydroxyanthranilic acid (3-HAA), and
lastly, KYNU converts to another free radical generator 3-hydroxykynurenine (3-HK) through
the action of KMO which later leads to 3-HAA and a neurotoxic quinolinic acid (QA). Though
KYN is a substrate for the above three enzymes, it has more affinity to KMO which makes it a

great target against neurodegeneration. Inhibiting KMO has not only shown to eradicate the



above neurotoxic metabolites but also shifts the KP towards neuroprotection. We have proposed
several lead compounds capable of inhibiting KMO using pharmacophore modeling and
structure-activity relationship. Some of these compounds not only inhibit KMO but also inhibit
KYNU making them more interesting as they multitarget enzymes that are involved in the free
radical generation and NMDAr agonism. In this work, we also propose a known FDA-approved
NSAID agent Fenbufen to inhibit KMO in the nanomolar range, making it a viable lead

compound worth drug-repurposing consideration.

INDEX WORDS: Inhibitors, Free radical generators, Kynurenine, Kynurenine
Monooxygenase, Kynurenine Pathway, NMDAr, Neurodegeneration,

Oxidative stress.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW
Current biological targets for neurodegenerative disorders
According to the Harvard NeuroDiscovery center, about 5 million Americans have Alzheimer’s
disease and the same study estimates that if no action is taken, 30 years from now, more than 12
million Americans will suffer from neurodegenerative diseases 2. However, finding, optimizing,
and validating biological targets for any indication or disease, is crucial in ensuring success for
any drug discovery adventure®. The two common ways to identify biological targets early in the
drug discovery are forward chemical genetics (phenotype-based approaches) “and reverse
genetics (target-based approaches) °. The forward chemical genetics consists of assessing the
phenotype change in a biological system by perturbing it with various small molecules followed
by studies of mechanisms of actions to determine the protein/gene responsible for the change in
phenotype. On the other hand, reverse genetics consists of identifying and validating a
protein/gene in a disease responsible for a certain phenotype before determining the mechanism
of action. My work utilizes the latter in identifying lead compounds suitable for
neurodegenerative disease treatment.
Though several diseases/disorders such as sickle cell anemia and cystic fibrosis only involve one
gene, some other diseases have much more complex mechanisms and are multifactorial.

Therefore, their therapeutic approaches involve targeting more than one gene/biological entity®?®,



Given the multifactorial nature of complex diseases such as neurodegenerative diseases, multi-

targeting or combination therapy seems to be inevitable®.

Antagonizing NMDATr

Inhibiting nNOS

VGCCs
inhibition

Antioxidants

Protein aggregation
inhibition

Figure 1.1 Most common biological targets for neurodegenerative diseases.

The five most common biological targets (Figure 1.1) for neurodegenerative diseases are
NMDAr 11 voltage-gated calcium channels (VGCCs) 2 23 neuronal nitric oxide synthase (n-
NOS) 4, oxidative stress (OS) from ROS *° as well as protein aggregation 17-°.

This work focuses on enzymes that are involved in NMDAr regulation as well as OS.



NMDAr is an ionotropic ligand-gated and voltage-dependent receptor that responds to glutamate
and NMDA. Like VGCCs, it allows the flow of calcium ions (Ca?*) through the postsynaptic
cells. In the normal organism, the release of Ca?* ions is essential in the synaptic transmission 2.
However, the overstimulation of VGCC and NMDAr leads to the influx of the Ca?* ions causing
neuron damage?!. Additionally, the increase of intracellular Ca?* ions activate the nNOS leading
to the accumulation of reactive oxidative species (ROS) and hence to oxidative stress (OS).
Oxidative stress is one of the conditions behind the development of many diseases such as
cardiovascular diseases and neurodegenerative disorders 2. The brain is among the top single
organs that utilize a lot of oxygen?3; however, this utilization is high in comparison to the
concentration of antioxidants, therefore, the central nervous system (CNS) is vulnerable to OS?*.
The presence of ROS such as hydrogen peroxide(H20.), free radicals, and hydroxyl radicals
leads to OS. The accumulation of ROS in the CNS is responsible for the initiation and
progression of neurodegeneration by causing neuron damage 2°. Therefore, antagonizing the
NMDAr and/or inhibiting enzymes involved in free radical generation is a current and promising

therapeutic target for neurodegenerative disease.

Kynurenine pathway and its involvement in neurodegenerative diseases

The kynurenine pathway (KP) is the primary route for tryptophan catabolism. About 90% of
ingested L-tryptophan (L-Trp) enters the kynurenine pathway and only 10% goes into the
serotonin and melatonin pathway as well as protein synthesis 2 27, Depending on which organ
the KP takes place, one of the following dioxygenases: tryptophan2, 3-dioxygenase (TDO),
indoleamine 2, 3-dioxygenase 1 (IDO1), and indoleamine 2, 3-dioxygenase 2 (IDO2) catalyzes

the oxidative cleavage of L-Trp to N-formyl-kynurenine (NFK). TDO is expressed



predominantly in the liver, whereas IDO1 and IDO2 are expressed in various other tissues 28,
Subsequently, kynurenine formidase rapidly converts NFK to L-kynurenine (L-kyn). As shown
in Figure 1.2, L-kyn is at the branch point of KP where one of the three enzymes catalyzes L-kyn
to make biologically active metabolites. For instance, if L-kyn follows the kynurenine
monooxygenase (KMO) path, it leads to the production of 3-hydroxykynurenine (3-HK) which
further metabolizes to 3-hydroxyanthranilic acid (3-HAA) and quinolinic acid (QA); both 3-HK
and 3-HAA are free radical generators and hence neurotoxic. QA is an NMDAr agonist and a
neurotoxin that leads to both human neuronal death and dysfunction. Recent studies have
revealed lipid peroxidation to be a major route/mechanism of QA neurotoxicity 22, On the
other hand, if L-kyn follows the kynurenine aminotransferase (KAT) path, it produces a
neuroprotective metabolite: kynurenic acid (KA) . Unlike QA, KA is an NMDAr antagonist,
thus neuroprotective. It is known to antagonize some of the effects of QA toxicity 34 However,
the amounts of QA in cerebrospinal fluid (CSF), brain, and systemic circulation are much higher

than that of KA (about 15 fold), which makes KA neuroprotection insufficient °.
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Figure 1.2. Kynurenine Pathway

Interest in the KP was long centered on its importance as a source of nicotinamide (NAD™), but
further studies have revealed its evident involvement in various diseases such as Acute
39

pancreatitis *¢, major depression disorder ¥, schizophrenia and bipolar disorder®, Alzheimer’s *°,

Huntington’s “°, and Parkinson’s #* diseases. Thus, enzymes on KP such as dioxygenases, KAT,



KMO, kynureninase (KYNU) as well as KAT have emerged as a therapeutic target for the above
diseases.

There is only 1 uM of KA available in the brain, however, studies had shown that about 10-1000
1M of KA is needed to block the NMDA receptor 2. Several strategies to regulate NMDAr
homeostasis were proposed and all of them seek to increase the KA levels in the brain by seizing
both QA, 3-HAA, and 3-HK. Since KA does not cross the brain-blood barrier (BBB)
appreciably, KMO inhibition seems to be the ideal pharmacological strategy since it does not
only does it eradicate the above-mentioned detrimental metabolites, but also increases the L-kyn

levels in the brain to further synthesize more KA .

Kynurenine monooxygenase

KMO is an NADPH-dependent flavoenzyme located in the outer mitochondria. It is primarily
expressed in the liver and kidney and less in the brain in microglia and infiltrating macrophages.
However, KMO expression is increased in inflamed cells such as in events of neurodegeneration.
4,45 This section will discuss KMO’s reaction mechanism and its structure information as well
as its important role as a drug target for neurodegenerative diseases.

Reaction mechanism

KMO is an NADPH-dependent flavoenzyme 6. Like other monooxygenases, it catalyzes the
incorporation of the hydroxyl group into the substrate using molecular oxygen and leaves water
as a byproduct. The catalytic mechanism in Figure 1.3. has three major parts: substrate binding to
the KMO.FAD complex, the reductive half-reaction, where NAPDH reduces FAD, and lastly,

the oxidative half-reaction where the oxygen molecule binds to hydroxylate the substrate.
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Figure 1.3. Schematic of mechanism of the KMO. The mechanism is divided into three main
parts. Substrate binding to KMO.FAD complex (blue), reductive half-reaction (brown), oxidative
half-reaction (black). The mechanism was first proposed by Moran. et. al and image adapted
from Hutchinson, Jonathan P., et al.

Structure and species

KMO is expressed in nearly a thousand species. The human enzyme (hKMO) is a membrane-
associated protein consisting of 486 amino acids with the hydrophobic C-termini attached to the
outer membrane of mitochondria . However, the purification of membrane-associated proteins

like hHKMO requires detergents to make them soluble #84°, The use of detergent is rather



detrimental to the crystallography and as a result, the purification and crystallization of full-
length hKMO have been unsuccessful. Although the systematic truncation of the C-terminal tail
resulted in a normal expression of the enzyme, the enzymatic activity was completely abolished
indicating a pivotal role of the C-terminal in hKMO function® %°. Therefore, kinetic studies of
KMO were performed using the enzyme from other species notably Pseudomonas fluorescens
(pfKMO) and yeast/Saccharomyces cerevisiae (SCKMO). The first KMO structure to be solved
was from scKMO, it has 38% sequence identity and 51% similarity to hKMO . It only consisted
of 396 amino acids from N-terminal with an entirely missing a-C-terminal domain, the role of
the C-terminus in the enzymatic activity of sScKMO is still not known. However, unlike in
hKMO, the truncation of the C-terminus did not affect the enzymatic activity. On the other hand,
the prokaryotic KMO is not membrane-associated, making the C-terminal less hydrophobic, thus
the structure of full-length pfkKMO was also solved >with 36% sequence (Figure 1.4) similarity
with human and high structure similarities to scKMO despite the missing C-terminal from yeast
KMO. It is also important to note that all the residues involved in FAD and substrate binding are
all conserved across the above species. Despite that the active residues are highly conserved
across species (Figure 1.4), research has shown that some ligands adopt different binding modes
across species, resulting in NADPH uncoupling as is described in the next section. In this study,
we proposed Cytophaga hutchinsonii (chKMO) as another species with high similarities in the
active site as the yeast KMO. chkKMO was first proposed and isolated by Colabroy et. Al. 52; and
ever since, our lab has performed kinetic studies using this species with various ligands as
substrates, non-substrate effectors, and inhibitors of KMO. Additionally, this study provides an

improved purification procedure of chKMO. We hope that the results from this species, could



very well translate to the human species, and therefore, we hope to provide a better surrogate for

hKMO.
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Kynurenine monooxygenase inhibition

