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Abstract: Abnormal levels of kynurenic acid (KYNA) in the human brain are believed to be
connected to several central nervous system (CNS) diseases, therefore compounds which affect
the production of this crucial metabolite are of interest in CNS drug development. The majority of
KYNA production is accounted for by kynurenine aminotransferase-2 (KAT-2) in the mammalian
brain; hence this enzyme is one of the most interesting targets with which to modulate KYNA levels.
Recently developed human KAT-2 inhibitors with high potencies are known to irreversibly bind to
the enzyme cofactor, pyridoxal-51-phosphate (PLP), which may lead to severe side effects due to the
abundance of PLP-dependent enzymes. In this study, we report a reversible and competitive inhibitor
of KAT-2. Its inhibitory activities were examined using HPLC and surface plasmon resonance
(SPR) and compare favorably with other recently reported KAT-2 inhibitors. Our inhibitor, NS-1502,
demonstrates suitable inhibitory activity, almost 10 times more potent than the known reversible
KAT-2, (S)-ESBA.
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1. Introduction

Tryptophan, an essential amino acid easily obtained from the diet, is able to cross the blood
brain barrier (BBB) with the aid of its specialized transporter protein. Within the central nervous
system (CNS), it is involved in several important catabolic pathways including those of serotonin and
kynurenine [1,2]. The overview of tryptophan catabolism with relationships with CNS diseases [3–11]
is illustrated in Figure 1.

The members of the pyridoxal-51-phosphate (PLP)-dependent enzyme family called kynurenine
amino transferases (KATs) act as a catalyst in the irreversible cyclic transamination of kynurenine
(KYN) to kynurenic acid (KYNA) in the tryptophan metabolic pathway [12]. The mechanism of
catalytic cycle of this reaction is shown in detail using KAT2 as the example in Figure 2.
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Figure 1. The tryptophan catabolic pathway consists of two routes. One is serotonin biosynthesis, the 
route which is determined by the amount of tryptophan which can cross the blood-brain barrier 
(BBB). As illustrated, two enzymes transform tryptophan into serotonin: first tryptophan hydroxylase 
(TPH) hydroxylates tryptophan into 5-hydroxytryptophan and then in the second step L-aromatic 
amino acid decarboxylase (AAAD) decarboxylases 5-hydroxytryptophan into serotonin. Serotonin is 
consequently transformed to an active metabolite, melatonin, via two-steps of enzymatic catabolism. 
Firstly, serotonin is transformed to N-acetylserotonin via acetylation of its amine group by N-acetyl 
transferase (NAT), and then acetylserotonin O-methyltransferase (ASMT) catalyzes the subsequent 
transformation, converting normelatonin to melatonin. The second route is known as the kynurenine 
pathway, which is the main route of tryptophan metabolism. This pathway is started by the conversion 
of tryptophan to N-formylkynurenine (NFK) by indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 
2,3-dioxygenase 2 (TDO2). L-KYN is obtained by the metabolism of NFK by formamidase. There are 
three branches for subsequent L-KYN metabolism. One is in which it is converted irreversibly into 
KYNA by kynurenine aminotransferases (KATs) isozymes. In the other branches, kynurenine  
3-monooxygenase (KMO) and kynureninase transform L-KYN into 3-hydroxykynurenine (3-HK) and 
anthranilic acid, respectively. After that, anthranilic acid and the 3-HK are transformed by 
hydroxylation or kynureninase to a mutual product: 3-hydroxyanthranilic acid (3-HANA), and in the 
second step of the branch the 3-HK acts as a substrate of the KAT isoenzymes, and is catalysed into 
xanthurenic acid. An auto oxidation reaction converts 3-HANA into cinnabarinic acid; alternatively, 
3-HANA is transformed into quinolinic acid (QUIN) by 3-hydroxyanthranilic acid 3,4-dioxygenase 
(3HAO). In the last steps of this branch, one of the crucial mammalian cofactors, nicotinamide adenine 
dinucleotide+ (NAD+), is produced by quinolinate phosphoribosyl transferase (QPRT) and nicotinamide 
nucleotide adenylyl transferase (NMNAT), respectively.  

