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The synthesis of (o-nitrobenzoyl)-, (/n-nitrobenzoyl)-, and (p-nitrobenzoyl)alanine (o-, m-, and 
p-NBA), three new kynurenine analogues, and their evaluation as inhibitors of kynureninase and 
kynurenine-3-hydroxylase are reported. The most potent of these compounds, m-NBA, has an 
IC50 of 0.9 ± 0.1 /uM as an inhibitor of kynurenine-3-hydroxylase and of 100 ± 12 ̂ M as an inhibitor 
of kynureninase. When administered to rats, m-NBA significantly increases the concentration of 
kynurenine and kynurenic acid in the brain as well as in blood and in the liver. m-NBA has also 
been shown to increase the concentration of kynurenic acid in hippocampal extracellular fluid. 
This increase is associated with sedative and anticonvulsant activities, thus confirming the possibility 
of antagonizing L-glutamate-mediated effects by modulating the kynurenine pathway of L-tryp-
tophan metabolism. 

Introduction Scheme 1 

Unachieved in a clinically useful way, pharmacological 
control of the central nervous system (CNS) excitatory 
pathways responding to the neurotransmitter L-glutamate 
is an exceedingly important goal.1 Indeed, an abnormally 
intense exposure to L-Glu has been implicated in the 
pathogenesis of several neurological disorders either 
chronic (Alzheimer's, Parkinson's, amyotrophic lateral 
sclerosis, etc.) or caused by acute insult (hypoxia/ischemia, 
hypoglycaemia, head trauma, etc.). Among the strategies 
aimed at reducing the overstimulation of the glutamatergic 
receptors, the modulation of the L-kynurenine (KYN) 
catabolic pathway of L-tryptophan (L-Trp) in the brain 
(Scheme 1) is gaining considerable interest since the 
discovery that two metabolites along the route, kynurenic 
acid (KYNA) and quinolinic acid (QUIN), interact with 
the iV-methyl-D-aspartate (NMDA) receptor complex in 
a functionally opposite manner.2 KYNA is a nonselective 
antagonist at the strychnine-insensitive glycine recognition 
site and is endowed with neuroprotective properties,3 

whereas QUIN, a selective agonist at the NMDA site of 
the NMDA receptor complex, is a relatively potent 
neurotoxin which has been implicated in the pathogenesis 
of a variety of neurological disorders, including Hunting­
ton's disease.4 Increased concentrations of QUIN have 
also been indicated as responsible for neurological dis­
turbances accompanying many infections and inflamma­
tory diseases, including acquired immune deficiency 
syndrome (AIDS).41 Recently, Heyes et al. have also 
reported that a delayed increase in the level of QUIN occurs 
in several brain regions following transient ischemia.5 

Two main strategies aimed at favorably altering the 
KYNA/QUIN balance have so far been followed, the first 
one focused on the development of more selective and 
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potent KYNA analogues,6 and a second one aimed either 
at blocking QUIN's production or at increasing the KYNA 
production by inhibiting key enzymes of the KYN 
pathway, a task facilitated by the recent advances in the 
elucidation of its physiology and biochemistry. Here are 
some relevant points: (a) The KYN pathway is mainly 
localized in systemic tissues, especially the liver, while 
most of L-Trp in the CNS is converted to indolamines or 
utilized in protein synthesis.7 (b) Neither QUIN nor 
KYNA can enter the brain due to their polar nature and 
the lack of active transport mechanism.8 (c) KYN can 
readily cross the blood-brain barrier by using a neutral 
amino acid transporter9 and is the main source of KYNA 
in normal brain by the action of KYN aminotransferase, 
an enzyme preferentially localized in astrocytes but also 
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present in neurons,10 which may significantly increase the 
production of KYNA3^11 and its accumulation in the brain 
when more KYN is available, (d) There is an apparent 
inability of normal brain to convert either L-Trp or KYN 
to QUIN. The only QUIN precursor in normal brain, 
3-hydroxyanthranilate, is converted to QUIN by the action 
of 3-hydroxyanthranilic acid oxygenase (3-HAO), which 
is present in the astrocytes surrounding glutamatergic 
synapses.12 The de novo conversion in the brain of L-Trp 
to QUIN has been demonstrated to occur only following 
transient cerebral ischemia probably as a consequence of 
the presence of macrophage infiltrates with their KYN 
biosynthetic machinery in damaged brain regions.5 (e) 
An increase in the concentration of KYNA, which is 
normally relatively low in brain tissues (ca. 0.1 jtM),3d'13 

leads to the manifestation of pharmacological effects 
compatible with antagonist activity toward EAA recep­
tors.14 In inhibitor design, most efforts have so far been 
focused on two enzymes of the KYN pathway, indolamine-
2,3-dioxygenase (IDO)15 and kynureninase. In this con­
nection, a recent paper by Phillips et al.16 reporting the 
design and synthesis of S-aryl-L-cysteine S,S-dioxide 
derivatives as selective and potent inhibitors of kynureni­
nase is particularly relevant. 

