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Abstract—The mechanism of action of three potent inhibitors of 3-hydroxyanthranilic acid oxygenase
(BHAO), the enzyme responsible for the production of the endogenous excitotoxin quinolinic acid, was
examined ir vitro. Using either liver homogenate or purified 3HAO, and following the rapid synthesis
of the immediate enzymatic product a-amino-g-carboxymuconic acid w-semialdehyde spectro-
photometrically, 4-halogenated (F, Cl, Br) 3-hydroxyanthranilic acids were found to inhibit enzymatic
activity in a reversible fashion. Because of the very tight binding of the drugs to 3HAO, reversibility
was detected only after warming the protein-inhibitor complexes at 37°. Further studies showed that
enzyme inhibition was competitive in nature (apparent K values: 190, 6 and 4 nM for the F-, Cl- and
Br-compounds, respectively), and suggested that the drugs are metabolized by the enzyme. Specific,
reversible, and tightly binding 3HAQ inhibitors can be expected to become valuable tools for the study
of quinolinate neurobiology. The drugs could also be of interest for the diagnostics and therapeutics of
brain diseases which have been speculatively linked to a pathological overabundance of quinolinic acid.
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Quinolinic acid, an established component of the
tryptophan-NAD™* pathway in the periphery, has
gained prominence recently for its neuroactive
properties [1]. In particular, the compound was
shown to activate selectively N-methyl-D-aspartate
(NMDA}) receptors, which are likely to mediate
most of the “fast” excitatory synaptic transmission
in the brain [2]. Since NMDA receptors also have
been linked convincingly to the pathogenesis of a
wide spectrum of neurological diseases [2], the
neurobiology of quinolinic acid has recently become
the subject of intensive scrutiny. Abnormalities in
cerebral quinolinic acid content or metabolism
have been found in temporal lobe epilepsy
[3], Huntington’s disease [4], olivopontocerebellar
atrophy [5], hepatic encephalopathy [6] and, most
dramatically, in the AIDS-dementia complex [7].
In the brain as in the periphery of mammals,
quinolinic acid appears to be synthesized exclusively
by the Fe?*-dependent dioxygenase 3-hydroxy-
anthranilic acid oxygenase (3HAO). 3HAO actually
catalyzes the conversion of 3-hydroxyanthranilic acid
(3HANA) to a-amino-f-carboxymuconic acid -
semialdehyde, which, in turn, transforms spon-
taneously into quinolinic acid [8-10]. Identical
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t Abbreviations: NMDA, N - methyl - b - aspartate;
3HAO, 3-hydroxyanthranilic acid oxygenase; 3HANA,
3-hydroxy-anthranilic acid; MES, 2[N-morpholino}-eth-
anesulfonic acid; 4-halo-3HANA, 4-halogenated-3-
hydroxyanthranilic acid; 4-F-HANA, 4-fluoro-3-hydroxy-
anthranilic acid; 4-CI-3HANA, 4-chloro-3-hydroxy-
anthranilic acid; and 4-Br-3HANA, 4-bromo-3-hydroxy-
anthranilic acid.
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3HAO proteins are present in the liver and in the
brain, where the enzyme is localized in astrocytes
[11].

Inhibitors of 3HA O activity, namely 4-halogenated
substrate analogs, have been described {12, 13], and
are potentially useful tools for the study of quinolinate
function [13-15]. They are also of obvious therapeutic
interest in diseases which can be traced to an
overabundance of quinolinic acid. Therefore, we
decided to examine the mechanism of 3HAQO
inhibition by 4-halo-3HANAS in detail. Some of the
results have been published in abstract form [16].

METHODS

Materials. 4-F-, 4-Cl-, and 4-Br-3HANAs were
synthesized as described previously [13]. All other
reagents were obtained from commercial sources.

Enzyme preparations. Cell-free homogenate was
prepared from the liver of male Sprague-Dawley
rats (250-400 g). After storage of whole liver at
—20° for up to 3 months, the tissue was thawed,
minced and homogenized on ice by 3 times 2-sec
bursts of sonication (1:4, w/v) in <1 mL of 150 mM
2[N-morpholino]-ethanesulfonic acid (MES) buffer,
pH 6.5, using a cell disruptor (Ultrasonics Inc.,
Plainview, NJ; maximal setting). After centrifugation
(10,000 g, 10 min), the supernatant was collected
and diluted 1:4 in distilled water.

Purified 3HAO was prepared from rat liver using
a slight modification of the procedure of Okuno et
al. [11]; thus, in the final stages of purification, the
CM-celluiose column was ommitted and Sephacryl
S-200 was substituted for Sephadex G-150.

