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Down-regulation of Hepatic Urea Synthesis by Oxypurines
XANTHINE AND URIC ACID INHIBIT N-ACETYLGLUTAMATE SYNTHASE™®
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We previously reported that isobutylmethylxanthine (IBMX),
a derivative of oxypurine, inhibits citrulline synthesis by an as
yet unknown mechanism. Here, we demonstrate that IBMX and
other oxypurines containing a 2,6-dione group interfere with
the binding of glutamate to the active site of N-acetylglutamate
synthetase (NAGS), thereby decreasing synthesis of N-acetyl-
glutamate, the obligatory activator of carbamoyl phosphate syn-
thase-1 (CPS1). The result is reduction of citrulline and urea
synthesis. Experiments were performed with '°N-labeled sub-
strates, purified hepatic CPS1, and recombinant mouse NAGS
as well as isolated mitochondria. We also used isolated hepato-
cytes to examine the action of various oxypurines on ureagenesis
and to assess the ameliorating affect of N-carbamylglutamate
and/or L-arginine on NAGS inhibition. Among various oxypu-
rines tested, only IBMX, xanthine, or uric acid significantly
increased the apparent K, for glutamate and decreased velocity
of NAGS, with little effect on CPS1. The inhibition of NAGS is
time- and dose-dependent and leads to decreased formation of
the CPS1-N-acetylglutamate complex and consequent inhibi-
tion of citrulline and urea synthesis. However, such inhibition
was reversed by supplementation with N-carbamylglutamate.
The data demonstrate that xanthine and uric acid, both physio-
logically occurring oxypurines, inhibit the hepatic synthesis of
N-acetylglutamate. An important and novel concept emerging
from this study is that xanthine and/or uric acid may have a role
in the regulation of ureagenesis and, thus, nitrogen homeostasis
in normal and disease states.

Ureagenesis is the major metabolic pathway for the removal
of waste nitrogen (1). The liver forms nontoxic urea from NH,
that is derived from various metabolic processes, including the
metabolism of dietary protein and the breakdown of endoge-
nous protein. An impairment of urea synthesis can cause acute
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or chronic hyperammonemia, a highly toxic perturbation that
results in dysfunction of the central nervous system (2). The
initial step in urea synthesis is the conversion of NH; and
HCOj; into carbamoyl phosphate, catalyzed by mitochondrial
carbamyl phosphate synthetase 1 (CPS1)? (EC 6.3.4.16) (3-5),
followed by the reaction of carbamoyl phosphate with ornithine
to form citrulline catalyzed by ornithine transcarbamoylase (1)
(Fig. 1). A major functional distinction of CPS1 is its absolute
dependence on N-acetylglutamate (NAG) for catalysis through
the formation of the CPS1-NAG complex. The latter is the ini-
tial and obligatory step for synthesis of carbamoyl phosphate
and, thereby, citrulline (1, 6). The binding of NAG to CPS1
produces a monomeric and unstable but catalytically active
protein (7-9). CPS1 is highly abundant (0.5-1.5 mm) in hepatic
mitochondria (1, 10-12). Thus, the regulation of citrulline syn-
thesis, and hence, ureagenesis may chiefly depend upon synthe-
sis and availability of NAG. The latter is synthesized from
glutamate and acetyl-CoA (ACoA) by mitochondrial N-acetyl-
glutamate synthase (NAGS) (9). An inhibition of NAG synthe-
sis may occur in organic acidemias and/or treatment with val-
proic acid (9). In these cases, organic acids form CoA esters that
competitively inhibit the binding of ACoA to NAGS (13, 14).
Here, we hypothesized that an inhibition of NAGS activity
may also occur following exposure to selected oxypurines (sup-
plemental Fig. 1S). This hypothesis is based on our recent find-
ing that isobutylmethylxanthine (IBMX), a derivative of oxypu-
rine and a non-selective inhibitor of phosphodiesterases,
inhibits citrulline and urea synthesis in a liver perfusion system
(15). However, the mechanism of the IBMX-induced inhibition
of citrulline synthesis is still elusive. Therefore, in the current
study, we explored the hypothesis that IBMX may inhibit cit-
rulline synthesis via inhibition of NAGS. We also hypothesized
that xanthine (XAN) and/or uric acid (UA), which contain a
2,6-dione group similar to IBMX (supplemental Fig. 1S), may
inhibit NAGS and ureagenesis in a comparable manner. The
current hypothesis posits that one or more oxypurines may
interfere with the binding of glutamate and/or ACoA to its
active site in NAGS, thereby leading to inhibition of NAGS,
decreasing NAG synthesis, deactivating CPS1, and, thus,
diminishing citrulline and urea synthesis (Fig. 1). Based on