We have reported, previously, that nicotinoylalanine 
(NAL, 1), a KYN analog hypothesized to interfere with 
kynureninase and kynurenine-3-hydroxylase, increases the 
concentration of KYNA in brain tissues and has in vivo 
anticonvulsant activity, albeit at high doses.17 In view of 
the interesting biological properties exhibited by NAL, 
and also in order to assess the role played by each of the 
two enzymes in this activity, we have pursued a program 
aimed at developing KYN analogues more potent and 
selective than 1. Here we report that one of the compounds 
that we have prepared, (m-nitrobenzoyl)alanine (m-NBA, 
4b), is the first potent and selective competitive inhibitor 
of kynurenine-3-hydroxylase so far reported. In vivo, 
xanthurenic acid has been reported to exert a feedback 
control on the concentration of 3-hydroxykynurenine and 
KYN by inhibiting kynurenine-3-hydroxylase.18 A com­
parison between m-NBA (4b) and NAL (1) as inhibitors 
of kynureninase and kynurenine-3-hydroxylase as well as 
the activity of m-NBA (4b) in preventing seizures induced 
by maximal electroshock in rats or by acoustic stimulation 
in DBA-2 mice are also reported herein. 

Chemistry 

The synthesis of NAL (1) was carried out according to 
previously reported methods.170 The synthesis of (±) (o-
nitrobenzoyl)alanine (o-NBA, 4a) begins with the con­
densation of o-nitrophenacyl bromide (2a) with diethyl 
sodioacetamidomalonate in DMF at room temperature 
for 5 h to afford, after recrystallization, diethyl (o-
nitrophenacyl)acetamidomalonate (3a) in 33% yield. 
Hydrolysis of 3a with 6 N HC1 followed by neutralization 
with sodium hydrogen carbonate afforded o-NBA (4a) as 
a free base in 65% yield. Analogously, starting from 
m-nitrophenacyl bromide (2b) and p-nitrophenacyl bro­
mide (2c), (m-nitrobenzoyl)alanine (m-NBA, 4b) and (p-
nitrobenzoyl)alanine (p-NBA, 4c) were obtained as free 
bases in 28.5 and 22% overall yield, respectively (Chart 
1). 
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Table 1. Competitive Inhibition Assay (MM) 

ICa 

compound kynureninase kynurenine-3-hydroxylase 

NAL (1) 
o-NBA (4a) 
m-NBA (4b) 
p-NBA (4c) 

800 ± 120 
100 ±12 
100 ±12 
900 ± 120 

900 ±180 
2000 ±200 

0.9 ± 0.1 
300 ±60 

Table 2. Effect of m-NBA (4b, 400 mg/kg ip) on the Content of 
KYN and KYNA in Rat Organs0 

KYN KYNA 

saline m-NBA saline m-NBA 

brain 
liver 
blood 

300 ±20 
660 ± 70 

3000 ± 280 

4000 ± 350* 
4000 ± 450* 

16000 ± 1200* 

30 ± 5 
70 ±14 
50 ±10 

150 ± 30* 
250 ± 22* 
120 ± 29* 

° Values are expressed in picomoles/gram of tissue and are the 
mean ± SEM of at least five determinations. Statistical differences 
were evaluated according to ANOVA and Dunnett's t test30 for 
grouped data. *p < 0.01 versus saline. 

Results and Discussion 
Inhibition. The results of competitive inhibition 

studies are shown in Table 1. The ICso's for 1 and 4a-c 
were obtained by utilizing the experimental setting 
reported in Figure 1, where the dose-response curves of 
these inhibitors were obtained by using a single concen­
tration (100 MM) of substrate. p-NBA (4c) exhibited an 
IC60 of 900 ± 120 nM for kynureninase and 300 ± 60 iM 
for kynurenine-3-hydroxylase, thus showing relatively low 
potency and selectivity. m-NBA (4b), with an IC50 of 0.9 
±0.1 fiM for kynurenine-3-hydroxylase and 100 ± 12 ^M 
for kynureninase, resulted a potent and selective inhibitor 
toward the former enzyme. o-NBA (4a), on the other hand, 
exhibited an opposite profile, having an IC50 of 100 ±12 
/uM for kynureninase and 2000 ^M for kynurenine-3-
hydroxylase. 

NAL (1), with an IC50 of 800 ± 120 MM for kynureninase 
and 900 ± 180 MM for kynurenine-3-hydroxylase, showed 
similar but weak activities toward both enzymes. 

Effect of m-NBA (4b) on KYN and KYNA Content 
in the Brain and Other Organs of the Rat. The 
administration of m-NBA (4b, 400 mg/kg ip) significantly 
increased the content of both KYN and KYNA in the 
brain (Table 2). In the whole brain KYN concentration 
increased 13 times and KYNA concentration increased 
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Figure 1. Inhibition of kynureninase and kynurenine-3-hydroxylase by o-NBA (4a), m-NBA (4b), p-NBA (4c), and NAL (1). Different 
concentrations of inhibitors were used while the substrate was 100 JIM. Each point represents the mean of at least four different 
experiments, each performed in duplicate. Standard errors were within 10%. 
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Figure 2. Effects of m-NBA (4b) 200 mg/kg ip on KYN 
concentrations in the rat hippocampal dialysate. Data are the 
average of five rats and are expressed as changes from the baseline 
value (0.1 ± 0.004 jiM). Standard errors were within 15%. 

up to 5 t imes . T h e admin i s t r a t ion of m-NBA (4b) was 
also shown to increase significantly the ext racel lu lar 
concent ra t ion of KYNA. 