Kynurenine analogs

In the last two decades, KMO inhibition has had a lot of attention as a viable target for
neurodegenerative disease treatment. However, the crystal structure of KMO was still unknown
and therefore, the discoveries only relied upon mimicking the structure of the known KMO
substrate L-kyn (Figure 1.5). There are many advantages of substrate analogs as potential
inhibitors because they can readily bind like the physiological substrate only without producing
the undesired product. The removal of an amino group from the aromatic ring of L-kyn resulted
in B-Benzoyl-L-alanine (BA) ( Figure 1.5, 2) with an inhibitory potency of 7.4 uM >4, Further
manipulation of this compound by addition of a nitro group at the meta position of the ring
resulted in a much more potent inhibitor (m-nitrobenzyl) alanine (m-NBA) (Figure 1.5, 3)
(ICso= 0.9 pM) “3. The in vivo studies later demonstrated that m-NBA regulates NMDA receptor
agonism and antagonism homeostasis in both the brain and blood of rats. When about 400 mg/kg
was administered in rats, there was an increased level of both L-kyn and KA to up 10 times and 5
times in the brain and blood, respectively.

Further modification of 3 resulted in a more potent (R, S)-3, 4-dichlorobenzoylalanine (FCE
28833A) (Figure 1.5, 4). The addition of chlorine to the 3rd and 4th position on the benzene ring
increased the inhibition potency to 4.5-fold (ICso= 0.2 uM), this indicated that blocking the
hydroxylation site on the ring could increase the inhibition potency of kynurenine analogs. KMO
inhibition with 4 also showed an increase in kynurenine and kynurenic acid levels by 14-fold and
34-fold respectively in brain tissue®®, highlighting a shift in the KP pathway toward
neuroprotection in the presence of a KMO inhibitor. Though the carboxyl group is obligatory for

KMO inhibition?, the amino group is not. Therefore, removal of the amino group and addition of
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a cyclopropyl linker to the benzolyalanine portion of FCE 2883 resulted in UPF-648 with an
inhibitory potency in the lower nanomolar range (1Cso =20 nM). Treatment of 100 uM UPF-648
has shown to shift the KP to the synthesis of KA in both the brain and plasma of fruit flies. This
compound was later used in the discovery of the first-ever KMO crystal structure to be solved*
marking the beginning of structure-based KMO ligand design. Using the co-crystallized structure
of scKMO with 7, it was shown that the carboxylate group is indeed essential in inhibition where
it interacts with Arg 83 and Tyr97, two of the conserved residues in both KMO species. The
aromatic moiety lay in the conserved hydrophobic pocket on the re-side of the FAD cofactor.
Using that structural information, a structure-based pharmacophore was proposed using both
scKMO as well as compound 7°° and predicted several inhibitors, with 3,4-dichlorohippuric acid
(Figure 1.5, 6) being the best in that library. Substituting the L-kyn at the 3" position has shown
to result in good inhibition. This is because the 3" position is the hydroxylation site of L-kyn in
the presence of KMO, making kynurenine analogs substituted at the 3™ position competitive
inhibitors as shown by Phillips et.al*®. In their study, they proposed several halogenated
kynurenine analogs, and 3,5-dibromokynurenine (Figure 1.5, 5) was the best inhibitor in their

library with Kj in the low micromolar range (Table 1.1).
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Compound Name Binding affinity (1Cso) or Kd (uM)

1 Kynuurenine 17.4
2 B-Benzoyl-L-alanine 7.6

3 m-NBA 0.90
4 FCE28833A 0.20
5 3,5-Dibromo-L-kynurenine 1.2

6 3,4-Dichlorohippuric acid 34

7 UPF-648 0.020

Table 1.1. Substrate analogs of KMO.

Non-substrate analogs KMO inhibitors

There are several KMO inhibitor lead compounds that are not structurally similar to L-kyn.
Sulfonamides were the first non-substrate analog to be examined for KMO inhibition, they
provided a much better inhibitor potency compared to the previously proposed scaffolds. Ro-61-
8048 (Figure 1.6, 1A) was the best in this group with inhibition in the nanomolar range (ICso =
37 nM). Though this compound does not cross the blood-brain barrier, research has shown that it
raises both L-kyn and KA levels in the brain through peripheral KMO inhibition ®'. However, 1A
is not metabolically stable and therefore, an orally bioavailable slow-release prodrug (JM®,
Figure 1.6, 2A) was synthesized and tested on a transgenic mouse model with Alzheimer’s
diseases. The results show that it inhibited KMO in blood, and though it could not cross the
blood-brain barrier either, it was able to ameliorate symptoms of neurodegeneration such as
synaptic loss and spatial memory loss and reduced the extracellular glutamate in the brain®. This

finding supports the development of carboxylic acid-containing compounds that do not meet the
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BBB crossing criterion. Like 2A, another compound isolated from lanthella quadrangulates,

lannthellamide A (Figure 1.6, 3A), had been shown to selectively inhibit KMO resulting in a

significant increase in the KA levels in the rat brain.

Compound Name

Binding affinitylC50 or Kg (uM)

1

2

6

7

R0-61-8048

JM6

PNU-168754

CHDI-340246

GSK 366
5-(3-nitrobenzyl)-1Htetrazole

Diclofenac

Table 1.2. Non-substrate analogs of KMO

0.037

0.040

0.0005

0.0007

13.6

A series of 3-oxo-propionitrile®® was patented in the late *90s as inhibitors of KMO, with 4A

being the lead compound from the scaffold. This compound had inhibitory potency in the lower

nanomolar range.

Aryl pyrimidinecarboxylic acids such as 5A (Figure 1.6) were developed. N3 is thought to mimic

the L-kyn carbonyl oxygen whereas the N1 mimics the amine group which is very essential for

the inhibition. 5A is highly selective to KMO over other enzymes on the KP and they have

shown their potency both in vivo and in vitro. When 10mg/kg of 5A was administered orally in

rats, an increase in the L-kyn and KYNA and a decrease of both QA and 3HK in the brain was

observed®.
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Benzisoxazoles are among the most potent and well-studied KMO inhibitors. They were
examined for inhibitory potency against KMO targeting acute pancreatitis and multiple organ
dysfunction syndromes. They are similar in structure with the L-kyn and have inhibitory potency
in the nanomolar range. GSK 366 (Figure 1.6, 6A) is by far the most potent among this series of
the compound, with inhibitory potency in the subnanomolar range (Table 1.2). This compound
binds to the active site and with a concomitant tilting of the flavin by the methylpyridazine ring
that is attached to the benzisoxazole ring, which is believed to promote the potency and the
residence time of the inhibition>!. Though their potency in preventing neurodegeneration is yet to
be assessed, notably the ability to cross the blood-brain barrier, they still provide exciting
insights and serve as great lead compounds for future drug design and discovery for
neurodegenerative disorders. A series of tetrazoles was proposed as another set of inhibitors
using high throughput screening with RapidFire mass spectroscopy *. 7A was a lead compound
from the series with inhibitory potency in the low micromolar range (Table 1.2).

Most recently, another group proposed a molecular similarity and drug repurposing approach.
Known drugs were computationally predicted and tested for KMO inhibitory capacities. Through
this ligand-based approach, diclofenac (Figure 1.6, 8A), a known anti-inflammatory drug, has
been identified as a KMO inhibitor (ICso= 13.6 uM). This study set a stage for future studies

using molecular similarities studies as well as drug repurposing 2. °
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Figure 1.6. A schematic overview of non-substrate analogs KMO inhibitors.
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Limitations

Though substrate analogs show inhibition, some of them have shown the potential of causing
life-threatening side effects since they were found capable of generating cytotoxic hydrogen
peroxides through flavin reduction. Upon binding, NADPH reduces FAD and leaves as NADP™,
then the oxygen molecule binds and forms the L-kyn -FAD-hydroperoxide complex
intermediate. The oxidation of L-kyn proceeds to make water and 3-HK. Since these compounds
have similarities to L-kyn, it has been observed that some potential KMO inhibitors are rather
uncouplers of NADPH instead of KMO inhibitors 4. In the presence of m-NBA and UPF-648,
the accumulation of peroxy flavin decay has been observed to yield hydrogen peroxide without
hydroxylation 54 3,

A most recent study  provided a better understanding of how uncoupling happens. They
proposed the flavin reduction in KMO is due to conformational changes via n- & interactions
between a substrate of an NADPH uncoupler and the loop above the re side of the flavin. They
determined that the substrate-binding precedes flavin reduction. Ro 61-8048 has shown
interesting results where it acts as a competitive inhibitor in sc and hKMO and an NADPH
uncoupler in pfKMO. This is due to the different binding modes this compound has in those two
species. It binds in the active site of scKMO but does not induce conformational changes in the
protein chain the same way it does in pfkKMO. Al this considered, it is imperative to assess the

generation of hydrogen peroxides in making more potential KMO inhibitors in the future.
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Our compounds

In this study, we have proposed and examined several KMO binders in efforts to find treatment
for neurodegenerative diseases. We have deduced these compounds using structure-activity
relationship (SAR), receptor-based pharmacophore modeling as well as molecular similarity
techniques.