Figure 1. The tryptophan catabolic pathway consists of two routes. One is serotonin biosynthesis, the
route which is determined by the amount of tryptophan which can cross the blood-brain barrier (BBB).
As illustrated, two enzymes transform tryptophan into serotonin: first tryptophan hydroxylase (TPH)
hydroxylates tryptophan into 5-hydroxytryptophan and then in the second step L-aromatic amino acid
decarboxylase (AAAD) decarboxylases 5-hydroxytryptophan into serotonin. Serotonin is consequently
transformed to an active metabolite, melatonin, via two-steps of enzymatic catabolism. Firstly,
serotonin is transformed to N-acetylserotonin via acetylation of its amine group by N-acetyl transferase
(NAT), and then acetylserotonin O-methyltransferase (ASMT) catalyzes the subsequent transformation,
converting normelatonin to melatonin. The second route is known as the kynurenine pathway, which is
the main route of tryptophan metabolism. This pathway is started by the conversion of tryptophan to
N-formylkynurenine (NFK) by indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase
2 (TDO2). L-KYN is obtained by the metabolism of NFK by formamidase. There are three branches for
subsequent L-KYN metabolism. One is in which it is converted irreversibly into KYNA by kynurenine
aminotransferases (KATs) isozymes. In the other branches, kynurenine 3-monooxygenase (KMO) and
kynureninase transform L-KYN into 3-hydroxykynurenine (3-HK) and anthranilic acid, respectively.
After that, anthranilic acid and the 3-HK are transformed by hydroxylation or kynureninase to a
mutual product: 3-hydroxyanthranilic acid (3-HANA), and in the second step of the branch the 3-HK
acts as a substrate of the KAT isoenzymes, and is catalysed into xanthurenic acid. An auto oxidation
reaction converts 3-HANA into cinnabarinic acid; alternatively, 3-HANA is transformed into quinolinic
acid (QUIN) by 3-hydroxyanthranilic acid 3,4-dioxygenase (3HAO). In the last steps of this branch,
one of the crucial mammalian cofactors, nicotinamide adenine dinucleotide+ (NAD+), is produced
by quinolinate phosphoribosyl transferase (QPRT) and nicotinamide nucleotide adenylyl transferase
(NMNAT), respectively.
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Figure 2. The mechanism of the human KAT-2 catalytic cycle. (I) PLP is covalently bound to LYS263 in 
the reaction pocket of human KAT-2 by an internal aldimine linkage in the native form of the enzyme; 
(II) The α-amino group of KYN in the active site binds to PLP via an external aldimine bond, and 
breaks the internal aldimine bond. Spontaneously ring closure of the α-keto analogue yields KYNA. 
(III) The α-amino group of the external aldimine bond from the previous step is transferred to the PLP, 
and of the production of KYNA simultaneously allows the formation of pyridoxamine phosphate 
(PMP); (IV) The regeneration of PLP from PMP is accomplished by converting the co-substrate,  
α-ketoglutarate, to glutamate by transferring the amino-group of PMP to the α-ketoglutarate, and 
consequently the PLP-form of the enzyme (I) is regenerated. 

Studies on the cerebral spinal fluid (CSF) of patients diagnosed with schizophrenia and manic 
depression revealed a significant increase in KYNA levels [13], which is part of the logic that KYNA 
plays a key role in modulating cognitive functions [14]. Developing KAT isozymes inhibitors is the 
main strategy to decrease levels of KYNA in the brain, which is beneficial in managing and treating 
psychiatric disorders [15]. Among the four KATs, KAT2 is the main isozyme responsible (>70%) for 
KYNA production in the human brain [16], and therefore the inhibition of KAT2 has become the 

Figure 2. The mechanism of the human KAT-2 catalytic cycle. (I) PLP is covalently bound to LYS263 in
the reaction pocket of human KAT-2 by an internal aldimine linkage in the native form of the enzyme;
(II) The α-amino group of KYN in the active site binds to PLP via an external aldimine bond, and breaks
the internal aldimine bond. Spontaneously ring closure of the α-keto analogue yields KYNA. (III) The
α-amino group of the external aldimine bond from the previous step is transferred to the PLP, and
of the production of KYNA simultaneously allows the formation of pyridoxamine phosphate (PMP);
(IV) The regeneration of PLP from PMP is accomplished by converting the co-substrate, α-ketoglutarate,
to glutamate by transferring the amino-group of PMP to the α-ketoglutarate, and consequently the
PLP-form of the enzyme (I) is regenerated.