E f f e c t s of m - N B A (4b) o n t h e E x t r a c e l l u l a r C o n ­
c e n t r a t i o n o f K Y N a n d K Y N A i n t h e R a t H i p p o ­
c a m p u s . m-NBA (4b, 200 mg/kg ip) significantly in­
creased the extracel lular concent ra t ion of K Y N . T h e 
increase developed after 1 h of m-NBA (4b) admin i s t ra t ion 
and produced the m a x i m u m c o n t e n t of K Y N within 3 h 
(Figure 2). Similarly, t he extracel lular concen t ra t ion of 
t he exci tatory amino acid an tagon i s t K Y N A significantly 
increased after adminis t ra t ion of different doses of m-NBA 
(Figure 3). 

S e d a t i v e a n d A n t i c o n v u l s a n t E f f e c t s of m - N B A 
(4b) . Ra t s injected wi th m - N B A (4b) appea red relatively 
calm and easy to manage . Moreover , m - N B A (4b) 
significantly decreased the spontaneous locomotor activity 
in a dose-dependent m a n n e r (Figure 4). Analogous doses 
of m-NBA (4b) reduced the to ta l dura t ion (tonic a n d clonic 
component ) of maximal e lect roshock- induced seizures 
(Figure 5). When tes ted in DBA-2 mice, m-NBA (4b) 
completely antagonized bo th t he tonic a n d clonic com­
p o n e n t of t he seizures induced by acoust ic s t imula t ion 
(Table 3). 

T h e present results give suppor t to a series of hypotheses , 
t he first of which is t he t he rapeu t i c po ten t ia l ha rbored in 
the ad jus tment of K Y N A or Q U I N as a novel s t ra tegy for 

F igu re 3. Effect of different doses of m-NBA (4b) on KYNA 
concentration in rat hippocampal dialysate. Data are average 
values of at least five rats per each dose. Standard errors were 
within 20% of the reported values. The basal concentration of 
KYNA (found after 1.5 h of perfusion) in the microdialysis 
perfusate was 11.5 ± 0.8 nM (mean ± SEM of 400 determinations) 
and was relatively stable up to 12 h of perfusion. 

I 
° 

I 

50 100 200 

mg/kg m-NBA 

Figure 4. Effect of m-NBA (4b) at the reported doses on 
spontaneous locomotor activity of rats. Each rat was placed in 
a clean cage for 20 min starting 2.5 h after m-NBA administration. 
Each column was obtained by averaging the number of inter­
ruptions of photocells with five different rats. Vertical bars are 
SEM. *p < 0.05 versus saline according to ANOVA and Dunnett's 
t test.30 

t he t r e a t m e n t of neurological diseases, including neuro­
degenera t ive diseases a n d convulsive s ta tes . Also con­
firmed is t he impor t ance of increasing the bra in concen-
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Figure 5. Effect of m-NBA (4b) on the duration of convulsions 
induced by maximal electroshock. m-NBA was administered 
2.5 h before the test at the reported doses. Data are mean ± 
SEM (bars) of groups of at least 10 animals. *p < 0.05 and **p 
< 0.01 versus saline according to ANOVA and Dunnett's ttest.30 

Table 3. Effect of m-NBA (4b) on Sound-Induced Convulsions 
in DBA-2 Mice" 

saline 
m-NBA 200 mg/kg ip 

400 mg/kg ip 

convulsions 

clonic 

13/15 
4/6 
6 / 1 3 " 

tonic 

9/15 
2/6 
1/13* 

death 

5/15 
2/6 
0/13 

° m-NBA (4b) was dissolved in saline and administered 2 h before 
the acoustic stimulation. *p < 0.05, **p < 0.01 by x2 test compared 
with saline. 

tration of K YNA. Thus, it is possible to relate the decrease 
of spontaneous motor activity (Figure 4) and the decrease 
of the duration of convulsions (Figure 5) observed after 
treatment with m-NBA (4b) to the increase of KYNA levels 
in brain extracellular spaces. It should be pointed out, in 
this connection, that these behavioral effects are analogous 
to those elicited by the administration of excitatory amino 
acid receptor antagonists and, among these, by antagonists 
of the glycine site of the NMD A receptor complex, to which 
class KYNA belongs. The observed elevation of KYNA 
brain levels, in turn, is a consequence of the increase of 
KYN in liver, blood, brain, and hippocampal extracellular 
spaces obtained by inhibiting both kynureninase and 
kynurenine-3-hydroxylase in the case of NAL (1), and 
mainly the latter enzyme in the case of m-NBA (4b). The 
experiments here described do not give information on 
the site of action of NAL (1) and m-NBA (4b). This site 
should not necessarily be in the brain, since the increase 
at the central level of KYN availability as a consequence 
of the peripheral inhibition of KYN pathway is probably 
sufficient to explain the observed increase of KYN 
production in the CNS. The ability of m-NBA (4b) to 
antagonize QUIN biosynthesis is under investigation. 