The second chapter of my dissertation presents the synthesis and biochemistry studies of a
kynurenine analog, 5-Nitrokynurenine (5-NKyn). This compound is structurally similar to
mNBA?®*, one of the first kynurenine analogs to be proposed and evaluated for KMO inhibition.
As previous studies have shown, the binding of a ligand to KMO no matter how tight does not
always guarantee the KMO inhibition that is therapeutically desired. Therefore, though we show
that this compound binds to KMO and inhibits the hydroxylation of kynurenine, it does this by
uncoupling NADPH, a phenomenon that is thought to lead to an eventual accumulation of
hydrogen peroxides 4, an undesirable side effect. Therefore, though it prevents product

formation, more modification of its structure is needed to prevent this side effect.

The second class of our proposed compounds is multitargeting compounds capable of inhibiting
enzymes on KP that are involved in free radical generation simultaneously. This approach is the
most suitable for multifactorial diseases such as neurodegenerative diseases and cancer in which
their etiologies consist of more than one entity ”°. In the third chapter, we evaluated a known
kynureninase inhibitor: SAPCO for KMO inhibition. We observed a tight binding to KMO
which, unlike 5-NKyn, was able to inhibit KMO without uncoupling NADPH thus making

it a better lead candidate for neurodegenerative diseases treatment.
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The third class of KMO inhibitors we proposed are tertiary sulfonylureas. These compounds
were previously computationally predicted and evaluated for NOX inhibition. There is much
therapeutic relevance of inhibiting NOX such as decreasing the accumulation of reactive
oxidative species (ROS) and their role in cardiovascular diseases. Surprisingly, these
compounds were computationally predicted to bind and inhibit KMO as well. Given the
multifactorial nature of neurodegenerative disorders, the concept of “one target, one drug” is not
efficient in treatments of such disorders ’ therefore, finding a small molecule that can
simultaneously inhibit two enzymes that have a major role in oxidative stress, would ensure
maximum therapeutic benefits towards neurodegenerative disorders.

Last but certainly not least, are phenylalkanoic acid NSAIDS and their derivatives. Again, using
the same pharmacophore that predicted our sulfonylureas, PAA-1 was initially predicted to
inhibit KMO. Among all our previously proposed ligands, PAA-1 had the best inhibitory
potency. However, the structural similarities of these compounds to commercially available and
FDA-approved NSAIDs lead us to propose Fenbufen and other derivatives for KMO inhibition.
And indeed, the results were very encouraging. There are a lot of advantages to this finding,
given that these compounds already have FDA approval, they are thus the best lead candidates in

our library.
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CHAPTER 2
SYNTHESIS OF 5-NITROKYNURENINE AS A POTENTIAL INHIBITOR OF CYTOPHAGA

HUTCHINSONII KYNURENINE MONOOXYGENASE

Emma Carine Iradukunda, Thomas Kizzar and Robert S. Phillips. To be submitted zo the Organic

& Biomolecular Chemistry Journal.
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ABSTRACT

Kynurenine Monooxygenase (KMO) is a potential drug target for neurodegenerative diseases
such as Alzheimer’s disease and Huntington’s disease. Given the therapeutic relevance of KMO
inhibition, we synthesized a 5-Nitrokynurenine (5-Nkyn) and tested it for competitive inhibition
of KMO. We observed a high blank rate in reactions with 5-Nkyn as expected for non-substrate
effectors of KMO; this phenomenon leads to the accumulation of hydrogen peroxides, a life-
threatening side effect. In addition, though 5-Nkyn maintained the charge-to-charge interaction
with Arg-83 as expected of kynurenine analogs, the compound exerts an overall different binding
mode. These results indicate that substituting kynurenine with a nitro group on the para position

deactivates the ring and therefore leads to the uncoupling of NADPH.
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INTRODUCTION

Over the past two decades, kynurenine monooxygenase (KMO) has been of great therapeutic
interest because of its involvement in defining the balance between N-Methyl-D-aspartic acid
(NMDA) receptor agonism and antagonism °. Furthermore, the hydroxylation of kynurenine (L-
kyn) by KMO (Figure 2.1) is the entry point to the synthesis of two free radical generators: 3-
hydroxykynurenine (3-HK) and 3-hydroxyanthranillic acid (3-HAA) %87 and an NMDA
receptor agonist, quinolinic acid (QA) 3% 406869 K MO inhibition has therefore emerged as a
therapeutic target for neurogenerative disorders such as Alzheimer’s (AD), Huntington’s (HD)
and Parkinson’s (PD) diseases*" 8. KMO inhibition not only eradicates the production of the
above neurotoxic metabolites, but it also promotes increased production of a neuroprotectant
NMDA receptor antagonist °: Kynurenic acid (KA), via kynurenine aminotransferase (KAT).
Since KMO and KAT share the same substrate, the inhibition of KMO increases the
bioavailability of L-kyn which in turn leads to neuroprotection as it increases the levels of KA in
the brain. Chronic oral administration of a KMO inhibitor, JM6, in a transgenic mouse model of
AD reduced extracellular glutamate owing to the increase of KA levels in the brain. KMO
inhibition also results in the amelioration of HD symptoms in a mouse model 8. Brain changes
associated with Alzheimer’s diseases such as high-affinity to choline and a significant decrease
in cortical choline acetyltransferase were observed when QA was introduced in the nucleus
basalis of rats; however, when KA and QA were co-injected, no such changes were suggesting
that KA protects the brain against damages caused by QA neurotoxicity’®. The paradoxical
importance of these enzymes led us to synthesize and purify 5-nitrokynurenine (5-NKyn, Figure

2.2); a kynurenine analog, with the potential to inhibit Cytophaga hutchinsonii KMO (chKMO)
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and thus shift the pathway towards neuroprotection. (m-Nitrobenzyl)alanine (m-NBA), the

desamino analog of 5-NKyn, was shown previously to inhibit KMO in rats*.
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Figure 2.1. Schematic overview of kynurenine pathway highlighting metabolites involved in

neurotoxicity (red labels) and neuroprotection (green label).
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Figure 2.2. A structure of our proposed KMO ligand: 5-NKyn (A) in comparison to

m-NBA (B).
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Kynurenine analogs were the first set of KMO ligands to be examined for competitive inhibition
157,55 Gijven their structural similarities with the physiological substrate, they often bind to the
active site with greater affinity than L-kyn and competitively inhibit KMO. Both structure-
activity relationships (SAR) *° and crystallographic * studies had shown that the key requirement
for KMO inhibition is: 1) The aromatic moiety to occupy the hydrophobic region in the active
site; and 2), approximately three spacer atoms between the aromatic region and the carboxylic
acid moiety to maintain the charge-charge interaction with a conserved Arginine residue in the
active site. The SAR study > revealed that strong binding does not need the amino group to be
present on the ligand. Since KMO is an NADPH-dependent flavoenzyme, substrate-like
inhibitors can stimulate FAD reduction of dioxygen without going through hydroxylation as
expected for monooxygenases, a phenomenon that leads to the accumulation of hydrogen

peroxides >4 63,

MATERIAL AND METHODS

Growth of E. coli-containing plasmids. chkKMO"? was expressed in E. coli BL21 (DE3). A
single colony grown on LB/kanamycin agar plates was removed and transferred to 5 ml of sterile
LB broth with 5 pl kanamycin overnight at 37 °C with shaking at 180 rpm. That overnight
culture was then added to separate 1 L flasks containing 1 L Studier autoinduction " medium
supplemented with 200 mg/L kanamycin. The cells were grown at 37 °C for 24 hours with
shaking (220 rpm). Cells were then collected by centrifugation for 15 minutes at 4000 rpm at 4

°C and stored at -80°C until used for enzyme purification.
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Purification of chKMO. Cells were resuspended in 30 ml 0.05M Tris-acetate buffer
supplemented with 1 mM DTT, 0.2% Triton X-100, and 5 uM FAD. The yellow suspension was
sonicated on ice in 4 60-second bursts with 3 minutes cooling between bursts. Debris was

removed by centrifugation for 1 hour 30 minutes at 4000 rpm at 4 °C.

Nickel column chromatography. The enzyme solution from the previous step was loaded on the
Ni-chelate column equilibrated with 0.05 M Tris-acetate buffer (pH 8.0, 5 uM FAD, 0.5 mM
DTT), followed by washing with 200 ml 0.005M Tris-acetate buffer (PH 8.0, 5 uM FAD, 0.5
mM DTT, 20 mM imidazole) buffer. The protein was eluted using 0.05 M Tris-acetate buffer
(0.2 M mannitol, 0.2% Triton X-100, 5 uM FAD, 1 mM DTT, 200 mM imidazole, pH 8.0). The
fractions that possessed a brilliant yellow color and contained significant KMO activity (steady-
state observations section) were pooled and concentrated using a centrifugal concentrator (30
kDa cutoff) at 4 °C for 1 hour 3 times using the exchange buffer (0.05 M Tris-acetate buffer pH

8.0, 5 uM FAD, 0.5 mM DTT).

Diethylaminomethyl column (DEAE). For further purification, the protein was loaded onto a
DEAE-Sepharose column (30 cm - 2.5 cm) pre-equilibrated with the same buffer used for the Ni-
NTA column, followed by washing with the same buffer with 20 mM NaCl. The protein was
eluted overnight using 0.05 M Tris-acetate buffer and 200 mM NaCl. The fractions that
possessed a brilliant yellow color and contained significant KMO activity were pooled and
concentrated using a centrifugal concentrator (30 kDa cutoff) at 4 °C for 1 hour 3 times using the
exchange buffer (0.05 M Tris-acetate buffer pH 8.0, 5 uM FAD, 0.5 mM DTT). This was then

distributed into several Eppendorf tubes, flash-frozen with liquid nitrogen, then stored at -80°C.
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Protein determination. The concentration of purified chKMO was determined using a Cary 1E
UV-Vis spectrophotometer with a quartz cuvette of path length 1 cm. The concentration of
chKMO was obtained by a scan between 400-200 nm for a solution of 10 uL protein and 10 pL
1M potassium phosphate, pH 7.0, in 380 pL of water. The concentration was calculated using the

Beer-Lambert law using the molar absorbance for flavin at 450 nm (12,300 Mt cm™).