Studies on the cerebral spinal fluid (CSF) of patients diagnosed with schizophrenia and manic
depression revealed a significant increase in KYNA levels [13], which is part of the logic that KYNA
plays a key role in modulating cognitive functions [14]. Developing KAT isozymes inhibitors is
the main strategy to decrease levels of KYNA in the brain, which is beneficial in managing and
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treating psychiatric disorders [15]. Among the four KATs, KAT2 is the main isozyme responsible
(>70%) for KYNA production in the human brain [16], and therefore the inhibition of KAT2 has
become the target of investigations. (S)-4-(Ethyl sulfonyl)benzoylalanine ((S)-ESBA) is the first known
reversible KAT2 inhibitor with a reported IC50 at around 1 to 2 mM [17]. The next generation of
hKAT2 inhibitors were BFF-122 and the cyclic hydroxamic acid PF-04859989, which were identified
as potent and irreversible inhibitors of human KAT II with reported IC50s of around 0.1 to 1 µM [18].
The mechanism of action of these inhibitors is by inactivating PLP irreversibly, and hence providing
the knock down of KAT2—however irreversible inhibitors are generally not optimal in drug design
and development [19]. Moreover, Schwarcz and others have recently shown the superior application of
the reversible inhibition by using BFF-816 in preclinical trials [20]. It is noteworthy that the irreversible
inhibition of PLP (active form of vitamin B6) has a range of potential undesirable and dangerous side
effects due the interference with the activity of over 300 PLP-dependent enzymes and proteins [21].
It is not far from the reality to state that nearly every major biological system in the human body could
be affected directly or indirectly by the inactivation of PLP which is needed in more than 140 different
enzymatic pathways [22]. Carbidopa and benserazide are typical examples of drugs that permanently
deactivate PLP by irreversibly binding to it. The usage of carbidopa and benserazide resulted in
multiple adverse effects. From studies on carbidopa which are more comprehensive, after the approval
of L-dopa/carbidopa as a combination drug by the FDA, the death rate of Parkinson’s disease (PD)
patients was observed to increase, and unfortunately this trend has continued uninterrupted for
almost 40 years [23]. The KAT-2 structure consists of three domains including the N-terminal arm,
the large domain, and the C-terminal domain (called the small domain) belonging to fold type I
aminotransferases from PLP-dependent enzymes [24]. Therefore, irreversible inhibitors of KAT-2 are
likely to have similar issues as carbidopa and benserazide.

In the current study, our main goal has been to design and develop novel and reversible KAT-2
inhibitors with suitable potency. Furthermore, in order to comprehensively study KAT-2 inhibitors,
the inhibitory activities of the designed compound along with several other reported KAT-2 inhibitors
were evaluated using our HPLC based inhibition assay. Meanwhile, by means of HPLC and surface
plasmon resonance (SPR) techniques, the probable mechanism of action and binding was identified
and described in comparison with PF-04859989, a well-established irreversible KAT-2 inhibitor [19].

2. Results and Discussion

Characterization of the Inhibitory Activity and Binding Affinity of 2-(5,6-Dichloro-1,3-dioxo-1,3-dihydro-
2H-isoindol-2-yl)-3-phenylpropanoic Acid (NS-1502) on hKAT2

The design scheme (Figure 3) has two main components. One is based on (S)-ESBA, previously
designed on the basis of a clear resemblance to the structure of KYN as well as tryptophan (see
Figure 1). The second component is based on the development of BFF-122 and PF-04859989, both
selective KAT-2 inhibitors, and indole-3-acetic acid. The first step of the pharmacophore design of the
general KAT inhibitor was omitting the amine group of BFF-122 and PF-04859989 due to the adverse
effects described for the PLP irreversible deactivators. After testing, it was noted that the lipophilic
moiety on phthalimide core, led to increased potency, and amino acids with an aromatic ring were
considered the most suitable candidates (Figure 3). Finally, the phthalimide with dichloro groups
and the amino acid phenyl alanine, NS-1502, was revealed to be a promising inhibitor with using a
reversible inhibitory effect on hKAT2 (IC50 « 315 µM) (Figure 4).

In comparison with the known and reversible KAT-2 inhibitor, S-ESBA, 20% inhibition at 200 µM,
NS-1502 displayed a higher potency to inhibit recombinant KAT-2. The calculated IC50 values based on
the measurement of our protocol were 15–20 µM and 1–3 µM for BFF-122 and PF-04859989, respectively.
From this inhibition, NS-1502 fits our main goal of designing a reversible inhibitor that acts without
affecting PLP availability, and has increased potency compared to the prior well-established reversible
inhibitor (S-ESBA).
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Figure 3. NS-1502 was designed on the basis of existing KATs inhibitors and compounds involved in 
the kynurenine pathway. The left branch of the design is on the basis of the similarity of (S)-ESBA to 
KYN, and tryptophan, the right side of the design scheme is based on the pharmacophore of the most 
potent available KAT-2 inhibitors (BFF-122 and PF-04859989) and general KATs inhibitor (indole-3-
acetic acid). 
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Figure 4. (a) Structure of NS-1502 with numbering corresponding to the NMR results; (b) Inhibitory 
activity of NS-1502 in a dose-dependent format. 