Mechanism of Kynurenine-3-hydroxylase Inhibi­
tion. Molecular Modeling Study. Kynurenine-3-hy-
droxylase (EC 1.14.13.9) is an external flavoprotein 
monoxygenase located in the outer mitochondrial mem­
brane, which incorporates oxygen into KYN to give 
3-hydroxykynurenine and requires FAD as a cofactor and 
either NADH or NADPH as coreductant.19 A possible 
representation of the full catalytic cycle of kynurenine-
3-hydroxylase useful as a working hypothesis, based on 
available kinetic and spectroscopic data19'20 and on the 
strict analogies existing with the well-studied flavoprotein 
phenolic hydroxylases,21'22 is presented in Scheme 2. The 

scheme begins with a reduced enzyme/KYN complex 
which reacts with molecular oxygen (intermediate I) to 
give the corresponding C(4a)-hydroperoxyflavin interme­
diate II (step a). Electrophilic attack from the hydro-
peroxy group to the aromatic ring of KYN (step b), followed 
by electron-transfer reaction (step c), deprotonation of 
the cationic substrate, and concomitant protonation of 
isoalloxazine anionic group22 (step d) leads to intermediate 
V which undergoes dehydration of the hydroxyflavin 
moiety and liberation of 3-hydroxykynurenine (step e). A 
new molecule of KYN binds then to the enzyme, and the 
catalytic cycle is completed when the enzyme/KYN 
complex binds to NADPH, the flavin is reduced again, 
and NADP+ is liberated. 

It may be assumed that the inhibitory activity exerted 
by m-NBA (4b) toward kynurenine-3-hydroxylase and, in 
particular, its high potency and selectivity with respect to 
o-NBA (4a) and p-NBA (4c) as well as to NAL (1) are 
related to stereoelectronic features favoring its binding to 
the active site of the enzyme. In order to assess the 
plausibility of this assertion, molecular modeling studies 
have been carried out. In the absence of experimental 
data concerning the conformation of the enzyme-bound 
ligands, we have initially considered them as having their 
side chain in the energetically favored extended confor­
mation. As a model for the tridimensional structure of 
the active site, moreover, it was decided to construct an 
explicit molecular framework around the ligands able to 
account for primary interactions between the ligands and 
the macromolecule. This approach can permit the dis­
closure of possible correlations between the inhibitory 
activities and the calculated interaction energies, which 
account for the binding potency. This procedure is closely 
related to the "pseudoreceptor approach",23 a method 
successfully utilized for the evaluation of ligands acting 
at membrane-bound receptors and for the calculation, in 
a semiquantitative way, of the observed free energies of 
binding.24 In the present case, we have constructed a 
"pseudoactive site" around KYN as follows. Putative 
binding sites on the active site were identified by using 
GRID,25 a program which evaluates noncovalent inter­
actions between a molecule and a variety of possible 
chemical probes moving around the molecule. The 
tridimensional regions corresponding to the most favorable 
interaction energy can thus be taken as the location of the 
binding points on the active site. In the present case three 
probes have been used, namely a cationic sp3 NH group, 
a carboxylate group, and a phenolic OH group, simulating 
positively charged, negatively charged, and hydrogen 
bonding donor/acceptor active-site residues, respectively. 
Once the GRID energy contour maps were generated, the 
regions of favorable interaction were adequately accom­
modated by surrounding the substrate with lysine, as­
partate, and tyrosine fragments. These fragments were 
then linked together by hydrocarbon spacers, and the 
resulting complex was geometry optimized with molecular 
mechanics. In a separate operation, the complex formed 
by the interaction of the reduced isoalloxazine moiety of 
FAD and molecular oxygen (intermediate I, Scheme 2) 
was optimized by utilizing a semiempirical method (PM3/ 
MOP AC).26 The two superstructures thus obtained 
(pseudoactive site/KYN and isoalloxazine/02) were then 
combined together to give a complex in which the molecular 
oxygen is directed toward position 3 of KYN and further 
geometry optimized. The resulting structure showed, as 
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Figure 6. Geometry-optimized complex arising from the combination of two superstructures, pseudoactive site-KYN and isoalloxazine-
O2, and showing a hydrogen bond network among KYN, 02, isoalloxazine, and the proteie portion. 

