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Abstract: Kynurenine 3-hydroxylase (KYN 3-OHase) is a key enzyme in the kynurenine pathway of
tryptophan degradation and its inhibition may be an effective mechanism for counteracting neuronal
excitotoxic damage. We present here a new class of inhibitors derived from a structure-activity
relationship (SAR) study of the benzoylalanine side-chain of 1. 2-hydroxy-4-(3,4-dichlorophenyl)-4-o0xo-
butanoic acid (8) and 2-benzyl-4-(3,4-dichlorophenyl)-4-oxo-butanoic acid (10) emerged as the most
interesting derivatives. Enantiospecific synthesis for both enantiomers of 8 and diastereomeric salt
resolution for those of 10 were successfully applied. © 1998 Elsevier Science Ltd. All rights reserved.
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Excitotoxic processes are likely to play a significant role in the pathogenesis of a number of neurological
and psychiatric diseases.” Pharmacological blockade of cerebral excitatory amino acid receptors provides
an attractive mean to prevent or arrest excitotoxic neuronal death’ but since excitatory amino acid (EAA)
receptors have defined and important functions in brain physiology their unmitigated blockade, particularly
when maintained over an extended period, carries substantial clinical hazards.’

An alternative approach to direct blockade of EAA receptors may be that of influencing EAA receptor
function indirectly. In this regard, modulation of the balance between two endogenous neuroactive
kynurenines, the neuroprotective broad spectrum EAA receptor antagonist kynurenic acid (KYNA) and
the excitotoxic N-methyl-D-aspartate (NMDA) receptor agonist quinolinic acid (QUIN), may result in a
decrease in receptor mediated pathologies. KYNA and QUIN are two metabolites of the kynurenine
pathway of L-tryptophan degradation in the periphery and in the brain.®

In the kynurenine pathway, kynurenine aminotransferase (KAT) is the enzyme responsible for the
synthesis of KYNA from kynurenine. Kynurenine 3-hydroxylase (KYN 3-OHase) provides 3-
hydroxykynurenine (3-OH-KYN) and kynureninase converts 3-OH-KYN to 3-hydroxyanthranilic acid (3-
OH-AA), which is further metabolised to QUIN. Potent hibitors of KYN 3-OHase, if devoid of KAT
inhibitory activity, could therefore be useful tools to increase KYNA levels in the brain.
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Kynurenine PNU-156561A (1)

From a natural substrate analogue approach’ we discovered PNU-156561A (1) as a potent KYN-3-
OHase inhibitor® endowed with neuroprotective effects in animal models of ischemia.” The SAR 6f the
aromatic part of 1 was previously examined and a 3,4-dichloro substitution of the phenyl ring was found as
the most effective.'® Recently N-hetaryl-phenylsulfonamides were reported as very potent competitive
KYN 3-OHase inhibitors.!! Here we wish to report the exploration of the SAR in the benzoylalanine side
chain of 1.

We first defined the role of the carboxy and amino functions in the aminoacidic part of 1 (Table 1).
Compounds were initially tested in the rat liver KYN 3-OHase assay'’ and for interesting inhibitors,
confirmation was done in the rat brain KYN 3-OHase test.”’ Preservation of the acid function was
mandatory for inhibiton of KYN 3-OHase (Table 1).

¢

Table 1. Variations in the aminoacidic group of 1

Entry R Rat Liver KYN 3-OHas. (ICs + SEM; | Rat Brain KYN 3-OHase (ICso + SEM,,
uM) or (%inhibition@100puM)" uM)M ]
CH(NH,)COOH 0.3310.03 0.2010.02
2 CH,COOH 3.9+0.2 0.9+0.1
3 CH,NH, 2@100uM nt

The effect of selected substitutions at position-2 of 2 are reported in Table 2. The presence of a hydrogen
bond donor such as in 8 gave a compound roughly equipotent to 1 in the rat liver and brain assays, while
alkyl, alkoxy or halogen substituents were less effective.

Substitution by a phenyl group led to diminished activity but a benzyl group (10) featured again low
micromolar activity. Double substitution at position 2 was detrimental to activity as exemplified in Table 2
(entries 11-14).

Since 8 displayed an interesting activity we sought for this series confirmation of the SAR for the
aromatic ring substitution pattern, in analogy with the work done on benzoylalanines.'® Again, substitution
on the aromatic ring by halogens and nitro groups (Table 2; entries 20-24) favoured activity. In particular,
as in the case of 1, disubstitution in 3,4-position by two halogens (chlorine or fluorine) gave the most

potent compounds (8 and 23).
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Table 2. Variations in the 4-phenyl-4-oxo-butanoic backbone

COOH

Entry R R’ X Rat Liver KYN 3- Rat Brain KYN 3-
OHase (ICso + SEM; OHase (ICso £ SEM,

uM)™2 UM

2 H H 3,4-diCl 3.9+0.2 0.940.1

4 CH; H 3,4-diCl 6.9+1.2 3.540.2

5 OCH; H 3,4-diCl 6.9+3.7 1.240.1

6 =CH, 3,4-diCl 36.0+8.3 nt

7 Cl H 3,4-diCl 14.8+2 4 2.240.2

8 OH H 3,4-diCl 1.4£03 0.30+0.06

9 Ph H 3,4-diCl 19.5+1.8 nt

10 CH,Ph H 3,4-diCl 29£1.2 0.1810.01

11 CH; CH, 3,4-diCl 21@100pM nt

12 CH; NH, 3,4-diCl 35@100uM nt

13 CH, OH 3,4-diCl 43@100uM nt

14 Cyclopropyl 3,4-diCl 20@100uM nt

20 OH H 3-Cl 1.10£0.3 0.48+0.02

21 OH H 3-F 9.1+1.1 5.6£0.9

22 OH H 3-NO, 11.5t4.0 1.9540.15

23 OH H 3,4-diF 3+0.2 1.45£0.08

24 OH H OCH, 7@100uM nt
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Introduction of a E-double bond across the side-chain of 2 gave a compound (15) that still retained

part of the inhibitory effect (Table 3). The presence of an hydroxy substituent in 2-position of 15 enhanced

the potency of this class of compounds in parallel with the saturated series (see Table 2)