  

Figure 3. NS-1502 was designed on the basis of existing KATs inhibitors and compounds involved in the
kynurenine pathway. The left branch of the design is on the basis of the similarity of (S)-ESBA to KYN,
and tryptophan, the right side of the design scheme is based on the pharmacophore of the most potent
available KAT-2 inhibitors (BFF-122 and PF-04859989) and general KATs inhibitor (indole-3-acetic acid).
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Figure 4. (a) Structure of NS-1502 with numbering corresponding to the NMR results; (b) Inhibitory
activity of NS-1502 in a dose-dependent format.
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To examine the affinity of the interaction between KAT-2 and NS-1502, we used surface plasmon
resonance as a highly sensitive assay that measures changes in the refractive index of the surface of
the sensor chip. We were able to achieve sufficient binding levels of KAT-2 onto a CM5 chip via the
amine coupling, (20602 RU) to enable quantification of the subsequent analyte interaction with the
NS-1502. Solvent corrections were applied to the analysis, and the data demonstrated clear interactions
between NS-1502 and KAT-2 in comparison to the referenced flow cell. A steady state affinity model
was generated to fit the reference data (Figure 5), showing that NS-1502 binds to KAT-2 with suitable
affinity (KD: 7.2 ˆ 10´6, chi2: 0.34).
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Figure 5. Steady state affinity model obtained of NS-1502 with KAT-2 at 25 ˝C.

Previous studies have demonstrated the reversibility and competitive properties of KAT inhibitors
by considering different PLP concentrations on the extent of inhibition in the assay reaction
mixture [25,26]. By testing a fixed concentration of inhibitor (500 µM) in the HPLC based inhibition
assay with different concentrations of PLP (50, 100, 200 and 500 µM), NS-1502 showed progressively
decreased inhibitory activity in response to increased PLP concentrations, while the activities of
the well-established irreversible inhibitor, PF-04859989, remained unaffected by the changing PLP
concentrations. Our results have confirmed the reversibility of the inhibition of KAT-2 by NS-1502,
and also suggested the irreversibly inhibited KAT-2 by PF-04859989 cannot be regenerated by adding
extra PLP. Moreover, from experimental results and free binding energy estimation for interactions
of PLP with compounds similar to PF-04859989 [27], it is expected that these irreversible inhibitors
tend to attack the internal aldimine linkage between PLP and LYS263 in KAT-2 instead of having
interaction with free PLP in the reaction environment. Using online prediction tool, the possibility to
cross blood-brain barrier (BBB) was measured (http://www.cbligand.org/BBB) based on the threshold
and indicates that NS-1502 can probably pass BBB; however, appropriate studies in vivo is necessary.

3. Materials and Methods

3.1. General Procedures

Commercially available reagents were used without additional purification unless otherwise
stated. (S)-ESBA, BFF-122 and PF-04859989 were bought from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), Axon Medchem (Groningen, The Netherlands) and Sigma (Munich, Germany),
respectively. Thin layer chromatography (TLC) was performed on aluminum sheets coated with silica
gel (Merck, 60, F254) and examined under UV/VIS light (254 and 365 nm). 1H-NMR (400 MHz) and
13C-NMR (100 MHz) spectroscopy were obtained using DMSO as NMR solvent on a Gemini 400-MR
NMR spectrometer (Varian, Palo Alto, CA, USA). Low and high resolution mass spectroscopy were
accomplished by direct infusion electrospray ionization and reported as mass to charge ratio (m/z)
and related intensity (%). Low-resolution ESI-MS was recorded on a TSQ 7000 (LC-MS/MS system,
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Thermo-Finnigan, San Jose, CA, USA). High resolution ESI-MS was measured on a Apex Ultra Fourier
Transform Ion Cyclotron Resonance 7 T Mass Spectrometer (Bruker Daltonics, Bremen, Germany).
Surface plasmon resonance (SPR) experiments were performed using a Biacore T200 instrument with a
CM5 sensor chip (GE Healthcare Life Sciences, Sydney, Australia), and the data was analyzed using
Biacore T200 Control Software and Biacore T200 Evaluation Software. PBST (phosphate buffered
saline, pH 7.4 with 0.05% Tween 20) was purchased from Sigma, and SPR buffer (40 mM EDC, 10 mM
sulfo-NHS, 10 mM sodium acetate, 1 M ethanolamine HCl, pH 8.5) were purchased from Bio-Rad
Laboratories (Gladesville, Australia). Dimethyl sulfoxide (DMSO) was purchased from Thermo Fisher
Scientific (Scoresby, Australia).