Steady-state kinetics. The enzyme activity was determined by monitoring the NADPH
consumption at t340 nm. The reaction mixture consisted of 530 pl of buffer (0.05 M Tris-acetate,
pH 8.0, 1 mM DTT, 5 uM FAD), 6 pl 10 mM kynurenine, 10 pl 122 mM NADPH, 4 ul 1.5M
KCI. The reaction was initiated by the addition of 50 pul of enzyme sample (21.6 uM). Kinetic
parameters were determined by initial velocity measurements at a fixed concentration of
NADPH (0.5 mM) and varying concentrations of kynurenine. For the enzyme inhibition assays,
the above procedure was applied with varying concentrations of the compound H. The inhibitor

constant (Ki) values were obtained using Compo software "4,

High-performance liquid chromatography. The reaction of compound H was measured by
following the product formation using a Nucleosil 120-5 C-18 silica gel column from Machery-
Nagel. The reaction mixture consisted of 100 ul reaction buffer (0.05 M Tris-acetate, pH 8.0, 1
mM DTT, 5 uM FAD, 50 uM kynurenine) 100 uM NADPH, 4 uM KMO, (0-100 uM) of
Nitrokynurenine. Elution was in 0.1% acetic acid/5% methanol for 5 minutes, then a gradient
from 5% methanol to 70% methanol at 25 minutes was applied. The data were analyzed using

Microsoft excel.
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Synthesis of 5-Nitrokynurenine. Lithium nitrate (0.090 g, 1.3 mmol) and 0.10 g N, N-
diacetyl-L-kynurenine methyl ester (0.33 mmol) was added to 2 mL trifluoroacetic acid, with
stirring. Then, 0.137 mL H>SO4 (2.46 mmol) was added, and the orange solution was stirred at
room temperature for 4 hours. TLC (silica gel, EtOAc) showed that the starting material was
gone, so 5 mL water and 0.12 g urea were added, and the mixture was refluxed overnight. The
reaction mixture was then cooled, treated with charcoal, and filtered through Celite. The filtrate
was added to 11 g Dowex-50-X8 (H*) and filtered. The resin was washed with water until the
washings were colorless. The product was then eluted with 80 mL 1M NHa. The orange filtrate
was evaporated in vacuo, and the residue was triturated with acetone. The precipitate was
filtered and dried, giving 0.033 g (39.5%) of a red-orange solid. NMR (DCl in D20, 6 = 8.61
(1H, d, J=2.4 Hz, H-6), 7.99 (1H, dd, J=2,4, 9.1 Hz, H-4), 6.72 (1H, d, J=9.4 Hz, H-3), 4.40 (1H,
t, J=4.5 Hz, a-H), 3.82 (1H, dd, J=5.3, 19.0 Hz, B-H), 3.76 (1H, dd, J=4.2, 19.5 Hz, B-H). MS:

m/z=253.2 (need to get the real number). UV, (need to insert spectral details, Amax and €).

RESULTS AND DISCUSSION

KMO inhibition is currently an active area of study in the discovery of a breakthrough drug for
various neurological disorders. KMO is an NADPH-dependent flavoenzyme that catalyzes the
hydroxylation of L-kyn to 3-HK. Among the proposed KMO inhibitors, kynurenine analogs have
shown the potential to bind tightly to KMO with different binding modes that could result in
KMO inhibition, substrate-like behavior, or uncoupling of NADPH without hydroxylation.
Kynurenine analogs with halogen substitution on C-5 are known to be excellent substrates of
KMO suggesting that with proper modification, they could serve as potential lead inhibitors of

KMO (reference?). In this study, we synthesized a novel kynurenine analog and tested it for
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KMO binding affinities. The synthesis of 5-NKyn was unexpectedly challenging. The reaction
of protected kynurenine under standard nitration conditions (HNO3:H2SQOg4, 1:1) resulted in the
unreacted starting material. This is most likely due to the protonation of the substrate in the
strongly acidic medium resulting in deactivation. Under more severe conditions, KNO3 in
H>SO4, nitration proceeded, but there were several products detected by TLC. Hence, we tried a
less acidic solvent, trifluoroacetic acid, with LiNOs and stoichiometric H.SO4. This condition
resulted in a rapid reaction to form a single product by TLC. Hydrolysis of the protected
nitrokynurenine was performed without isolation of the initial product, giving the desired 5-
nitrokynurenine isolated in modest yield.

Our interest in 5-NKkyn is based on the reaction mechanism of KMO®*. Our initial hypothesis was
that 5-NKyn can act as either an inhibitor, a substrate, or a non-substrate effector of KMO, like
most other kynurenine analogs®* °6. We observed a high blank rate in inhibition assays in the
presence of 5-Nkyn, which suggested that it could be either an uncoupler of NADPH oxidation
or a potential KMO substrate as observed in other kynurenine analogs with substitution of C-5°,
Given that the third position on the ring was still open, we thought that 5-Nkyn could be acting
as a substrate of KMO. However, using HPLC, we did not observe a new peak with absorbance
around 370-400 nm as expected for when hydroxylation of kynurenines occurs % (Figure 2.3).
Hence, 5-Nkyn was indeed consuming NADPH without hydroxylation, a phenomenon
associated with the accumulation of highly toxic oxygen species® 3. Another structurally similar
nitro-containing KMO ligand m-NBA (see Figure 2.2) had already been shown to act as both

inhibitor or a substrate effector of KMO depending on the enzyme specie®?.

28



01 S5S-NKyn

3-HK Kyn

Absorbance

Time (min.)

Figure 2.3. HPLC analysis of 5-NKn reaction with KMO-orange line; black line: control; blue

line reaction of kynurenine with KMO.

Using Autodock Vina, we followed the protocol proposed and validated by Amaral !, Toledo-
Sherman®®and Steven®? to assess the binding mode of this compound. As expected for KMO
binders &, 5-Nkyn interacted with the conserved Arg 83 residue in the active site via its
carboxylate moiety (See Figure 2.4). As expected for KMO binders, the benzene ring occupies
the hydrophobic pocket close to the FAD binding site, where the nitro group forms hydrogen
bonds with FAD and a water molecule. A different mode of binding was most likely what caused
the lack of the reactivity for the mechanism and resulted in uncoupling. A previous study
suggests that halogen substitution on C-5 on a kynurenine analog serves as an excellent substrate
of KMO. 5-Chlorokynurenine was the most potent among ligands tested with Kmn about 3-fold
lower than that of L-kyn °¢. Though 5-Nkyn acted as an uncoupler, our data shows that it still
binds tighter than L-kyn (13+ 6.1 pM), the lack of reactivity of 5-Nkyn can be attributed to the

fact the nitro group is too deactivating compared to halogens.
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Figure 2.4. Active site of yeast KMO (pdb code: 4j36) in complex with 5-NKyn. Structure

of L-kyn bound to yeast KMO (pdb code: 4j36) *.

Conclusion

In this study, we present the novel synthesis of 5-NKyn and its inhibition potential using
biochemical KMO inhibition and binding assays. We were able to nitrate kynurenine using
LiNOs and H2SOs in trifluoroacetic acid. Our Kinetic studies show that this compound uncouples
NADPH without hydroxylation, a process that triggers the accumulation of hydrogen peroxides.
Previously, kynurenine analogs with substituents on C-5 have been shown to act as substrates of
KMO. The lack of reactivity with 5-NKyn can be attributed to the strongly deactivating nature of
the nitro group. The autodock data showed a different binding mode than L-kyn which supports
the conclusions from the steady-state kinetic analysis. Nonetheless, 5-NKyn binds to chKMO
with greater affinity than L-kyn suggesting that with further modification it can serve as a lead

compound for neurodegenerative disorders.
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CHAPTER 3

(S-(2-AMINOPHENYL)-L-CYSTEINE S, S-DIOXIDE INHIBITS BOTH KYNURENINE

MONOOXYGENASE AND KYNURENINASE

Emma Carine Iradukunda* and Robert S. Phillips. To be submitted to the Bioorganic &

Medicinal Chemistry Letters.
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Abstract

The high oxygen (O>) utilization rate of the brain vs the antioxidant availability makes the
central nervous system (CNS) more vulnerable to the overproduction of free radicals leading to
oxidative stress (OS). Kynurenine monooxygenase (KMO) and kynureninase (KYNU) not only
share the same physiological substrate, kynurenine (KYN) but are also free radical generators.

In this study, we examined (S)-(2-aminophenyl)-L-cysteine S, S-dioxide (SAPCO), a known
KYNU inhibitor for competitive inhibition of Cytophaga hutchinsonii (ch) KMO. SAPCO was
found to inhibit chKMO in the micromolar range providing a new lead compound for the
treatment of neurodegenerative disorders. This study shines light on the multitargeting potentials

of kynurenine analogs towards finding treatment for neurodegenerative disorders.
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Background

Kynurenine (KYN)/L-kyn, on the kynurenine pathway (KP) (Figure 3.1), is a precursor of
neuroactive metabolites, such as kynurenic acid (KA), quinolinic acid (QA), 3-hydroxykynurine
(3-HK), and 3-hydroxyanthranillic acid (3-HAA). Thus, some enzymes on the KP are therapeutic
targets for neurogenerative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s diseases
15, KYN is at the key point of the KP and is a substrate of three enzymes: KYNU, KMO, as well
as kynurenine aminotransferase (KAT). KMO hydroxylates KYN to 3-HK; KYNU then catalyzes
the conversion of 3-HK to 3-HAA. 3-Hydroxyanthranilate dioxygenase (3HAO) catalyzes the
oxidative ring opening to form 2-amino-3-carboxymuconate semialdehyde, which spontaneously
cyclizes to form QA. KYN, though it is a weak substrate of human KYNU ¢, hydrolyzes through
its action to make anthranilic acid (AA) which oxidizes to make 3-HAA through the action of

anthranilate 3-monooxygenase. Lastly, KYN converts to kynurenic acid (KA), catalyzed by KAT.