2The abbreviations used are: CPS1, carbamoyl phosphate synthase-I; NAG,
N-acetylglutamate; ACoA, acetyl-CoA; NAGS, N-acetylglutamate synthase;
UA, uric acid; XAN, xanthine; IBMX, isobutylmethylxanthine.
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FIGURE 1. Schematic presentation of the possible action of oxypurines on citrulline and urea synthesis. We proposed that xanthine or uric acid (oxypu-
rines) inhibits NAGS activity and, thus, depletes mitochondrial NAG levels. The result is decreased formation of the CPS1-NAG complex, down-regulation of flux
through CPS1, and an impairment of urea synthesis. However, supplementation of N-carbamylglutamate (NCG) and/or an allosteric activation of NAGS by
arginine may increase generation of the CPS1-NAG complex and activate CPS1. The result is increased flux through CPS1 and urea synthesis. OTC, ornithine
transcarbamylase; ARGI, arginase-I; ASS, argininosuccinate synthetase; ASL, argininosuccinate lyase; GLU, glutamate.

these hypotheses, specific questions addressed in the current
work include the following. 1) Is oxypurine-induced inhibition
of citrulline synthesis solely mediated via inhibition of NAGS,
and/or it is combined with direct action on CPS1? 2) What is
the time- and dose-dependent inhibition of NAG and/or citrul-
line synthesis? 3) What is the relationship between NAGS inhi-
bition, the production of the CPS1-NAG complex, and flux
through CPS1? 4) Can oxypurine-induced NAGS inhibition be
reversed by an allosteric activation of NAGS? 5) Does supple-
mentation with N-carbamylglutamate protect against oxypu-
rine-induced inhibition of NAGS?

We used oxypurine-induced inhibition of NAG synthesisas a
tool to assess the efficacy of L-arginine or N-carbamylglutamate
to protect against inhibition of NAGS and, therefore, to main-
tain ureagenesis. N-Carbamylglutamate is a stable structural
analog of NAG that is transported into mitochondria and acti-
vates CPS1 (9). Administration of N-carbamylglutamate to rats
with hyperammonemia or patients deficient in NAGS
increased ureagenesis and decreased the blood ammonia con-
centration (16 —18). N-Carbamylglutamate therapy stimulates
flux through CPS1 and improves urea synthesis in a variety of
clinical settings, including organic acidemias and treatment
with valproic acid (9, 16 —18). L-Arginine is an allosteric activa-
tor of NAGS, and its supplementation increased mitochondrial
NAG concentrations (19-22). Previous studies have shown
that arginine is essential to several metabolic and physiological
functions. Supplementation of arginine to patients with inflam-
matory diseases, trauma, surgery, and tumors may help main-
tain normal physiologic functions (23).