3.2. Inhibitor Synthesis

A solution of 4,5-dichlorophthalic anhydride (5 mmol) and phenylalanine (5 mmol) in glacial
acetic acid (7 mL) was stirred and heated under reflux for 6 h. The product of this reaction (Figure 4a,
yield 85%) was precipitated by addition of cold water, filtered and dried to afford grams and % yield
of 2-(5,6-dichloro-1,3-dioxoisoindolin-2-yl)-3-phenylpropanoic acid (NS-1502). 1H-NMR (400 MHz,
DMSO-d6): δ 8.16 (2H, s, H-3,4), 7.15 (5H, m, H-20-24), 5.11 (1H, dd, J = 11.53, 4.82 Hz, H-13), 3.48
(1H, dd, J = 14.20, 4.82 Hz, H-15a), 3.30 (1H, dd, J = 14.20, 11.53 Hz, H-15a); 13C-NMR (100 MHz,
DMSO-d6): δ 33.85 (C-15), 53.41 (C-13), 125.68 (C-3,4), 126.59 (C-24), 128.32 (C-20,21), 128.66 (C-22,23),
130.33 (C-5,6), 137.11 (C-19), 138.06 (C-1,2), 165.17 (C-7,9), 169.64 (C-12); HRESIMS: 385.99630 m/z
[C17H11Cl2NO4 + Na]+ (Calcd. 385.99573).

3.3. Protein Preparation

The recombinant KAT-2 protein was expressed and purified in our lab as previously described [28].

3.4. Inhibition Studies Using Recombinant Human KAT2

The extent of the conversion of KYN to KYNA was assessed in our inhibition assay by incubating
0.5 µg of KAT-2 at 37 ˝C for 10 min in a total volume of 50 µL of a reaction mixture containing 50 µM
PLP, 5 mM α-ketoglutarate, 5 mM L-KYN in PBS, pH 7.4, with the inhibitor being studied (1–2000 µM).
The reaction was terminated by adding an equal volume of formic acid (0.8 M). The KYNA produced
was analyzed using HPLC with UV detection at a wavelength of 330 nm using a C18 reverse-phase
column using 50% (v/v) methanol and 50% (v/v) water as the mobile phase.

3.5. Surface Plasmon Resonance Binding Assay

NS-1502 in the prepared solution was passed over the purified expressed his-tagged KAT-2 bound
to a CM5 chip. The binding affinity of NS-1502 to KAT-2 was determined by the system recording
changes in the refractive index of the surface of the CM5 sensor chip that occurred when the NS-1502
samples interacted.

Prior to the measurements to bind ligand on the chip, solutions were filter sterilized for 10 min at
25 ˝C and the purified hKAT2 was diluted to a final concentration of 320 µg/mL in sodium acetate
buffer (pH 4.5). The flow rate was set to 10 µL/min and the temperature set to 25 ˝C. The surface
of two flow cells was activated using a 1:1 mixture of 100 mM EDC and 100 mM Sulfo-NHS. KAT-2
was subsequently injected for 7 min in flow cell 2. Flow cell 1 was a control immobilization using
running buffer (PBST) as a reference. Both flow cells were then deactivated using 1 M ethanolamine.
To measure the affinity of NS-1502, different concentrations of the inhibitor samples were prepared
(ranging from 1 to 130 µM) in running buffer (PBST with 5% DMSO) immediately before starting the
measurements. The flow rate was set to 30 µL/min and all measurements were performed at 25 ˝C
using the multicycle kinetics mode. For the interaction of NS-1502 with the bound KAT-2, the contact
time was set to 90 s and the dissociation time to 300 s with an extra 50% DMSO wash performed after
each injection. Solvent correction was performed before and after the series of NS-1502 injections due
to the use of DMSO in sample preparation and the running buffer.
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4. Conclusions

In summary, we have developed a new reversible KAT-2 inhibitor with potency in a similar range
to the currently reported irreversible inhibitors. The indication that NS-1502 probably can cross the
BBB identifies this molecule as a very promising candidate for lead optimization. Furthermore, we
expect our general ideas and the assay and analysis techniques developed may become useful methods
for screening and characterizing other novel leads to inhibit this essential enzyme involved in many
cognitive and neurodegenerative disorders. Future in vivo studies will be required to further consider
the detail required of the effects of this compound on the other enzymes involved in CNS diseases
with cognition and psychosis.