Scheme 2 
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expected, a hydrogen-bond network among KYN, O2, 
isoalloxazine, and the proteie portion (Figure 6). In order 
to prove whether this tridimensional model could account 
for the observed affinity of the ligands, the molecular 
oxygen was removed from the complex and KYN was 
substituted, in separate operations, by NAL (1), m-NBA 
(4b), p-NBA (4c), and o-NBA (4a). When m-NBA (4b) 
was allowed to relax within the complex, it was shown to 
adopt a disposition strictly resembling that of KYN (Figure 
7a). In particular, one of the oxygen atoms of the nitro 
group was shown to mimic closely the oxygen atom of 
molecular oxygen involved in the hydrogen-bonding 
network. None of the other ligands was able to adopt a 
similar disposition (Figure 7b-d). While the weak affinity 
of NAL (1) for kynurenine-3-hydroxylase may be attrib­

uted to the lack of an oxygen mimicking group (and 
therefore to the lack of part of the hydrogen bonding 
network), for the o-NBA (4a) and p-NBA (4c) the weak 
affinity probably derives from an unfavorable orientation 
of the oxygen atoms of the nitro group and/or from the 
occupation of a forbidden steric region. The relative 
interaction energies between the various ligand and the 
pseudoactive site are reported in Table 4. These energies 
have been calculated by evaluating the energy of the ligand, 
of the active site and of the pseudoactive site-ligand 
complex. The difference between the sum of the first two 
terms and the third can be seen as an estimation of the 
interaction energy of that ligand and the pseudoactive 
site. Even if these energies are not free energies and 
therefore cannot be directly compared with affinity data, 
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Table 4. Molecular Mechanics Interaction Energies between 
Ligands and the Pseudoactive Site 

compound 

m-NBA (4b) 
p-NBA (4c) 
NAL(l) 
o-NBA (4a) 

AEa'b 

0.0 
1.3 
1.9 
4.3 

-logdCso'/ICso)' 

0.0 
2.52 
2.89 
2.94 

Figure 7. Geometry-optimized complex obtained as a result of the substitution of both KYN and 02 , as previously shown (Figure 
6) with m-NBA (a), p-NBA (b), o-NBA (c), and NAL (d), respectively. 

conditions: HP-1,12 m, 0.2-mm i.d., 0.33-^m ft, 150(l')/280 "C, 
10 °C/min) equipped with a mass detector H P 5971. Flash 
chromatography was performed on Merck silica gel (0.040-0.063 
mm). 

Diethyl (o-Nitrophenacyl)acetamidomalonate (3a). So­
dium hydride (0.916 g, 22.95 mmol, from a 60% mineral oil 
suspension) was added to a magnetically stirred solution of diethyl 
acetamidomalonate (4.98 g, 22.95 mmol) in anhydrous DMF (30 
mL) at room temperature in a nitrogen atmosphere. Stirring 
was continued for 3 h after which a solution of o-nitrophenacyl 
bromide (2a, 5.0 g, 20.49 mmol) in anhydrous DMF (9 mL) was 
added dropwise over 20 min, and the resulting dark red mixture 
was kept with stirring for 5 h. The reaction mixture was then 
poured into water (300 mL) and, after acidification with 3 N 
HC1, was extracted with ether (5 x 60 mL). The combined organic 
phases were washed with brine (100 mL) and dried over anhydrous 
sodium sulfate. Evaporation of the solvent gave a residue (7.5 
g) which was triturated with ether (200 mL) and recrystallized 
from ether/dichloromethane (3:1) to give 3a (2.6 g, 33%): mp 
121-2 °C; IR (CHC13) » , „ 1700, 1540, 1500, 1360, 1310 cm-'; 
'H-NMR (CDCI3) & 1.30 (6H, t, 2 x CH2CH3), 2.10 (3H, s, COCH3), 
4.15 (2H, s, 3-CH2), 4.30 (4H, dd, 2 X C#2CH3) , 7.15 (1H, br s, 
NH), 7.40 (1H, d, J = 7 Hz, 6'-CH), 7.60 (1H, t, J = 7 Hz, 5'-CH), 
7.70 (1H, t, J = 7 Hz, 4'-CH), 8.10 (1H, d, J = 7 Hz, 3'-CH); 
13C-NMR (CDCI3) b 13.76,22.79,45.52,62.92,63.51,124.44,127.12, 
130.87,133.89,136.23,145.68,166.69,169.62,198.77; GC-MS 307 
(5.5),265 (21.89),219 (4.14), 150 (100). Anal. (CnHaoNjOg) C,H, 
N. 

(o-Nitrobenzoy 1)alanine (4a). A suspension of 3a (1.00 g, 
2.63 mmol) in 6 N HC1 (25 mL) was refluxed for 5 h. After 
cooling, the reaction mixture was washed with ethyl acetate (2 
x 5 mL) and concentrated under reduced pressure to give an oily 
residue (0.65 g) which after trituration with acetone yielded the 
pure hydrochloride salt (0.475 g, 66%), mp 196-7 °C dec. An 
aqueous solution of this salt was then neutralized with 5 % sodium 
hydrogen carbonate solution to afford the free base 4a (0.41 g, 
99% from the salt): mp 189-90 °C dec; IR (KBr) i w 1700,1535, 
1485,1360, 1310; 'H-NMR (D20 + CD3OD + CF3C02H) & 3.14 
(2H, d, 3-CH2), 4.00 (1H, t, 2-CH), 7.00 (1H, d, J = 7 Hz, 6'-CH), 
7.20 (1H, t, J = 7 Hz, 5'-CH), 7.30 (1H, t, J = 7 Hz, 4'-CH), 7.60 
(1H, d, J = 7 Hz, 3'-CH); 13C-NMR (D20 + CD3OD + CF3C02H) 
542.60,49.44,125.63,128.50,133.03,135.45,136.04,146.11,171.33, 
201.76. Anal. (C,oH,oN206) C, H, N. 