To test the above hypotheses and address the related ques-
tions, we used isolated mitochondria or mitochondrial lysates
prepared from the liver of overnight fasted rats as a source of
CPS1 and NAGS (15, 19, 22, 24). Experiments with isolated
mitochondria provided insight into the action of oxypurines on
the synthesis of NAG, production of the CPS1-NAG complex,
and flux through CPS1 in a complex physiological system. A
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separate series of experiments was performed with isolated
hepatocytes, a model system that possesses the entire urea
cycle. To distinguish between a possible action on NAGS
and/or CPS1, an additional series of experiments was per-
formed with purified hepatic CPS1 or recombinant mouse
NAGS. Experiments were performed with '°N-labeled ammo-
nia, glutamate, or glutamine. We assayed the synthesis of '>N-
labeled NAG, citrulline, or urea with liquid chromatography-
mass spectrometry (LC-MS) or gas chromatography-mass
spectrometry (GC-MS) as we described previously (15, 19, 25).
The production of '*N-labeled NAG from ['°N]glutamate was
used as a measure of NAGS activity, and the production of
5N-labeled citrulline from **NH,Cl was used as a proxy for flux
through CPS1 (19, 22, 24, 26). We used the level of NAG and
CPS1 to calculate the formation of the CPS1-NAG complex as
described (6).

The current findings demonstrate that xanthine and uric
acid significantly inhibit NAGS activity but have little effect on
CPS1. The inhibition of NAG synthesis resulted in decreased
formation of the CPS1-NAG complex and reduction of citrul-
line and urea synthesis. However, this action was reversed by
supplementation of N-carbamylglutamate.

EXPERIMENTAL PROCEDURES
Materials and Animals

Male Sprague-Dawley rats (Charles River) were fed ad lib a
standard rat chow diet. Chemicals, enzymes, and cofactors
were obtained from Sigma-Aldrich. *°N-Labeled NH,CI, gluta-
mine, glutamate, or ornithine, 99 mol % excess, were from
Isotec.

Experimental Design

Experiments with Mitochondrial Preparation—The initial
series of experiments was performed with mitochondrial
lysates in order to determine the action of oxypurines on NAG
synthesis and the resulting effect on flux through CPS1. To
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obtain mitochondria with reduced endogenous concentration
of NAG, rats were fasted overnight. Mitochondria were isolated
from the liver by differential centrifugation and isolation
medium consisting of 225 mm mannitol, 75 mM sucrose, 1 mm
EDTA, and 5 mm Hepes, pH 7.4 (15, 19). Mitochondrial suspen-
sions were kept on ice in the isolation medium and used either
for preparation of mitochondrial lysates or incubation of intact
mitochondria. Respiratory control and oxygen consumption
were determined (15, 19). Experiments were carried out with
mitochondria having a state 3/state 2 ratio greater than 3.

For determination of flux through NAGS (NAG synthesis)
and flux through CPS1 (citrulline synthesis), mitochondrial
lysates were prepared from mitochondrial suspensions follow-
ing three cycles of freezing in liquid nitrogen and thawing. Incu-
bations were carried out in Erlenmeyer flasks (2-ml final vol-
ume) at 37 °C in a shaking water bath for the time indicated.
The basic incubation medium consisted of 50 mm Tris, 1 mm
EDTA, 5 mm KCI, 5 mm MgCl,, 15 mm KHCO,, and 5 mm
KH,PO,, pH 7.4. Substrates for citrulline and NAG synthesis
were added to this basic medium as indicated below and/or in
the figure legends.

We first performed experiments to determine 1) the time
course activity of NAGS in mitochondrial lysate, 2) the relation-
ship between mitochondrial protein and NAGS activity, and 3)
the kinetic parameters of NAGS under the current mitochon-
drial preparation and experimental conditions. The time
course activity was determined with mitochondrial lysates and
fixed 2 mg/ml mitochondrial protein. Incubations for various
times between 0.5 and 7.5 min were performed with basic
medium (indicated above), plus 5 mm MgATP, 5 mMm ornithine,
1 mM acetyl-CoA, 10 mm [*°N]glutamate, and 1 mm "*NH,Cl.
For determining the relationship between mitochondrial pro-
tein and NAGS activity, incubations were carried out for 5 min
with similar medium and increasing concentrations of lysate
protein between 0.1 and 2 mg/ml. To determine the kinetic
parameters of NAGS, lysate protein (2 mg/ml) was incubated
with basic medium plus fixed 5 mm ACoA and varied [*°N]glu-
tamate concentrations between 0.2 and 40 mMm or with fixed 40
mwm [**N]glutamate and varied ACoA concentrations between
0.1 and 5 mm.