Enzyme assay. 3HAO activity was measured
according to the method of Bokman and Schweigert
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[8] by following the conversion of 3HANA to a-
amino-S-carboxymuconic acid w-semialdehyde.*
The assay mixture contained (final concentrations)
30 uM 3HANA, 0.3 mM (NH,); Fe(SO,);, enzyme
inhibitors at various concentrations and cell-free
homogenate or purified enzyme and 60 mM MES
buffer, pH 6.5, in a total volume of 1 mL.T Routine
assays were performed by preincubating the buffer,
(NH,), Fe(SO,),, inhibitor and enzyme preparation
for 1min at 30° and initiating the reaction by
adding 3HANA. Subsequently, the incubation was
continued at 30°, and the production of a-amino-f-
carboxymuconic acid w-semialdehyde over the next
60 sec was measured spectrophotometrically by the
increase in absorbance at 360 nm. A unit of enzyme
activity was defined as the amount of 3HAO which
produces 1 umol a-amino-B-carboxymuconic acid -
semialdehyde [10] per min under routine assay
conditions.

Dialysis. Enzyme preparations containing 63 units
of 3HAO activity in approximately 2mL in the
presence or absence of inhibitors were dialyzed
overnight at 4° against 400 mL of 60 mM MES buffer,
pH 6.5, containing 10 mM S-mercaptoethanol. Sub-
sequently, the sample was split, and 3HAO activity
was determined either immediately or after further
incubation for 1 hr at 37°.

Kinetic analyses. Kinetic studies were performed
with tissue homogenates by varying the substrate
concentration between 0.25 and 1uM. The con-
centration of 3HAQO used per sample was calculated
to be approximately 45 nM [11]. Routinely. buffer,
(NH,), Fe(SO,4), and enzyme preparation were
incubated for 1 min at 30°. The reaction was then
initiated with a mixture of 3HANA and inhibitor,
the solution was mixed and data collection begun
within 3 sec. The increase in absorbance at 360 nm
was followed using a Beckman model DU-30
spectrophotometer. Recordings were taken every
0.2 sec and recorded electronically. The first 6 sec
of the recorded reaction were chosen for the
determination of the reaction rate. K; values were
determined from Lineweaver—-Burk plots.

Protein determination. Protein was measured
according to the method of Bradford [19] using
bovine serum albumin as a standard.

RESULTS

Reversibility of 3HAO inhibition. Initial experi-
ments were designed to assess the reversibility of
the inhibition of 3HAO activity by the drugs. To
this end, the enzyme reaction mixture without
substrate was incubated in the presence or absence
of enzyme inhibitors for up to 2hr at 37°.
Subsequently, the mixture was equilibrated at 30°
(1 min) and the reaction started by the addition of

* The half-life of conversion of a-amino-f-carboxy-
muconic acid w-semialdehyde into quinolinic acid is not
influenced by pH and is reported to be 43 min at 25° [17].
Therefore, the concentration of the analyte for the assay
will show no significant decrease over the time interval of
measurement.

+ The assay conditions used (pH 6.5, non-chelating
buffer) minimize the auto-oxidation of Fe?* (cf. Ref. 18).
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Fig. 1. Reversibility of the association between 4-halo-3-
HANAs and 3HAO enzyme. Samples containing buffer,
(NH,), Fe(50,),, inhibitor, and 1 unit of enzyme activity
were incubated at 37° for the indicated time periods and
subsequently assayed for 3HAO activity using the routine
assay procedure. The concentrations of 4-halo-3HANAs
were 312 nM [4-F-3HANA; (A)], 135nM [4-CI-3HANA;
(B)] and 32 nM [4-Br-3HANA; (C)]. Data are means *
SEM (N = 3 per time point). 3HAO activity is expressed
as a percentage of the activity obtained under otherwise
identical assay conditions in the absence of inhibitor
(between 0.97 and 1.47 units for the different time points).
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Table 1. Effect of overnight dialysis in the presence of 4-halo-3HANAs on 3HAO

activity in liver homogenate

3HAO activity (% of control)

Overnight at 4°

4-halo-3HANA Initial activity Dialyzed Non-dialyzed

4-F-3HANA 25%3 10+3 3111
(100 = 6)*

4-C1-3HANA 27=%3 40 = 8 47 + 3*
(108 = 19)*

4-Br-3HANA 33=x2 78 * 6t 67 = 6*
(114 = 14)t

Samples initially contained 63 units of 3HAO activity and 1.6 uM 4-F-3HANA,
0.68 uM 4-CI-3HANA or 0.16 uM 4-Br-3HANA, respectively. Samples (2 mL) were
either incubated for 16 hr on ice or dialyzed against 400 mL buffer for the same time
period. All data are expressed as a percentage of respective control values which
were obtained under identical conditions in the absence of drugs (controls lost 74 and
22% of the initial activity after overnight incubation with and without dialysis,
respectively). Values are the means + SEM of four separate experiments. Data in
parentheses demonstrate that full recovery of enzyme activity was obtained when
aliquots of dialyzed samples were incubated for 1 hr at 37° (N = 4 per group).