Diethyl (m-Nitrophenacyl)acetamidomalonate (3b). So-

• Energy in kilocalories/mole. b Differences in interaction energy 
between m-NBA (4b) and the other ligands.c Differences (as 
logarithms) between ICM (IC50*) of m-NBA and ICM'S of the other 
ligands. 

t he qual i ta t ive correlat ion found a m o n g t h e m m a y be 
considered as a clue useful for more advanced s tudies on 
t he molecular mechan i sms under ly ing the inhibi t ion of 
kynurenine-3-hydroxylase . 

C o n c l u s i o n 

This s tudy r epo r t s t he synthes is and pre l iminary 
biological evaluat ion of (m-ni t robenzoyl)a lanine (m-NBA, 
4b), t he mos t powerful a n d selective inhibi tor of kynure-
nine-3-hydroxylase repor ted to da te . m-NBA (4b), which 
is 1000 t imes more active t h a n the previously repor ted 
NAL (1) and by far more selective, is a n useful tool for 
further character iz ing kynurenine-3-hydroxylase . Also, 
in view of t he an t i convulsan t act ivi ty exhibi ted , 4b m a y 
rep resen t a valuable cand ida t e for fur ther t he rapeu t i c 
invest igat ions. E x p e r i m e n t s along these l ines are in 
progress in our laborator ies and will be de ta i led in future 
repor ts . 

E x p e r i m e n t a l S e c t i o n 

General Methods. Melting points were determined on a 
Kofler micro-hot-stage apparatus and are uncorrected. IR spectra 
were recorded with a Perkin-Elmer 1320 spectrometer. 'H-NMR 
and 13C-NMR spectra were taken on a Bruker AC 200 spec­
trometer, and the chemical shifts are in ppm downfield from 
tetramethylsilane, except in the presence of D 2 0 which was also 
used as internal standard. GC-mass spectrometry was performed 
on a Hewlett-Packard gas chromatograph H P 5890 (column and 
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dium hydride (1.90 g, 47.5 mmol, from a 60% mineral oil 
suspension) was added to a magnetically stirred solution of diethyl 
acetamidomalonate (10.0 g, 46.03 mmol) in anhydrous DMF (38 
mL) at room temperature in a nitrogen atmosphere. Stirring 
was continued for 3 h after which a solution of m-nitrophenacyl 
bromide (2b, 10.0 g, 41.0 mmol) in anhydrous DMF (27 mL) was 
added dropwise over 20 min, and the resulting dark red mixture 
was kept with stirring for 5 h. The reaction mixture was then 
poured into water (500 mL) and, after acidification with 3 N 
HC1, extracted with ethyl acetate (5 X 200 mL). The combined 
organic phases were washed with brine (100 mL) and dried over 
anhydrous sodium sulfate. Evaporation of the solvent gave an 
oily residue (17 g) which was submitted to flash chromatogra­
phy: elution with petroleum ether-ethyl acetate (7:3) afforded 
a solid which was further purified by recrystallization with diethyl 
ether to give 3b (5.0 g, 32 %): mp 120-1 °C; IR (CHC13) i w 1700, 
1540,1500,1360,1310 cm"1; ^ - N M R (CDCI3) d 1.30 (6H, t, 2 X 
CH2CH3), 2.00 (3H, s, COCH3), 4.20-4.40 (6H, m, 2 X Ctf2CH3 
and 3-CH2), 7.15 (IH, br s, NH), 7.70 (IH, t, J = 8 Hz, 5'-CH), 
8.40 (2H, dd, J = 8 Hz, 4'-CH and 6'-CH), 8.80 (IH, d, J = 2 Hz, 
2'-CH); 13C-NMR (CDCI3) d 13.71, 22.69, 42.29, 62.84, 63.83, 
122.80, 127.36, 127.54, 133.53, 137.26, 148.47, 166.75, 169.54, 
194.72; GC-MS 380 (M+, 1.1), 265 (51.79), 219 (31.90), 150 (100). 
Anal. (CnHaoNA,) C, H, N. 

(m-Nitrobenzoyl)alanine (4b). A suspension of 3b (7.30 g, 
19.19 mmol) in 6 N HC1 (100 mL) was refluxed for 10 h. After 
cooling, the reaction mixture was washed with ethyl acetate (2 
X 30 mL) and concentrated under reduced pressure to give an 
oily residue (5.5 g) which after trituration with acetone yielded 
the pure hydrochloride salt (4.75 g, 90%), mp 180-181 °C dec. 
An aqueous solution of this salt was then neutralized with 5% 
sodium hydrogen carbonate solution to afford the free base 4b 
(4.11 g, 99.5% from the salt): mp 187-8 °C dec; IR (KBr) vmal 
1700,1535, 1485,1360, 1310; ^ - N M R (D20 + CD3OD + CF3-
C02H) 6 3.25 (2H, d, 3-CH2), 3.90 (IH, t, 2-CH), 7.05 (IH, t, J 
= 8 Hz, 5'-CH), 7.70 (2H, t, J = 8 Hz, 4'- and 6'-CH), 8.10 (IH, 
s, 2'-CH); 13C-NMR (D20 + CD3OD + CF3C02H) d 39.27,49.83, 
123.82,129.43,131.48,135.25,137.25,149.26,171.67,197.36. Anal. 
(CioH10N206) C, H, N. 