In addition, a series of pilot experiments was carried out to
determine 1) the action of oxypurines on ornithine transcar-
bamoylase activity, 2) whether ornithine transcarbamoylase is
limiting for the synthesis of citrulline, and 3) whether the syn-
thesis of citrulline by mitochondrial lysates can be used as a
proxy measure of flux through CPS1. To this end, mitochon-
drial lysates were incubated for 5 min with basic medium (as
detailed above) plus [a-'*NJornithine (10 mm), carbamoyl
phosphate (1 mm), MgATP (5 mm), with or without 2 mm IBMX
or xanthine.

Next, experiments were carried out with various oxypurines
in order to determine whether the inhibition of citrulline syn-
thesis is unique to IBMX or shared by other oxypurines. Exper-
iments were done with mitochondrial lysates (2 mg/ml protein)
incubated for 20 min (steady-state) with a complete medium
consisting of 50 mm Tris, 1 mm EDTA, 5 mm KCl, 5 mm MgCl,,
15 mm KHCO;, and 5 mm KH,PO,, pH 7.4, 10 mm ornithine, 5
mMm MgATP, 10 mm '*NH,Cl, 10 mm [*°N]glutamate, 0.5 mm
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ACo0A, and either 1 mm IBMX (dissolved in DMSO) or 1 mm
selected oxypurines, including, xanthine, hypoxanthine, uric
acid, allopurinol, or caffeine (supplemental Fig. 1S). An equal
amount of DMSO was also added to incubations without
IBMX.

As demonstrated in supplemental Fig. 2S, only IBMX, xan-
thine, or uric acid significantly inhibited NAG and citrulline
synthesis. Therefore, the rest of the experimental design was
focused on the action of these compounds on NAG and citrul-
line synthesis. We determined the dose dependence of IBMX,
xanthine, or uric acid on the flux through NAGS and CPS1.
Mitochondrial lysates were incubated with complete medium
(indicated above) and increasing concentrations (0—2 mm) of
xanthine, uric acid, or IBMX. A separate series of experiments
was performed to determine the time course of oxypurine
action on NAG and/or citrulline synthesis. Incubations with
complete medium with or without oxypurine were performed
for various times as indicated in the legend to the figure.

The action of a given inhibitor on NAGS, CPS1, and/or gen-
eration of the CPS1-NAG complex may be affected by mito-
chondrial uptake. In addition, the relative efficacy and the dose
of N-carbamylglutamate, a substitute of NAG, and/or arginine,
an allosteric activator of NAGS, may also depend on their mito-
chondrial uptake. Therefore, experiments were performed with
intact mitochondrial suspensions (2 mg/ml protein) and an
increasing concentration of IBMX, xanthine, or uric acid or a
constant concentration (2 mm) of oxypurine and increasing
concentrations of N-carbamylglutamate or arginine. Incuba-
tions for 15 min were performed with medium consisting of 50
mM Tris, 1 mm EDTA, 5 mm KCl, 5 mm MgCl,, 15 mm KHCO,,
and 5 mm KH,PO,, pH 7.4, plus 10 mm ornithine, 1 mm
NH,CIl, 10 mm [**N]glutamate, 0.25 mm acetyl-CoA. ATP
was replaced by 5 mm ADP and 5 mm pyruvate (respiring on
pyruvate). A physiological osmolarity of 300 mosM was
achieved by the addition of mannitol as indicated (27).