Acknowledgments: The authors acknowledge support from the University of Sydney and Australian
Postgraduate Research Awards (A.N., G.S.J.) to conduct this study and authors wish to thank Colin Duke, NMR
Facility, Faculty of Pharmacy, and Nick Proschogo, Mass Facility, School of chemistry for advice and discussions.

Author Contributions: Alireza Nematollahi and Guanchen Sun conducted the protein production;
Alireza Nematollahi and Guanchen Sun performed HPLC bioassay; Gayan S Jayawickrama and
Alireza Nematollahi conducted and analyzed surface plasmon resonance experiments; Jane R. Hanrahan
contributed chemistry expertise; W. Bret Church, Alireza Nematollahi and Guanchen Sun designed the
experiments; Alireza Nematollahi and W. Bret Church wrote and with Jane R. Hanrahan revised the paper.
All authors read and agreed with the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jones, S.P.; Guillemin, G.J.; Brew, B.J. The kynurenine pathway in stem cell biology. Int. J. Tryptophan Res.
2013, 6, 57–66. [CrossRef] [PubMed]

2. Vecsei, L.; Szalardy, L.; Fulop, F.; Toldi, J. Kynurenines in the CNS: Recent advances and new questions.
Nat. Rev. Drug Discov. 2013, 12, 64–82. [CrossRef] [PubMed]

3. Dalton, E.J.; Rotondi, D.; Levitan, R.D.; Kennedy, S.H.; Brown, G.M. Use of slow-release melatonin in
treatment-resistant depression. J. Psychiatry Neurosci. 2000, 25, 48–52. [PubMed]

4. Dolberg, O.T.; Hirschmann, S.; Grunhaus, L. Melatonin for the treatment of sleep disturbances in major
depressive disorder. Am. J. Psychiatry 1998, 155, 1119–1121. [CrossRef] [PubMed]

5. Guidetti, P.; Bates, G.P.; Graham, R.K.; Hayden, M.R.; Leavitt, B.R.; MacDonald, M.E.; Slow, E.J.; Wheeler, V.C.;
Woodman, B.; Schwarcz, R. Elevated brain 3-hydroxykynurenine and quinolinate levels in Huntington
disease mice. Neurobiol. Dis. 2006, 23, 190–197. [CrossRef] [PubMed]

6. Gulaj, E.; Pawlak, K.; Bien, B.; Pawlak, D. Kynurenine and its metabolites in Alzheimer’s disease patients.
Adv. Med. Sci. 2010, 55, 204–211. [CrossRef] [PubMed]

7. Ogawa, T.; Matson, W.R.; Beal, M.F.; Myers, R.H.; Bird, E.D.; Milbury, P.; Saso, S. Kynurenine pathway
abnormalities in Parkinson’s disease. Neurology 1992, 42, 1702–1706. [CrossRef] [PubMed]

8. Schwarcz, R.; Bruno, J.P.; Muchowski, P.J.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology
meets pathology. Nat. Rev. Neurosci. 2012, 13, 465–477. [CrossRef] [PubMed]

9. Shamir, E.; Laudon, M.; Barak, Y.; Anis, Y.; Rotenberg, V.; Elizur, A.; Zisapel, N. Melatonin improves sleep
quality of patients with chronic schizophrenia. J. Clin. Psychiatry 2000, 61, 373–377. [CrossRef] [PubMed]

10. Szalardy, L.; Zadori, D.; Toldi, J.; Fulop, F.; Klivenyi, P.; Vecsei, L. Manipulating Kynurenic Acid Levels in the
Brain—On the Edge Between Neuroprotection and Cognitive Dysfunction. Curr. Top. Med. Chem. 2012, 12,
1797–1806. [CrossRef] [PubMed]

11. Fazio, F.; Lionetto, L.; Curto, M.; Iacovelli, L.; Cavallari, M.; Zappulla, C.; Ulivieri, M.; Napoletano, F.;
Capi, M.; Corigliano, V. Xanthurenic Acid Activates mGlu2/3 Metabotropic Glutamate Receptors and is a
Potential Trait Marker for Schizophrenia. Sci. Rep. 2015, 5, 17799. [CrossRef] [PubMed]