KYN is paradoxically a precursor to both neurotoxic and neuroprotective metabolites” 8. For
instance, both QA and KA regulate the N-methyl-D-aspartate receptor (NMDAr). QA is a known
NMDAr agonist®; the overexpression of KP enzymes, especially KMO, results in the
overproduction of QA which leads to the overflow of calcium into the NMDAr channel resulting
leading to neuron damage. KA, on the other hand, exerts neuroprotective properties by
antagonizing the NMDAr 1°, Research shows that KA protects the brain from the damages done
by QA 1. 3-HK and 3-HAA are free radical generators*? that lead to the accumulation of reactive
oxygen species (ROS) and oxidative stress (OS) in the central nervous system (CNS). OS is a
known phenomenon in etiologies of neurodegenerative disorders because of its involvement in the

initiation and progression of neuron damage.
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KMO is at the critical point of KP, and its inhibition has proven to be therapeutically beneficial to
neurodegenerative diseases. For example, several KMO inhibitors, such as Ro61-8048, and m-
NBA, reportedly alleviated symptoms of neurodegeneration in mice models *3° and increased the
availability of L-kyn and KA leading to neuroprotection 6. However, KYNU catalyzes the
conversion of L-kyn to AA, which subsequently is hydroxylated to 3-HAA, and later to the
production of QAY’; thus, simultaneous inhibition of KYNU and KMO inhibition would not only
halt the synthesis of neuron damaging metabolites but also shift the pathway to the formation of

KA, hence, restoring the antagonistic and agonistic NMDAr homeostasis.
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Figure 3.1. Kynurenine pathway highlighting enzymes that are involved in producing neuroactive

compounds.
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It was previously recognized that for better KMO inhibition, the electrostatic interaction between
the arginine residue in the active site with a carboxylate or its bio-isostere was essential. Also, a
hydrophobic moiety, a hydrogen bond acceptor, as well as three carbon spacers between the
hydrophobic center and the acidic center, are needed on the ligand for a tighter binding.
Substrate analogs such as m-nitrobenzoyl alanine (m-NBA) 4, (R, S)-3,4- dichlorobenzoyl
alanine 8, and 3,5-dibromokynurenine ° have all shown an appreciable inhibitory potency
towards different species of KMO. Considering that both KMO and KYNU share the same
substrate, KYNU inhibitors that meet the above-mentioned criteria can potentially inhibit KMO
as well. Thus, we examined (S)-(2-aminophenyl)-L-cysteine S, S-dioxide (SAPCO, Figure 3.2), a
kynurenine analog known to competitively inhibit KYNU 2°, for KMO inhibition. This study
explores the binding potency and binding modes of this compound and shines light on the

multitargeting behaviors of kynurenine analogs.
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Figure 3.2. Structure of L-kyn (A) and SAPCO (B)
KMO is an NADPH-dependent flavoenzyme. The first step in the catalytic mechanism of KMO
involves the binding of KYN to the KMO.FAD complex; next, NADPH binds to the complex to

reduce the FAD and leaves as NADP™*. This step is followed by the binding of molecular oxygen
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to the ligand-KMO-FAD complex to form a hydroperoxide intermediate followed by release of

product and a water molecule®*.
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Figure 3.3. (A) Fluorescence quenching in the titration of 1uM KMO.FAD with SAPCO (0-
27uM). (B) Change in FAD fluorescence versus free SAPCO.

The binding of a ligand to the KMO.FAD complex causes perturbance in the FAD fluorescence
until the active site is fully saturated. Therefore, the change in FAD fluorescence at the
wavelength of 520nm (FAD emission) can be used to measure the dissociation constant (Kq). For

this study, we have measured the binding affinity using the method described by Moran et al. 2L,

Results and discusion

For this study, SAPCO was titrated to the enzyme/buffer solution until it reaches saturation
(Figure 3.3 A). The binding affinity was measured from the change in fluorescence (Figure 3.3.
B) and our data show a significantly tighter binding (Kq = 4.11+ 0.96 uM) compared to its
analog L-kyn (Kq = 67 + 15 pM) *°,

On the other hand, though kynurenine analogs similar to SAPCO have shown a very appreciable

inhibitory potency towards KMO, many have been reported to cause the NADPH uncoupling 2

36



23 which leads to the accumulation of hydrogen peroxide, a less desirable side effect of the
compounds. Therefore, to confirm that SAPCO was indeed inhibiting KMO without uncoupling
NADPH, we measured the decrease of NADPH absorbance at 340 nm using the Cary 1E UV-vis
spectrophotometer (data not shown). The lack of a high blank rate during this measurement
suggests that SAPCO binds to KMO not as a substrate or an NADPH uncoupler, but as a
competitive inhibitor.

Next, we were interested to get insights into how SAPCO binds to the active site of KMO.
However, since the structure of chKMO is still unknown we turned to molecular modeling using
a plugin for PYMOL, Autodock Vina and we used yeast KMO (PDB code 4J36) as our docking
model since all the residues involved in the binding of the substrate are all conserved across both

species (Figure 3.4) °, following the protocol described in Seeliger et al. 24,

PFHGQG
PFFGQG
PFYGQG
PFYGQG

N-GFED>scLloEvecsaSoonaGoranafancReaDushTeeLhesNY=EN=nsV=$

1 INCALEDAVALAEHLQSAAD-NASA-LAAFTAQRQPDALAIQAMALENYVEMSSKVAS 380
2 -KSHCVLLGDAAHAIVPFFGQGHNAGFEDCLVFDELMDKFSN-DLSLCLPVFSRLRIPDDHAISOLSMYNYIEMRAHVNS 373
3 ~NAHTLLIGDAAHALVMPFYGQGUNAGFEDCRILAEIIDGKSKTNWSEIFAEFYNQRKENADAISOLALQNFIEMRDHVAD 370
B PGGKAILLGDAAHAMVIPFYGQGUNCGFEDVRILMALLKKHSG-DRSRAFTEYTQTRHKDLVSITELAKRNYKEMSHOVTS 383

(a5
------ LLGDAAHA-VPF-6
-GGQAVLLGDAAHPMVPFHGQG

Figure 3.4. Sequence alignment of commonly used KMO species (1: Pseudomonas fluorescens
KMO, 2: human KMO, 3: Cytophaga hutchinsonii KMO, 4: Saccharomyces cerevisiae KMO).

The conserved active residues are highlighted with yellow color.
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Figure 3.5. sScKMO (PDB code: 4J36) in complex with FAD cofactor (green) bound to SAPCO
(raspberry red).

We notice that SAPCO made polar contacts with Arg 83 and Tyr 97 via its carboxylate (Figure
3.5). The aromatic ring also occupied the hydrophobic pocket facing the re-side of FAD like
KYN. Though the role of the carbonyl group on KYN is not thoroughly researched, replacing it

with a sulfonyl group as in SAPCO resulted in an overall tighter binding of SAPCO to KMO.

Conclusions

We have demonstrated that SAPCO, a known competitive inhibitor of KYNU, also inhibits

KMO in the lower micromolar range. The ability for this compound to simultaneously inhibit
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both enzymes is thought to not only halt the production of neurotoxic metabolite on the KP: 3-
HK and 3-HAA and QA, but we also expect an increase in the KYN and KA availability in both
plasma and brain which leads to neuroprotection. Though we have no experimental evidence that
this SAPCO will be able to cross the blood-brain barrier (BBB), its resemblance to KYN leads us
to hypothesize that it could be transported through the BBB by the large neutral amino acid
carrier such as in KYN. Nonetheless, research shows that the inhibition of KMO in the periphery
increases the bioavailability of KYN which readily crosses the BBB and thus increases the KA in
the brain. Finally, more studies are needed to confirm the in vivo potency of this compound on

both enzymes.
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CHAPTER 4
EVALUATION OF TERTIARY SULFONYLUREAS NOX INHIBITORS FOR CYTOPHAGA

HUTCHINSONII KYNURENINE MONOXYGENASE INHIBITION

Emma Carine Iradukunda and Robert S. Phillips. To be submitted to the Bioorganic & Medicinal
Chemistry Letters.
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Abstract:

The imbalance between the formation of reactive oxygen species (ROS) and its removal leads to
oxidative stress (OS) in the central nervous system (CNS). The OS is known to contribute to the
initiation and progression of neuron damage. The inhibition of enzymes involved in OS is
thought to play a therapeutic role in neurodegenerative disorders especially Alzheimer’s (AD),
Parkinson’s (PD), and Huntington’s (HD) diseases. The two known enzymes that contribute to
OS are nicotinamide adenine dinucleotide phosphate oxidase (NOX) and kynurenine
monooxygenase (KMO). Therefore, this study takes a multitargeting/polypharmacological
approach to evaluate three known NOX inhibitors predicted by our recently designed
pharmacophore for KMO inhibition as a therapeutic resolution to various neurodegenerative
disorders. Our data indicate that NOX inhibitors do indeed competitively inhibit the activity of

KMO.
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Letter:

It is widely known that neurodegenerative diseases are multifactorial and complex pathological
conditions ™, in which mechanisms are not fully understood and involve multiple pathways and
environmental factors. Even though neurodegenerative disorders such as Alzheimer’s disease,
Huntington’s disease, Parkinson’s diseases have distinctive symptoms, they all share common
etiology and therefore, common biological targets. The four most common denominators in their
etiology include oxidative stress’® 77, accumulation of misfolded or unfolded proteins®®,
dyshomeostasis of both redox-active metal ions such as copper and iron, as well as redox-
inactive metal ions such as zinc 8%, and finally, the abnormal function of the mitochondria??.
Enzymes on the kynurenine pathway (KP) (Figure 4.1) such as KMO, kynureninase (KYNU) as
well as kynurenine aminotransferase (KAT) catalyze reactions that lead to free radical
generators: 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranillic acid (3-HAA), as well as N-
methyl-D-aspartate receptor (NMDAr) agonist and antagonists such as Quinolinic acid (QA) and
kynurenic acid (KA) respectively. Kynurenine (KYN) is at the key point of the KP and
paradoxically, it is a precursor for both the neuroprotective metabolite: KA, and the neurotoxic
metabolites: 3-HK, 3-HAA, and QA. Therefore, inhibiting the activity of KMO had shown to not
only inhibit the production of neurotoxic metabolites and cease the excessive OS but to also shift
the pathway towards the production of more KA/neuroprotectant 8. Several KMO inhibitors
such as FCE288A % and Ro-61-8048 > 8 84 have shown the potential of not only inhibiting

KMO but also shifting the pathways towards the formation of more KA.
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Figure 4.1. Kynurenine pathway. Green: neuroprotective metabolite, red: neurotoxic

metabolites.