Diethyl (p-Nitrophenacyl)acetamidomalonate (3c). So­
dium hydride (1.90 g, 47.5 mmol, from a 60% mineral oil 
suspension) was added to a magnetically stirred solution of diethyl 
acetamidomalonate (9.97 g, 45.9 mmol) in anhydrous DMF (38 
mL) at room temperature in a nitrogen atmosphere. Stirring 
was continued for 3 h, after which a solution of p-nitrophenacyl 
bromide (2c, 10.0 g, 41.0 mmol) in anhydrous DMF (27 mL) was 
added dropwise over 20 min, and the resulting dark red mixture 
was kept with stirring for 5 h. The reaction mixture was then 
poured into water (500 mL) and, after acidification with 3 N 
HC1, was extracted with ethyl acetate (5 X 200 mL). The 
combined organic phases were washed with brine (100 mL) and 
dried over anhydrous sodium sulfate. Evaporation of the solvent 
gave an oily residue (17 g) which was submitted to flash 
chromatography: elution with petroleum ether-ethyl acetate (8: 
2) afforded 3c (5.0 g, 32%): mp 111-2 °C; IR (CHCI3) » w 1700, 
1535, 1500, 1350, 1310; iH-NMR (CDCI3) « 1.30 (6H, t, 2 X 
CH2Ctf3), 2.00 (3H, s, COCH3), 4.20-4.40 (6H, m, 2 X Cff2CH3 
and3-CH2),7.20(lH,brs,NH),8.20(4H,dd,J=9Hz,aromatics); 
13C-NMR (CDC13) & 13.76,22.76,42.50,62.95,63.81,123.81,129.88, 
140.32, 150.48, 166.77, 169.60, 195.46; GC-MS 380 (M+, 1.17), 
265 (51.79), 219 (29.96), 150 (100). Anal. (CnHaoNAi) C, H, N. 

(p-Nitrobenzoyl)alanine (4c). A suspension of 3c (4.0 g, 
10.5 mmol) in 6 N HC1 (100 mL) was refluxed for 9 h. After 
cooling, the reaction mixture was washed with ethyl acetate (2 
X 20 mL) and concentrated under reduced pressure to give an 
oily residue (3 g) which after trituration with acetone yielded the 
pure hydrochloride salt (2.0 g, 70%), mp 171-2 °C dec. An 
aqueous solution of this salt was then neutralized with 5 % sodium 
hydrogen carbonate solution to afford the free base 4c (1.73 g, 
99.5% from the salt): mp 178-9 °C dec; IR (KBr) J W 1695, 
1535, 1490, 1360, 1310 cm"1; lH-NMR (D20 + CD3OD + CF3-
C02H) 6 3.10 (2H, d, 3-CH2), 3.80 (IH, t, 2-CH), 7.40 (4H, dd, 
J = 9 Hz, aromatics); 13C-NMR (D20 + CD3OD + CF3C02H) 5 
39.48,49.44,124.84,130.39,140.76,151.82,171.56,198.03. Anal. 
(Ci0H10N2O6) C, H, N. 

Biological Tests. Evaluation of Enzyme Activity. Kynure-

nine-3-hydroxylase activity was evaluated in brain and liver by 
monitoring the formation of 3-hydroxykynurenine in tissue 
homogenates incubated in the presence of different concentration 
of KYN. The tissues were homogenized in 8 volumes of ice-cold 
0.32 M sucrose and centrifuged at 4 "C for 30 min at lOOOOg. The 
pellets were washed two times by suspension and centrifugation 
in sucrose and, finally, suspended in 10-15 volumes of 0.14 M 
KC1/20 mM potassium phosphate buffer pH 7. The reaction 
mixture consisted of 50 pL of suspended pellet and 100 ML of 
phosphate buffer solution (100 mM, pH 7.5) containing 4 mM 
MgCl2, different concentrations of KYN, and 4 mM NADPH. 
After 5-30 min of incubation at 37 ° C, the reaction was terminated 
by addition of 0.1 mL of 20% (wt/vol) trichloroacetic acid. 
Kynureninase was monitored by measuring the formation of 
anthranilic acid in brain or liver homogenates incubated in the 
presence of KYN. Briefly, the tissues were homogenized in 
phosphate buffer (20 mM, pH 7) containing KC1 (140 mM). The 
supernatants obtained after centrifugation (20000g for 30 min at 
4 °C) were directly used as enzyme source. The reaction mixture 
consisted of 50 tih of this supernatant and 50 pL of substrate 
solution containing 200 mM Tris-HCl buffer pH 8, 100 11M 
pyridoxal phosphate, and different concentration of KYN. After 
a 30-min incubation at 37 °C, the reaction was terminated by 
adding 0.1 mL of 20% (wt/vol) trichloroacetic acid. 