12. Sun, G.; Nematollahi, A.; Nadvi, N.A.; Kwan, A.H.; Jeffries, C.M.; Church, W.B. Expression, purification
and crystallization of human kynurenine aminotransferase 2 exploiting a highly optimized codon set.
Protein Expr. Purif. 2016, 121, 41–45. [CrossRef] [PubMed]

13. Jayawickrama, G.S.; Sadig, R.R.; Sun, G.; Nematollahi, A.; Nadvi, N.A.; Hanrahan, J.R.; Gorrell, M.D.;
Church, W.B. Kynurenine Aminotransferases and the Prospects of Inhibitors for the Treatment of
Schizophrenia. Curr. Med. Chem. 2015, 22, 2902–2918. [CrossRef] [PubMed]

http://dx.doi.org/10.4137/IJTR.S12626
http://www.ncbi.nlm.nih.gov/pubmed/24092986
http://dx.doi.org/10.1038/nrd3793
http://www.ncbi.nlm.nih.gov/pubmed/23237916
http://www.ncbi.nlm.nih.gov/pubmed/10721684
http://dx.doi.org/10.1176/ajp.155.8.1119
http://www.ncbi.nlm.nih.gov/pubmed/9699707
http://dx.doi.org/10.1016/j.nbd.2006.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16697652
http://dx.doi.org/10.2478/v10039-010-0023-6
http://www.ncbi.nlm.nih.gov/pubmed/20639188
http://dx.doi.org/10.1212/WNL.42.9.1702
http://www.ncbi.nlm.nih.gov/pubmed/1513457
http://dx.doi.org/10.1038/nrn3257
http://www.ncbi.nlm.nih.gov/pubmed/22678511
http://dx.doi.org/10.4088/JCP.v61n0509
http://www.ncbi.nlm.nih.gov/pubmed/10847313
http://dx.doi.org/10.2174/156802612803989264
http://www.ncbi.nlm.nih.gov/pubmed/23030614
http://dx.doi.org/10.1038/srep17799
http://www.ncbi.nlm.nih.gov/pubmed/26643205
http://dx.doi.org/10.1016/j.pep.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26773745
http://dx.doi.org/10.2174/0929867322666150608094054
http://www.ncbi.nlm.nih.gov/pubmed/26051411


Molecules 2016, 21, 856 9 of 9

14. Pittaluga, A.; Vaccari, D.; Raiteri, M. The “kynurenate test”, a biochemical assay for putative cognition
enhancers. J. Pharmacol. Exp. Ther. 1997, 283, 82–90. [PubMed]

15. Nematollahi, A.; Church, W.B.; Nadvi, N.A.; Gorrell, M.D.; Sun, G. Homology modeling of human
kynurenine aminotransferase III and observations on inhibitor binding using molecular docking. Cent. Nerv.
Syst. Agents Med. Chem. 2014, 14, 2–9. [CrossRef] [PubMed]

16. Zinger, A.; Barcia, C.; Herrero, M.T.; Guillemin, G.J. The Involvement of Neuroinflammation and Kynurenine
Pathway in Parkinson’s Disease. Parkinsons Dis. 2011, 2011, 716859. [CrossRef] [PubMed]

17. Pellicciari, R.; Venturoni, F.; Bellocchi, D.; Carotti, A.; Marinozzi, M.; Macchiarulo, A.; Amori, L.; Schwarcz, R.
Sequence variants in kynurenine aminotransferase II (KAT II) orthologs determine different potencies of the
inhibitor S-ESBA. Chemmedchem 2008, 3, 1199–1202. [CrossRef] [PubMed]

18. Henderson, J.L.; Sawant-Basak, A.; Tuttle, J.B.; Dounay, A.B.; McAllister, L.A.; Pandit, J.; Rong, S.B.; Hou, X.J.;
Bechle, B.M.; Kim, J.Y.; et al. Discovery of hydroxamate bioisosteres as KAT II inhibitors with improved oral
bioavailability and pharmacokinetics. Medchemcomm 2013, 4, 125–129. [CrossRef]

19. Dounay, A.B.; Anderson, M.; Bechle, B.M.; Campbell, B.M.; Claffey, M.M.; Evdokimov, A.; Evrard, E.;
Fonseca, K.R.; Gan, X.M.; Ghosh, S.; et al. Discovery of Brain-Penetrant, Irreversible Kynurenine
Aminotransferase II Inhibitors for Schizophrenia. Acs. Med. Chem. Lett. 2012, 3, 187–192. [CrossRef]
[PubMed]