NOX on the other hand is an enzyme known to be activated during respiratory bursts where it
generates superoxide responsible for animal immune response. The presence of ROS such as
superoxide results in OS. Therefore, inhibiting NOX is therapeutically significant in the
treatment of neurodegenerative diseases. A NOX inhibitor Diphenyleneiodonium (DPI) had for
instance shown to be neuroprotective by reducing the up-regulation of NOX thereby reducing the
0S®. An in vivo study showed a significant decrease of lipopolysaccharide injury within 24h

when 1gm/kg/day of DPI was administered in rats®4. Finally, the selective inhibition of NOX
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with an ultralow dose of DPI significantly decreased microglia-mediated neuroinflammation and

stopped the progression of Parkinson’s disease in mouse models®®.
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Figure 4.2. Structures of proposed sulfonylureas for KMO inhibition.

Using structure-based pharmacophore modeling®®, structure-activity relationship (SAR) %%, as
well as drug repurposing®; hundreds of KMO ligands were proposed and evaluated as lead drug
candidates of neurodegenerative diseases. In this present study, we propose three tertiary
sulfonylureas A, B, and C (Figure 4.2) as potential KMO inhibitors deduced using our
pharmacophore model. Surprisingly, these same compounds were predicted and evaluated as
NOX inhibitors®. As noted earlier, neurodegenerative disorders are multifactorial, and as such,
an ideal therapeutic approach would be the one that involves targeting more than one biological
entity. The latter can be achieved through combination therapy and multitargeting drugs. As of
2017, 10% of the FDA-approved drugs were a therapeutic combination, and 21% of them were
multitargeting drugs °. Multi-targeting drugs however have shown more therapeutic advantages
over combination drugs given that combination therapy is often associated with incompatible

pharmacokinetics and increased toxicity 8" 8,

Results and discussion
A previous pharmacophore model was designed and predicted compounds A, B, and C as NOX
binders, further biological studies revealed their different binding modes. The synthesis and

characterization of these compounds are described in Qian Xu Et. Al. 8. They all inhibit NOX in
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the lower micromolar range (Table 4.1). A separate pharmacophore was generated using the
Schrodinger package #and predicted the same compounds as potential KMO binders. This
pharmacophore consists of four key components: hydrophobic centers, H-bond receptors,
aromatic centers as well as the carboxylic acid the center. Though compounds A, B, and C lack
the carboxylic center, they contain a sulfonylurea moiety which acts as a (bio)isostere for
carboxylic acid. The carboxylic acid centers play a cardinal role in the inhibition of KMO as they
maintain an essential electrostatic interaction via Arg 83 in the active site'.

KMO is an NADPH-dependent flavoenzyme. The first step in the catalytic mechanism of KMO
involves the binding of the substrate to the KMO-FAD complex, followed by the reduction of
FAD by NADPH. The oxygen molecule then binds to produce the L-kynurenine-KMO-
hydroperoxide complex which subsequently leads to the hydroxylation of L-kyn and the release
of a water molecule. The binding of the substrate/ligand to the KMO-FAD complex results in the
perturbation of the FAD fluorescence around 520nm >*. We have therefore measured the
dissociation constant (Kp) using the perturbation of the FAD fluorescence as described by
Moran. Et. Al. and Amaral. Et. Al .

Although compounds A, B, and C are soluble in 100% DMSO, they precipitated as soon as they
were added to the KMO reaction mixture consisting of 530 ul of buffer (0.05 M Tris-acetate, pH
8.0, 1 mM DTT, 5 uM FAD), 6 pl 10 mM kynurenine, 10 pl 122 mM NADPH, 4 ul 1.5M KCI.
The reaction was initiated by the addition of 50 pl of enzyme sample (21.6 uM). As a result,
particles in the cuvette scattered the incident light which gave a high noise and resulted in a huge
error. We realized that KCI which is often used in KMO steady-state kinetic assays is not

important for KMO enzymatic activity. We then removed it from our assays which improved the
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solubility tremendously. Furthermore, we also noticed that using a room temperature buffer vs a

“cold” buffer i.e., straight from a 4°C refrigerator keeps the reaction mixture from precipitating.

Compound NOX chKMO
ICs0(uM) (Ka (uM)

A (CF3) - 17+/-5.4

B (OCHs) 27 29.59+/- 3.9

C (F) 0.5 96.94+/- 32.54

Table 4.1: a comparison of inhibitory potencies of proposed tertiary sulfonylureas on NOX vs
chKMO.

A PYMOL plugin, Autodock vina was used to further gain insights on how these ligands bind
with KMO active site. However, since the structure of chKMO is not yet solved, we used the
saccharomyces cerevisiae KMO (scKMO) as our docking model. scKMO was the first KMO
species to be solved 2, it shares all the residues that make direct contact with the substrate in both
chKMO and homo sapiens (h) KMO.

Our docking data shows that our sulfonylureas all adopt a conformational change in the active
site to be in proximity with the active residues. Previous studies on KMO, both crystallographic
and kinetic, highlighted that indeed the ligand’s electrostatic interaction with Arg 83 is essential
for a tighter binding of the compound to the active site 1. There is also a conserved hydrophobic

pocket across several known KMO species® *® where the aromatic ring of the substrate is
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situated. The latter consists of Leu 221, Met 230, lle 232, Leu 234, Phe 246, Pro 321 ad Phe 322.
However, unlike in L-kyn, our sulfonylureas have two aromatic centers instead of one. The
presence of a non-aromatic six-membered ring allowed these compounds to bend at the
sulfonylurea moiety resulting in lesser binding energy than when they bind linearly. Compound
A (Kq:17 +/- 5.4 puM) which holds CF3 on both benzene rings is the most potent among our
proposed sulfonylureas. It kept the charge-to-charge interaction with Arg 83 via its carbonyl on
the sulfonylurea moiety (see Figure 4.3). The two benzene rings holding CFz occupied the
hydrophobic pocket as in L-kyn. The above observation corresponds with the literature, where
research shows that the more fluorinated the inhibitor is, the stronger the binding of that ligand to
the enzyme even when the fluorinated group does not interact with residues in the active site .
When the CF3 group was replaced by methoxy in compound B, the binding affinity slightly
reduced (Kq:29+/- 3.9 pM). The bending of compound B allowed it to make a weaker hydrogen
bond with Arg 83 via its methoxy group and the rearrangements of active residues resulted in a
new contact with Tyr 97 via sulfur dioxide on the sulfonylurea moiety (Figure 4.3).

Finally, we observed a much weaker binding affinity when the trifluoro group was replaced by
fluoride in compound C (Kg: 96.94+/-32.54 uM). Replacing CF3z with simply fluoride in
compound C resulted in a weaker enzyme inhibition even though it still maintained the
interactions with Arg83 and Tyr 97 (Figure 4.3). However, the hydrophobic pocket was not
occupied making the inhibition weaker than the previous compounds. This highlights the
importance on the binding affinity of the aromatic centers of our pharmacophore as well as their

occupation of the hydrophobic pocket.
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Figure 4.3. Left panel (X, Y, and Z): Binding affinities of compounds A, B, and C, respectively.
Right panel (X1, Y1, and Z1) Active site of ScKkMO (PDB code: 4J34) in complex with

compound A, B, and C, respectively.
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Given that these compounds are bigger compared to L-kyn, we observed the reorientation of
many of the hydrophobic residues as previously observed when UPF 648 was bound to the same
enzyme?. This can be attributed to the fact that these compounds are much bigger compared to L-
kyn and therefore result in the reorientation of some residues in order for them to fit in the active
site and make essential contacts with active residues.

Conclusions

Our results validated our pharmacophore predictions that tertiary sulfonylureas inhibit both NOX
and KMO. Though these compounds have a lot in common, the fluorination on the compounds
had shown to have a great impact on the strength of the binding. This study opens a new
therapeutic approach for neurodegenerative disorders by multi-targeting both KMO and NOX.
The inhibition of KMO is known to not only decrease the production of neurotoxic KP
metabolites but also shift the pathway to the production of a neuroprotectant, KA. We propose
that inhibiting both KMO and NOX simultaneously will not only increase the neuroprotective
effect of KA but also will maximize the OS reduction in the CNS. Further in vivo studies are
needed to validate our hypothesis that inhibiting both NOX and KMO simultaneously using
multi-targeting agents can potentially overcome current challenges in obtaining

neurodegenerative drugs.
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CHAPTER 5

FENBUFEN AND ITS PHENYL ALKANOIC ACID DERIVATIVES AS POTENT

KYNURENINE MONOOXYGENASE INHIBITORS

Emma Carine Iradukunda, Grayson T. Beasley and Robert S. Phillips. To be submitted to
Medicinal Chemistry Research Journal.
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Abstract

Inhibition of kynurenine monooxygenase (KMO) is one of the current therapeutic targets of
neurological and neurodegenerative disorders. Using our receptor-based pharmacophore as
well as the structure-activity relationship we have been able to deduce, synthesize and
validate six phenyl alkanoic acids as competitive inhibitors of Cytophaga hutchinsonii KMO.
Our results indicate a nanomolar inhibitory potency of Fenbufen, a known FDA-approved
nonsteroidal anti-inflammatory drug (NSAID). In addition to inhibiting KMO, Fenbufen does
not uncouple nicotinamide adenine dinucleotide phosphate (NADPH) as it has been observed
in some other KMO inhibitors. These findings validate our pharmacophore and establish
phenyl alkaloids NSAIDs especially y-oxobenzenebutanoic acids as viable lead compounds

and eligible drug candidates for repurposing for neurodegenerative diseases.