* P < 0.01 as compared to respective controls (one-tailed Student’s t-test).

1 P <0.001.

3HANA. Drug concentrations (see legend to Fig.
1) were chosen to effect approximately 75% in-
hibition of enzyme activity under routine incubation
conditions.

For all three drugs, prolonged incubation at 37°
resulted in an increase in apparent 3HAO activity
with time. Reversion of the inhibitory effect was
most prominent during the first 2.5 min of incubation
and proceeded at a slower pace thereafter (Fig. 1).
At 1hr of incubation, 3HAO activity was inhibited
by 25, 27 and 25% for 4-F-, 4-Cl- and 4-Br-3HANA,
respectively. Virtually identical data, demonstrating
the reversibility of enzyme inhibition, were obtained
with purified 3HAO (data not shown). In separate
experiments, it was found that incubation of the
drugs alone (60 min, 37°) did not significantly (P >
0.01) affect their inhibitory potency.

Dialysis. The physical association between enzyme
and inhibitors was examined by dialysis. Drug
concentrations were chosen to produce 75% in-
hibition of control enzyme activity prior to dialysis.

As shown in Table 1, dialysis of the enzyme
overnight at 4° in the presence of 4-F-3HANA did
not result in an increase in apparent 3HAO activity,
indicating a lack of dissociation between enzyme
and inhibitor under these conditions. Enzyme activity
was increased moderately, but not significantly,
following dialysis with 4-Cl-3HANA. Dialysis in the
presence of 4-Br-3HANA resulted in a substantial
restoration of enzyme activity (P < 0.001) as com-
pared to control values.

Since these results could be due either to physical
removal of 4-Br-3HANA from the enzyme during
dialysis or to chemical instability of the compound,
separate samples were incubated in 2mL buffer
under otherwise identical conditions. These non-
dialyzed samples showed the same selective decrease
in enzyme inhibition with 4-Br-3HANA as described

above for dialyzed preparations (Table 1). Thus, 4-
Br-3HANA appears to be less stable than the other
two drugs upon prolonged incubation at 4°, but no
indication was obtained for a physical dissociation
of the inhibitors from the enzyme under these
experimental conditions.

Another series of experiments was designed to
evaluate the recovery of enzyme activity during
further incubation of the dialyzed samples at 37° for
1hr. In all cases (i.e. using each of the three drugs),
3HAO activity was restored, thus confirming the
reversibility of enzyme inhibition at physiological
temperature (Table 1).

Kinetic analysis. After establishing the reversibility
of the association of enzyme and inhibitors, the next
set of experiments was designed to explore the
precise mechanism of 3HAO inhibition by 4-halo-
3HANAs. Since the dialysis study had suggested
that the drugs were bound quite tightly to the
enzyme, kinetic analyses had to be performed by
following the initial rate of the reaction after starting
the assay with a mixture of substrate and inhibitor.
Preliminary experiments using this paradigm showed
that the reaction rate remained reproducibly linear
for at least 6sec; therefore, a 6-sec reaction time
was chosen for subsequent analyses.

In preliminary experiments, the concentration of
3HANA was varied between 0.03 and 1mM.
Double-reciprocal plots derived from these studies
showed curvature (data not shown). The linear range
of these plots, representing substrate concentrations
of 0.25 to 1 mM, was chosen therefore for kinetic
analyses. Lineweaver-Burk representations derived
from Michaelis-Menten equations are depicted in
Fig. 2. The graphs show apparent competitive
inhibition of the enzyme by all three drugs. The K;
values estimated from these plots were 190, 6 and
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Fig. 2. Kinetic analyses of the initial reaction rate of 3HAO activity in the presence of 4-halo-3SHANAs.

Liver homogenate 3HAO activity (1 unit) was measured by following A4/min at 360 nm for the first

& sec of the reaction initiated by addition of a mixture of 3HANA and the respective 4-halo-3HANA.

The following concentrations of 4-halo-3HANAs were used: A (4-F-3HANA): no drug (A), 10 uM

(@), 15uM (O), and 20uM (x); B (4-CI-3HANA): no drug (A), 400nM (@), 600 nM {O), and

800 nM (x); C (4-Br-3HANA): no drug (A}, 200 nM (@), 400 oM (O), and 600 pM (%). Data are
means = SEM (N = 3-6).
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Fig. 3. Hypothetical scheme for the metabolism of 4-halo-3-HANAs by 3HAO.

4nM for 4-F-3HANA, 4-CI-3HANA and 4-Br-
3HANA, respectively. Thus, K; values were of the
same order of magnitude as the enzyme concentration
used in the experiment (cf. Methods), qualifying the
inhibitors as “tight binding” drugs [20].