20. Wu, H.Q.; Okuyama, M.; Kajii, Y.; Pocivavsek, A.; Bruno, J.P.; Schwarcz, R. Targeting Kynurenine
Aminotransferase II in Psychiatric Diseases: Promising Effects of an Orally Active Enzyme Inhibitor.
Schizophr. Bull. 2014, 40, S152–S158. [CrossRef] [PubMed]

21. Hinz, M.; Stein, A.; Cole, T. Parkinson’s disease: Carbidopa, nausea, and dyskinesia. Clin. Pharmacol. 2014, 6,
189–194. [PubMed]

22. Wu, F.; Christen, P.; Gehring, H. A novel approach to inhibit intracellular vitamin B6-dependent enzymes:
Proof of principle with human and plasmodium ornithine decarboxylase and human histidine decarboxylase.
FASEB J. 2011, 25, 2109–2122. [CrossRef] [PubMed]

23. Hinz, M.; Stein, A.; Cole, T. The Parkinson’s disease death rate: Carbidopa and vitamin B6. Clin. Pharmacol.
2014, 6, 161–169. [PubMed]

24. Rossi, F.; Valentina, C.; Garavaglia, S.; Sathyasaikumar, K.V.; Schwarcz, R.; Kojima, S.; Okuwaki, K.; Ono, S.;
Kajii, Y.; Rizzi, M. Crystal structure-based selective targeting of the pyridoxal 51-phosphate dependent
enzyme kynurenine aminotransferase II for cognitive enhancement. J. Med. Chem. 2010, 53, 5684–5689.
[CrossRef] [PubMed]

25. Mason, M.; Gullekson, E. Estrogen-enzyme inhibitions: Inhibition and protection of kynurenine transaminase
by the sulfate esters of diethylstilbestrol, estradiol, and estrone. J. Biol. Chem. 1960, 235, 1312–1316. [PubMed]

26. Mason, M.; Gullekson, E. Inhibition of pyridoxal phosphate-dependent enzymes by the sulfate esters of
estradiol, estrone, and diethylstilbestrol. J. Am. Chem. Soc. 1959, 81, 1517. [CrossRef]

27. Oliveira, E.; Santos, C.I.M.; Santos, H.M.; Fernandez-Lodeiro, A. From visible to far-red excitable
chromophores derivatives of vitamin B6. Evaluation as pH-responsive probes and solvatochromic study.
Dyes Pigments 2014, 110, 219–226. [CrossRef]

28. Nematollahi, A.; Sun, G.; Harrop, S.J.; Hanrahan, J.R.; Church, W.B. Structure of the PLP-Form of the Human
Kynurenine Aminotransferase II in a Novel Spacegroup at 1.83 A Resolution. Int. J. Mol. Sci. 2016, 17, 446.
[CrossRef] [PubMed]

Sample Availability: Sample of the compound NS-1502 is available from the authors.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/9336311
http://dx.doi.org/10.2174/1871524914666140416095523
http://www.ncbi.nlm.nih.gov/pubmed/24739074
http://dx.doi.org/10.4061/2011/716859
http://www.ncbi.nlm.nih.gov/pubmed/21687761
http://dx.doi.org/10.1002/cmdc.200800109
http://www.ncbi.nlm.nih.gov/pubmed/18537204
http://dx.doi.org/10.1039/C2MD20166F
http://dx.doi.org/10.1021/ml200204m
http://www.ncbi.nlm.nih.gov/pubmed/24900455
http://dx.doi.org/10.1093/schbul/sbt157
http://www.ncbi.nlm.nih.gov/pubmed/24562494
http://www.ncbi.nlm.nih.gov/pubmed/25484598
http://dx.doi.org/10.1096/fj.10-174383
http://www.ncbi.nlm.nih.gov/pubmed/21454364
http://www.ncbi.nlm.nih.gov/pubmed/25364278
http://dx.doi.org/10.1021/jm100464k
http://www.ncbi.nlm.nih.gov/pubmed/20684605
http://www.ncbi.nlm.nih.gov/pubmed/14422057
http://dx.doi.org/10.1021/ja01515a065
http://dx.doi.org/10.1016/j.dyepig.2014.03.036
http://dx.doi.org/10.3390/ijms17040446
http://www.ncbi.nlm.nih.gov/pubmed/27023527
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Procedures 
	Inhibitor Synthesis 
	Protein Preparation 
	Inhibition Studies Using Recombinant Human KAT2 
	Surface Plasmon Resonance Binding Assay 

	Conclusions 