51



Introduction

Notwithstanding advancements in biotechnology and pharmacology, there are still incurable
diseases such as neurodegenerative disorders and most cancers. Discovering and developing
a new drug is time-consuming and very costly ®°. In some cases, despite a lot of efforts to
bring a new drug forward, thousands of FDA-approved drugs are removed from the market
and recalled every year after they have reached pharmacies °*. Therefore, repurposing FDA-
approved drugs that were recalled or are still in use is an appreciated drug discovery route for
coming up with new drugs. Given that drug candidates for repurposing/repositioning have
already been thoroughly clinically tried and approved to be safe for humans, several steps for
traditional drug discovery are omitted when studying them for new indications making the
process time-efficient and cost-efficient®?%,

Our lab is involved in researching suitable lead compounds for neurodegenerative disorders
such as Alzheimer's (AD), Parkinson’s (PD), and Huntington's (HD) diseases and several
neurodegenerative disorders by targeting enzymes on the tryptophan pathway (TP) (Figure
5.1) such as kynurenine monooxygenase (KMO). KMO catalyzes the conversion of
kynurenine (KYN) to a cytotoxic 3-hydroxykynurenine (3-HK) which eventually leads to a
production of a neurotoxin quinolinic acid (QA). KYN is also a substrate of kynureninase
and kynurenine aminotransferase (KAT) leading to the production of anthranilic acid (AA)
and a neuroprotectant metabolite kynurenic acid (KA) respectively. Both QA and KA affect
the regulation of glutamate receptors such as the N-methyl-D-aspartate receptor (NMDAr).
KA antagonizes the NMDAr thereby acting as a neuroprotectant 3. QA, on the other hand, is
responsible for the loss of homeostasis of Ca?* as it agonizes the NMDAr as it leads to an

overload of Ca?* which is detrimental to the mitochondria?% % %, Researchers have shown

52



that KP is activated in events of neurodegeneration and major depressive disorders; thus, the

increase in levels of QA and the decrease in KA levels is a biomarker to the above

pathological disorders 4% 6% 97 Since KMO is at the branching point of KP, its inhibition is

therefore thought to be an excellent therapeutic target.
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Several lead compounds have been generated in the last two decades® °% > 7% ®mainly using
structure-based and ligand-based drug design. Most recently a nonsteroidal anti-
inflammatory (NSAID) drug, diclofenac, was proposed as a KMO binder/ inhibitor with a Kq
in the lower micromolar range 13.6 pM®2. Our recently designed pharmacophore model
predicted several hits®®, among them, was PAA-1 (scheme 1) which is structurally similar to
two FDA-approved phenyl alkanoic acid NSAIDS: bucloxic acid®® (Figure 5.3) which was
later recalled for unknown reasons, and fenbufen!® which is still in use. We synthesized
these compounds (Figure 5.2), then, using both kinetic and molecular modeling tools, we
were able to provide further insights into how they bind to KMO and direct future

considerations.
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Figure 5.2. Structures of phenyl alkanoic acids that were evaluated in this study. PAA-1 was
predicted by a pharmacophore model (top left) 5. Using the structural similarities, we

proposed PAA-2, PAA-3, PAA-4, PAA-5, and Fenbufen as potential KMO inhibitors.
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our lead compound PAA-1.

Materials and Methods

Synthesis

The procedure for the Friedel-Crafts acylation used in this study was performed by Srinivas
Et.al *%%and is briefly described here with slight modifications. Succinic anhydride and
glutaric anhydride were recrystallized before their usage. 3.3 mmol of aluminum chloride, 3
mmol succinic anhydrides, and 5ml dichloromethane were added to a 200ml round bottom
flask. The mixture was stirred and cooled to 15°C. The 3 mmol equivalence of the aromatic
compound was added to the flask in a dropwise manner. The reaction was allowed to proceed
for 24 hours under stirring conditions. After the completion of the reaction, the reaction
mixture was added to a mixture of ice and concentrated HCI (10:1). The precipitate was
suction filtered and washed with 2 rounds of 10ml of petroleum ether. HNMR was used to
confirm the reaction was successful. Reaction yields were high (~90%) for all products
excluding Fenbufen (<15%). Butanoic acid derivatives were synthesized with succinic
anhydride; glutaric anhydride was used for pentanoic acid derivatives. The synthesis of
Fenbufen required an additional acid-base workup step to isolate the final product. The

precipitate was dissolved in 3M KOH. The mixture was suction filtered and washed with
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deionized water. The filtrate was isolated and concentrated HCI was added to the precipitate
product. The final product was isolated by suction filtration.

Purification of recombinant cytophaga hutchinsonii KMO

chKMO 2 was expressed in E. coli BL21 (DE3). A single colony grown on Luria broth (LB)
/kanamycin agar plates, was removed and inoculated with an aliquot of 5 ml of sterile LB
broth with 5ul kanamycin overnight at 37 °C with shaking at 180 rpm. That culture was then
added to separate 2 L Erlenmeyer flasks containing 1 L Studier autoinduction
medium”3supplemented with 200mg/L kanamycin. The cells were then grown at 37°C for 24
hours with gentle agitation (220 rpm). After, the cells were collected by centrifugation for 15
minutes at 4000 rpm at 4 °C in 500 ml flasks using a Jouan CR422 centrifuge and stored at -
80°C until used for enzyme purification.

Cells were resuspended in 30 ml 0.05M Tris-acetate buffer supplemented with 1 mM DTT,
0.2% Triton X-100, and 5 uM FAD. The yellow suspension was sonicated on ice in 4 60-
second bursts with 3 minutes cooling between bursts. Debris was removed by centrifugation
for 1 hour 30 minutes at 4000 rpm at 4 °C in 60 mL tubes using a Sorvall RC 6 Plus
centrifuge and a Sorvall SS-34 rotor. Additional purification was achieved by immobilized
metal affinity and anion exchange chromatography using Ni-NTA column and DEAE
columns, respectively.

Nickel column chromatography: The enzyme solution from the previous step was loaded on
the Ni column equilibrated with 100ml 0.05 M Tris-acetate buffer (pH 8.0, 5 uM FAD, 0.5
mM DTT); then the protein was loaded, followed by washing with 200ml 0.005m Tris-
acetate buffer (PH 8.0, 5 uM FAD, 0.5 mM DTT, 20mM imidazole) buffer. The protein was

eluted overnight using 0.05 M Tris-acetate buffer (PH 8.0, 1 mM DTT, 200 mM imidazole).
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The fractions that possessed a brilliant yellow color and contained significant KMO activity
were pooled and concentrated using a centrifuge at 478080 x g at 4 C for 1 hour 3 times
using the exchange buffer (0.05 M Tris-acetate buffer pH 8.0, 5 uM FAD, 0.5 mM DTT).
Diethylaminoethyl column (DEAE). For further purification, the protein was loaded onto a
DEAE column (30 cm - 2.5 cm) pre-equilibrated with 100ml of the same buffer used for Ni-
NTA column buffer followed by washing with the same buffer with 20 mM NaCl instead of
imidazole. The protein was eluted overnight using 1200ml 0.05 M Tris-acetate buffer and 200
mM NaCl. The fractions that possessed a brilliant yellow color and contained significant
KMO activity were pooled and concentrated using a centrifuge at 478080 x g at 4 C for 1
hour 3 times using the exchange buffer (0.05 M Tris-acetate buffer pH 8.0, 5 uM FAD, 0.5
mM DTT), this was then distributed into several Eppendorf tubes, flash-frozen with liquid

nitrogen then stored at -80°C.

UV-Vis spectrophotometry for enzyme concentration

Protein determination. The concentration of purified chKMO was determined using a 1E
UV-Vis spectrophotometer with a quartz cuvette of path length 1 cm. The concentration of
chKMO was obtained by a scan between 400-200 nm for a solution of 10uL protein and
10pL 1M Kpi PH 7.0 in 380puL of water. The concentration was calculated using the Beer-
Lambert law using the molar absorbance for flavin at 450 nm (12300 M-1 cm-1).
Steady-state observations /UV-VIS spectrophotometry

The enzyme activity was determined by monitoring the NADPH consumption by absorbance
at 340 nm. The reaction mixture consisted of 530 pl of buffer (0.05 M Tris-acetate, pH 8.0, 1

mM DTT, 5 uM FAD), 6 pl 10 mM kynurenine, 10 pul 12 mM NADPH, 4 ul 1.5M KCI. The
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reaction was initiated by the addition of 50 pl of enzyme sample (21.6 uM). Kinetic
parameters were determined by initial velocity measurements at a fixed concentration of
NADPH (0.5 mM) and varying concentrations of kynurenine. For the enzyme inhibition
assays, the above procedure was applied with varying concentrations of the ligand. The
inhibitor constant (Ki) values were obtained using Compo software’,

Molecular modeling

Autodock vina with the PYMOL plugin was used to study the binding modes of our
proposed compounds. We docked all our compounds to A PDB file (4j36) was obtained from
a protein data bank. Before docking, we first prepared it by removing the ligand (UPF 648)
using PyMol v1.4.1 followed by generating pdbaqt file representing the protein. Our ligands
were prepared using Chem3D 19.1, followed by generating PDBQT files representing them
using PyMol v1.4.1. The following are the parameters we used in all our docking: Size

(x=22; y=24; z=28), center (x=11; y=90.5; z=57.5).

Compound Ki/Kd (UM)
PAA-1 0.846+/-0.1
PAA-2* 1.3+/-0.52
PAA-3 7.38+/-4.40
PAA-4 -

PAA-5 -

Fenbufen 0.38+/-0.14
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Table 5.1. Binding affinities (Kp) of proposed phenyl alkanoic acids. Binding affinities were
measured by the ligand perturbation of FAD fluorescence. PAA-2 could not be measured
using the same method owing to the high noise because the attached nitro-group exhibits a
fluorescence emission approximately the same as FAD. We have used the UV-vis
spectrophotometer to measure the decrease in the NADPH absorbance at 340nm. PAA-4 and
PAA-5 are weak binders, they could not saturate the enzyme, we expect their binding
affinities to be in the millimolar range.