DISCUSSION

In the present study, analysis of 3HAO inhibition
was based on the measurement of a-amino-§-
carboxymuconicacid w-semialdehyde, theimmediate
reaction product of the enzyme-catalyzed process.
Using this assay system, both the rank order and the
absolute inhibitory potency of the three 4-halo-
3HANAs were comparable to those obtained
previously with a radiometric acsay in which the
production of [*C]quinolinic acid from [*C]-
3HANA was used as an analytical endpoint. In those
studies, conducted with rat and human brain tissue,
incubation proceeded for 1hr to allow for the
quantitative (non-enzymatic) formation of quinolinic
acid [13].

Previous kinetic studies using either quinolinic
acid production after a 30-min incubation {21] or
a-amino-B-carboxymuconic acid w-semialdehyde
formation after a 1-min incubation [12] led to the
proposal that 4-CI-3HANA, the only drug tested in
those experiments, acted as a non-competitive
3HAO inhibitor. However, it is difficult to distinguish
between competitive and non-competitive enzyme
inhibition when dealing with drugs which bind very
tightly to the protein [22]. Under the experimental
conditions used previously, particularly when testing
substrate analogs which display very high affinity to
the 3HAO protein, it is also virtually impossible to
differentiate reversible from irreversible binding.
For example, measurement of enzyme activity
following dialysis of the enzyme—-inhibitor complex
at 4° leads to the conclusion that the drug-protein
interaction is irreversible [12].

The experimental approaches used here to re-
evaluate the mechanism of 3HAO blockade by 4-
CI-3HANA and its congeners confirmed the tight
physical association between enzyme and inhibitor(s)
but also demonstrated unequivocally the reversibility
of their interaction. Irreversible inhibitors decrease
enzyme activity with increasing association time [22).
This is clearly in contrast to the present results,
which showed a loss of apparent inhibitory potency
when protein and inhibitor(s) were incubated
together at 37° for up to 1 hr. Notably, reversibility
by brief increases in temperature was observed not
only after the protein and the inhibitor(s) were
mixed acutely, but also after they had been kept
together on ice for an extended period of time (data
not shown). Moreover, overnight incubation of the
enzyme with 4-Br-3HANA at 4° resulted in a loss
of enzyme inhibition. Taken together, these data
suggest that the inhibitors can serve as substrates for
3HAO. Thus, the apparent preferential loss of
inhibition by warming of the drugs in the presence
of enzyme—but not in its absence—or in the case
of 4-Br-3HANA merely by incubation with the
enzyme overnight at 4°, is likely due to enzymatic
metabolism of the drugs. The relatively lower
concentration of 4-Br-3HANA used in these studies
may explain why its metabolism was detected more
readily than that of 4-CI-3HANA and 4-F-3HANA
(i.e. even after incubation on ice). Since all three
inhibitors are substrate analogs, they may be
metabolized in an identical manner as 3HANA itself,
yielding 6-hydroxyquinolinic acid (Fig. 3). The
production of this hypothetical product is currently
under investigation in our laboratories.

Once the reversibility of the inhibition by the
drugs was ascertained, the precise nature of drug
action could be investigated. Mixing the enzyme
with the inhibitor(s) prior to initiation of the reaction
with the substrate would have allowed the drug to
bind completely to the protein. Since the inhibitors
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bind very tightly to 3HAO, Michaelis—-Menten
analysis would certainly result in the appearance of
noncompetitive inhibition [12]. In contrast, initiation
of the reaction with a mixture of substrate and
inhibitor(s), combined with the assessment of the
initial (6sec) reaction rate, permitted charac-
terization of the drug effect(s) as apparent com-
petitive inhibition. While the present study does not
differentiate unequivocally between truly com-
petitive inhibitors and allosteric modulators of
enzyme activity [22], the structural resemblance of
the drugs to the substrate and their probable
metabolism by the enzyme (cf. above) indicate that
they act competitively at the metabolic site.

The availability of reversible 3HAO inhibitors
could be of value for the development of novel
treatment strategies for brain diseases which are
caused by a pathological overabundance of quinolinic
acid (see beginning of article). Moreover, if proven
selective, the tight binding to their target enzyme may
make appropriately radiolabeled 4-halo-3HANAs
attractive candidates for attempts to positron label
and PET scan 3HAO in vivo. At present, poor
penetration of the compounds through the blood-
brain barrier (unpublished observation) appears to
constitute the major obstacle to the use of 4-halo-
3HANASs both for therapeutic and diagnostic pur-
poses and as research tools for the study of brain
quinolinate function. The present data indicate,
however, that structurally modified chemical con-
geners, which can enter the brain after systemic
administration, may indeed possess the necessary
pharmacological properties to become of value for
experimental and clinical applications.
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