Table 3. Variations in the 4-oxo-butenoic acid backbone

P
x<©/ﬂ\/r\cnon

Entry | R X | RatLiver KYN 3-OHase (ICso + SEM; |  Rat Brain KYN 3-OHase (ICx t
uM)'? SEM; pM)*?
15 H | 3,4diCl 10414 0.9+0.1
16 H | 34-diF 21.1£1.9 1.1£0.1
17 | CH, |34diCl 11.3£12 22402
18 | OH |34diCl 6.41.3 0.95+0.08
19 | OH | 34-dF 1.2£0.2 0.4410.02

At this stage 8 and 10 were the compounds we deemed as the most interesting in this series based

upon their activity in the primary assays and their potential for further manipulation. Table 4 reports the

activities of 8 and 10 against KYN 3-OHase from different sources (rat liver, rat brain and human

recombinant), other enzymes in the kynurenine pathway (KYNase and KAT) and other monoxygenases such

as para-hydroxy-benzoate hydoxylase (PHBH) and liver flavin-dependent monoamine oxidase (FMO). All

compounds demonstrated selectivity towards other enzyme wich uses kynurenine as a substrate (KYNase
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and KAT) and specificity with respect to an aromatic hydroxylase such as PHBH or a general
monooxygenase like FMO.

If one compares the structures and activities of 8 and 10 it is apparent that the 2-hydroxy (8) and the 2-
benzyl (10) functions play a role at increasing the potency with respect to the, parent compound 2. In the
case of 8 the hydroxy group is probably involved in an accessory hydrogen bond with an enzyme’s amino
acid residue, as it does in the benzoylalanine 1. This assumption is corroborated by the fact that 18 and 19
(still active compounds) tautomerism favors the enol over the keto form. By the other hand, the effect of the
phenyl moiety of 10, which due to the rotation of the methylene bond occupies a different spatial region
from the hydroxy group of 8, may reasonably be ascribed to a hydrophobic interaction with a suitable amino

acid residue.

Table 4. Activity of selected compounds against KYN 3-OHase from different sources, selectivity towards kynurenine
pathway enzymes and specificity against representative monooxygenases.

Entry Rat Liver Rat Brain Human Rat liver KYN Rat liver PHBH (% of | FMO (% of
KYN 3- KYN 3- recombinant ase (% of KAT (% of inhibition at inhibition at
OHase. (ICsp | OHase (ICso KYN 3- inhibition at inhibition at concentration | concentration

+ SEM, +SEM; | OHase (ICs + | concentration | concentration | of inhibitor)'® | of inhibitor)"’

uM)2 uMy™ SEM; pM)"? | of inhibitor)'* | of inhibitor)"
0.3310.03 0.20+0.02 0.2040.01 10@100pM 14@1000pM 2@100uM 8.5@100uM
8 1.410.3 0.30+0.06 3.340.9[19] 0@100uM 23@100uM 29@100uM nt

10 2.9+0.2 0.18+0.01 0.1810.01 0@ 100uM 8@100pM 8@100puM 16@ 100uM

Therefore we developed an enantiospecific synthesis for obtaining both enantiomers of 8 (here reported

for the S-enantiomer) on the gram-scale, while for the 2-benzylderivatives we recurred to fractional
crystallization of the ephedrine salts of 10. In the latter case we could not ascribe the absolute configuration
of 27 and 28, but based upon comparison of optical and pharmacological properties with 1 and 8
enantiomers we can bona fide assign the S-configuration to the (-)-enantiomer (27) and the R-configuration
to the (+)-enantiomer (28). Schemes 1 and 2 describe the synthetic routes and experimental data for

previously unknown 25 and 27 are reported.

Scheme 1. Enantioselective Synthesis of 25.

c

D L0 O o0 1. AICl,, 80 °C, 3h
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Scheme 2 Synthesis of 10 and diastereomeric salt resolution to 27 and 28.

Z 1. PACHAMgCI
—_—

COOCH,
Cul.MesS

Cl 2. NaOH, MeOH

(o] Cl

1. Ephedrine, AcOEt
2. HCI
(-}27 (+)-28

In parallel with what we found in the benzoylalanine series, the S-enantiomers of both derivatives (25

and 27) were the eutomers (Table 5).

Table 5. Stereoselectivity in the effect of the enantiomers of 8 and 10.
R

2 COOH
c)
Ci

Entry R Conf Rat liver KYN 3-OHase inhib. (ICso + SEM; pM)?
8 OH RS 1.4£0.3

25 OH S-(-) 0.42+0.03

26 OH R-(+) 14.443 3

10 CH,Ph RS 2.9£1.2

27 CH,Ph S-(-) 2.340.5

28 CH,Ph R-(+) 10.741.6

In summary, we reported on the generation and testing of a new class of KYN-3-OHase inhibitors as a
continuation of a natural substrate analogue study we started with benzoylalanines. Compound 8 and 10
(their eutomers being 25 and 27) showed robust enzymatic inhibition, selectivity towards other kynurenine
pathway enzymes and specificity against other monooxygenases, and due to their lack of metabolic liability

with respect to 1 they represent promising compounds for further in vivo studies.
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