Discussion

In this study, we propose a library of NSAIDs and their derivatives as competitive inhibitors
of chKMO. We used the receptor-based pharmacophore that was previously developed using
a Schrodinger software package®®. From this model, several kynurenine analogs were
designed, synthesized, and tested as substrates, non-substrate effectors, and inhibitors of
chKMO?®. The kinetic assays used in this study were previously described elsewhere >
2put are mentioned here with slight modifications. We also used autodock vina with the
PyMol plugin to predict the binding modes of our compounds as described in a similar recent
study 2. Because the purification of chkKMO requires the use of detergent, it had been
challenging to crystallize it*® 12, However, since the structure of sScKMO is known and all
residues that make contact with the substrate are conserved across the species, we have used

scKMO (PDB code: 4J34) for docking purposes.
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Figure 5.4. (A) active site of ScKMO (PDB code: 4J34) in complex with PAA-1. (B)

Binding affinity of PAA-1.

PAA-1 was the only compound in our library that was computationally predicted using this
pharmacophore (Figure 5.2), the rest of the compounds were deduced using the structure-
activity-relationship (SAR) approach and molecular similarity techniques. PAA-1 displayed
an appreciable inhibitory potency with a Kg of 0.846+/-0.1uM (Figure 5.4). Its binding
model resulted in a reorientation of TYR 97 making it have interactions only with ARG 83
via its carboxylate and carbonyl moieties. Both phenyl and aromatic rings occupied the
hydrophobic pocket. The cyclohexyl ring adopted a chair conformation upon binding, giving
it a lower energy binding. The tighter binding of PAA-1 can be attributed to the fact that the
distance between the aromatic ring and the carboxylate moiety is the same as kynurenine,
allowing it to exhibit an additional H-bonding between its carbonyl and the NH of the

guanidino group of Arg83.
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The first-ever proposed KMO inhibitor p-Benzoyl-L-alanine °* was designed by removing
the amino group on the benzene ring of L-kyn, further modification on the ring by adding a
nitro group resulted in m-nitrobenzolyalalanine (m-NBA) which improved the binding and
the inhibitory potency of the compound eight-fold %3, The administration of m-NBA in mice
had shown an improved regulation of NMDA receptor agonism and antagonism homeostasis
in both the brain and blood. Also, there was an increased level of both L-kyn and KYNA to
up 10 times and 5 times in the brain and blood, respectively, when about 400 mg/kg of m-
NBA was administered in rats. Encouraged by this result we designed PAA-2 (Figure 5.2) by
adding a nitro group on the benzene nucleus of PAA-1. The presence of an extra nitro group
on the benzene rings did not affect the binding affinity as much as we expected. We observed
a reorientation of active residues which created an extra interaction between the TYR 97 and
carbonyl group on PAA-2 in addition to a strong hydrogen bond between Arg83 and

carboxylate (Figure 5.5).

Figure 5.5. (A) the active site of ScKMO (PDB code: 4J34) in complex with PAA-2.
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Next, considering the structural similarities of PAA-1 to known FDA-approved phenyl
alkanoic acid/ y-oxobenzenebutanoic acids nonsteroidal anti-inflammatory (NSAID) drugs

such as Fenbufen!®

we tested Fenbufen and its phenyl alkanoic acids derivatives (scheme 1)
for KMO inhibition. Like NSAIDs in the phenyl alkanoic acid family, Fenbufen is a
cyclooxygenase (COX) inhibitor that is primarily used to treat osteoarthritis, tendinitis,

104 Their structural similarities led us to want to test Fenbufen as

spondylitis, and ankylosing
a potential inhibitor of KMO. We, therefore, synthesized Fenbufen and tested it for KMO
inhibition. The binding was similar to that of PAA-1, though the aromatic ring sat in the

hydrophobic region towards the re-side of FAD, the lack of flexibility of the benzene ring

made it bind differently, making it have additional polar contact with Tyr 97 via the

carboxylate (Figure 5.6).
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Figure 5.6. (A) The active site of ScKMO (PDB code: 4J34) in complex with Fenbufen. (B)

Binding affinity of Fenbufen.
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Our original pharmacophore was designed after recognizing that there needed to be 3 spacers
between the aromatic ring and the carboxylic acid centers. To determine the necessity of
three carbon spacers atoms between the benzene ring and carboxylate moiety in inhibitory
potency, we synthesized PAA-3 with an additional carbon. Though the arginine-carboxylate
interaction was maintained (Figure 5.7), the presence of an extra carbon reduced the binding

affinity eight-fold (Table 5.1).
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Figure 5.7: (A) active site of sScKMO (PDB code: 4J34) in complex with PAA-3. (B)

Binding affinity of PAA-3.

We also assessed the effect of changing the polarity of these compounds by replacing the
cyclohexyl with methoxy in PAA-4 and PAA-5. The methoxy made an additional hydrogen

bond with a water molecule and the carbonyl group of the isoalloxazine ring system of FAD.
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Despite that the polar contacts with both Arg83 and Tyr 97 via its carboxylic acid moiety
(see Figure 5.8), the inhibition potency was greatly affected. This poor binding highlights the

importance of hydrophobicity on the left side of the ring for a better binding.
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Figure 5.8. The structure of scKMO (pdb:4J) bound to FAD and PAA-4 (A) and PAA-5 (B).

Conclusions

Our receptor-based pharmacophore predicted PAA-1 as a potential competitive inhibitor of
chKMO. Using SAR and molecular similarity techniques, we have further demonstrated that
both PAA-1 and Fenbufen competitively inhibit chKMO in the nanomolar range. Our results
together with a recent study ®2 on Diclofenac show that indeed, phenyl alkanoic acids
NSAIDS make good KMO inhibitors provided that they share core structure similarities with

known KMO inhibitors especially kynurenine analogs. It is not unusual that one compound
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can target multiple enzymes/receptors provided that it meets all binding requirements for
both enzymes. Drug repurposing remains the most attractive drug discovery route in bringing
forth treatments for new indications from FDA-approved drugs both recalled and still in use
90, 92

. It is even more appreciated in dealing with incurable diseases or pandemic diseases that

need immediate attention.
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CHAPTER 6

CONCLUSIONS
Despite the rise in numbers of people who suffer from different neurodegenerative diseases
globally, treatment remains unknown owing to the multifactorial nature of these diseases and
sometimes the irreversibility of neuron damage. There are several enzymes targeted for finding a
cure, and this work focused on KMO on the kynurenine pathway. To date, the purification and
crystallization of a full-length active hKMO have been unsuccessful and as a result, research on
KMO has been performed using the enzyme from other species such as pf, sc, and ch. Most
previous works were performed on Pseudomonas fluorescens and Saccharomyces cerevisiae of
which purification is very well established. The present work was performed on Cytophaga
hutchinsonii (chKMO), we proposed a new protocol of purification of this species, however,
given that chKMO is a membrane-associated enzyme, detergent (triton) was used in the
purification process which resulted in unsuccessful crystallization attempts. Nonetheless, since
all residues that make contact with the substrate are conserved in other species, we have docked
our compounds using the scKMO model for us to learn their binding modes. In this study, we
have also proposed several lead compounds as chKMO binders. We have shown how
compounds that bind to other enzymes such as COX, NOX4, and KYNU can bind to chKMO as
well, opening doors to the possibility of repurposing some already FDA-approved drugs as well
as multi-targeting several enzymes that have implications in neurodegeneration without having

to use combination therapy.
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Despite the good binding of some KMO binders, several have previously shown that they only
inhibit the product formation, meaning that they prevent the substrate from being hydroxylated,
but they still uncouple NADPH which leads to an eventual accumulation of hydrogen peroxides.
We have observed this phenomenon in 5-NKyn which is structurally similar to an already known
and well-studied KMO binder mNBA. Though previous studies already suggested that
kynurenine analogs with substitution on C-5 are good substrates, the lack of hydroxylation on 5-
NKyn suggests that the presence of a strong deactivating group such as nitro is responsible for
the lack of reactivity of this compound. Therefore, though we show that this compound binds to
KMO and inhibits the hydroxylation of kynurenine further structural modifications are needed to
present this side effect.

The accumulation of ROS in the CNS is responsible for the initiation and progression of
neurodegeneration by causing neuron damage. We have shown that SAPCO, an already known
KYNU also inhibits KMO, and these two enzymes are known to lead to the production of free
radical generators. Since the inhibition of KMO only requires a carboxylic acid moiety for
binding and KYNU requires the amino group, we hypothesize that kynurenine analogs with both
an amino group and carboxylic acid moieties would make good multitargeting candidates for
both KYNU and KMO. In vivo studies would help determine if SAPCO simultaneously inhibits

these two enzymes.

Additionally, two pharmacophore models were previously designed, one for KMO and another
for NOX inhibitors. They have predicted tertiary sulfonylureas as potential inhibitors for these
enzymes. Our results validated our pharmacophore predictions that tertiary sulfonylureas inhibit
both NOX and KMO. We noticed that fluorination of the compounds has a great impact on the

strength of the binding. This study opens a new therapeutic approach for neurodegenerative
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disorders by multi-targeting both KMO and NOX. The inhibition of KMO is known to not only
decrease the production of neurotoxic KP metabolites but also shift the pathway to the
production of a neuroprotectant, KA. We propose that inhibiting both KMO and NOX
simultaneously will not only increase the neuroprotective effect of KA but also will maximize
the OS reduction in the CNS. Further in vivo studies are needed to validate our hypothesis that
inhibiting both NOX and KMO simultaneously using multi-targeting agents can potentially
overcome current challenges in obtaining neurodegenerative drugs.

Last, but certainly not least, are phenylalkanoic acid NSAIDS and their derivatives. Again, using
the same pharmacophore that predicted our sulfonylureas, PAA-1 was initially predicted to
inhibit KMO. However, the structural similarities of these compounds to commercially available
and FDA-approved NSAIDs lead us to propose Fenbufen and other derivatives for KMO
inhibition. And indeed, the results were very encouraging. There is a lot of advantages to this
finding, given that these compounds already have FDA approval making these compounds the

best lead candidates in our library.
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