Implantation of the Dialysis Membrane. The experiments 
in rodents were formally approved by an ethical committee and 
were performed according to the rules of the University of Firenze. 
Adult male Wistar rats (Morini, Reggio Emilia, Italy) weighing 
180-220 g were used. They were anesthetized using chloral 
hydrate (300 mg/kg ip) and placed in a stereotaxic apparatus. 
The skull was opened. A transcerebral microdialysis probe (AN 
69 membrane, Dasco, Italy; 220-/xm internal diameter; 310-/um 
external diameter, molecular weight cutoff > 15 000 Da), prepared 
according to Ungerstedt,27 was placed into the dorsal hippocampus 
and fixed with a screw and dental cement. Ringer solution (in 
mM: NaCl 122, KC1 3.1, MgS04 1.2, KH2P04 0.4, CaCl2 1.3, 
NaHCO-3 25, glucose 10) perfused the probe at a rate of 2 /tL/min. 
The animals were then placed in individual cages. The probe 
openings were closed. Twenty-four hours later the animals were 
once again connected to the perfusion apparatus. At least a 1-h 
stabilization was allowed before collecting the perfusates for 
KYNA determination. 

Quantification of KYNA in Dialysate. KYNA was mea­
sured using HPLC with postcolumn derivatization and fluores­
cence detection.3* The dialysate was directly injected into the 
HPLC apparatus. A reversed-phase column (S 10 ODS2 Spher-
isorb) was used, and the separation was obtained using 50 mM 
sodium acetate buffer (pH 6.20) with 8% acetonitrile as mobile 
phase at a flow rate of 1.0 mL/min. The postcolumn derivatizing 
agent was zinc acetate (0.5 M) at a flow rate of 0.6 mL/min. The 
fluorimetric detection was performed with a Perkin-Elmer 
spectrophotofluorimeter LC 240 using an excitation wavelength 
of 344 nm and an emission of 398 nm. 

Quantification of KYNA in Rat Tissue. Unanesthetized 
rats were decapitated, and their brains and other organs (liver, 
kidney, blood) were rapidly collected. After homogenization and 
purification on a Dowex exchange resin,36 the samples were 
injected into the HPLC apparatus and evaluated with the 
postcolumn derivatization method described above. 

Quantification of KYN. KYN was measured in blood, tissue 
homogenates, or dialysis fluids by means of HPLC . a The dialysis 
fluids were injected directly into the HPLC apparatus, the tissues 
were homogenized in HCIO4 (0.4 N), and blood was mixed with 
an equal volume of HCIO4 (0.8 N). The mixtures were left to 
stand on ice for 15 min and then centrifuged at lOOOOg for 10 
min; the supernatants were filtered and injected into the HPLC. 
The separation was achieved with a reversed-phase column 
(Spherisorb S10 ODS2) and a mobile phase containing 0.1 M 
ammonium acetate, 0.1 M acetic acid, and 2% acetonitrile. The 
absorbance was monitored at 365 nm using a U V detector Perkin-
Elmer LC 90. 

Quantification of 3-Hydroxykynurenine. 3-Hydroxy-
kynurenine was separated and detected using a combination of 
HPLC and an electrochemical method29 with minor modifications. 
The separation was obtained using a reversed-phase column 
(Spherisorb S10 ODS2) and a mobile phase consisting of 950 mL 
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of water, 20 mL of acetonitrile, 9 mL of triethylamine, 5.9 mL 
of phosphoric acid, 100 mg of sodium EDTA, and 1.8 g of 
heptanesulfonic acid a t a flow rate of 1.5 mL/min. The detection 
was performed with a coulometric detector (ESA Coulochem 
5100A) with preoxidation voltage of 0.03 V and an oxidation 
voltage of 0.23 V. 

Quantif icat ion of Anthrani l i c Acid. Anthranilic acid was 
assessed by means of HPLC equipped with a fluorimetric detector. 
The separation was achieved with a reversed-phase column as 
above and a mobile phase constituted of sodium acetate buffer 
20 mM containing 30% methanol. The detection was obtained 
with a Perkin-Elmer LC240 fluorimeter. The excitation wave­
length was 312 nm and the emission 420 nm. 

Convulsions. Maximal electroshock seizures were obtained 
in rats by delivering through corneal electrodes a train of stimuli 
having the following parameters: 300-ms total duration, 10-ms 
duration of each stimulus, 160-mA intensity, and 60-Hz frequency. 
The total duration of tonic and clonic convulsion was measured. 
Audiogenic convulsions were obtained in DBA-2 mice (22-25 
days old, Charles River, Como, Italy) which were exposed to an 
electric bell generating a 110-dB sound for 60 s. Protection against 
such convulsions were defined as the absence of tonic or clonic 
seizures during exposure to the sound. 

Evaluation of the Spontaneous Locomotor Act iv i ty . Rats 
treated with an intraperitoneal injection of saline or of different 
doses of m-NBA (4b) were evaluated for their spontaneous 
locomotor activity with an Animex activity meter. The number 
of interruptions of the photocells was monitored by individually 
placing the rats in clean cages for 20 min. Five rats were used 
at each dosage level. 
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