Next we examined whether the inhibitory action of oxypu-
rine persisted even after its removal from the mitochondrial
incubation. To this end, we used IBMX as a representative of
oxypurine because mitochondria can be separated from the
medium containing IBMX plus DMSO by centrifugation.
Intact mitochondria were preincubated for 20 min at room
temperature with medium consisting of 50 mm Tris, 1 mm
EDTA, 5 mm KCI, 5 mm MgCl,, 15 mm KHCO,, and 5 mm
KH,PO,, with or without IBMX (2 mwm) dissolved in about 5%
DMSO or only 5% DMSO without IBMX as a control. Thereaf-
ter, mitochondria pellets (control and preincubated with
IBMX) were separated from incubation medium by centrifuga-
tion (6000 X g for 15 min). Mitochondrial pellets were washed
with isolation medium (indicated above) containing 5% DMSO,
followed by a second round of centrifugation. Control mito-
chondria were similarly washed with DMSO. Finally, mito-
chondria preincubated with IBMX plus DMSO or only DMSO
(control) were reincubated for 5 min without IBMX and with
basic medium plus 5 mm ornithine, 5 mm ADP, 5 mMm pyruvate,
1 mmM '°NH,CI, 5 mm ["°N]glutamate, 0.1 mm acetyl-CoA, with
or without 1 mm arginine, as indicated in the Fig. 6 legend.
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Experiments with Purified Hepatic CPS1 or a Recombinant
Mouse NAGS—The above experiments were designed to
explore the action of oxypurines on the relationship between
flux through NAGS, the production of the NAG-CPS1 com-
plex, and flux through CPS1 in a complex physiological system.
However, to determine whether the action of oxypurine is at
NAGS, CPS1, or both, experiments were carried out with a
purified hepatic CPS1 or recombinant mouse NAGS as follows.

Rat liver CPS1 (specific activity 26-30 wmol of carbamyl
phosphate/15 min/mg) was prepared essentially as described
by Guthohrlein and Knappe (28) and stored at —20 °C as an
ammonium sulfate precipitate. Before use, it was dissolved in 50
mM glycylglycine and 0.1 m KCI (pH 7.4), and it was freed from
ammonium sulfate by centrifugal gel filtration (29). The
enzyme was assayed spectrophotometrically at 340 nm by cou-
pling ADP production to NADH oxidation using pyruvate
kinase and lactate dehydrogenase (28, 30). Assays were per-
formed with 2.5-2.8 ug of CPS1 incubated at 37 °C for 10 min
in 1 ml of a solution containing 50 mm glycylglycine, 0.1 m KCl,
35 mm NH,Cl, 5 mm ATPMg, 15 mm MgSO,, 20 mm KHCO,, 1
mwm DTT, 2.5 mm phosphoenolpyruvate, 0.25 mm NADH, 40
pg/ml pyruvate kinase, 25 pg/ml lactate dehydrogenase, and 10
mM NAG (pH 7.4). Separate assays were performed with 0.2 mm
NAG and 1 mm NH,CI to approximate mitochondrial condi-
tions. In a separate series of incubations, 5 mMm xanthine, 3 mm
uric acid, or 5 mm IBMX was added. IBMX was dissolved in
DMSO. An equal amount of DMSO was also added to control
incubations without IBMX.

Recombinant mouse NAGS was overexpressed in Esche-
richia coli, purified, and stored at 4 °C as described previously
(25). We used recombinant NAGS to determine 1) the time
course of NAGS activity in the presence or absence of xanthine,
2) the relationship between the level of enzyme protein and
velocity of NAGS in the presence or absence of xanthine, 3) the
action of various oxypurines on NAGS activity, and 4) the
action of various concentrations of xanthine or uric acid on
the kinetic parameters of NAGS. The time course of NAGS
activity in the presence or absence of xanthine was determined
by assays performed for various times with fixed 1 mm ACoA,
10 mM [**N]glutamate with or without fixed 2 mm xanthine.
The reaction was performed at 30 °C in 250 ul of 50 mm Tris-
HCl buffer, pH 8.5, containing about 2.5 ug of enzyme and 1
mwm arginine. The relationship between the level of enzyme pro-
tein and velocity of NAGS in the presence or absence of xan-
thine was determined by assays performed for 5 min with var-
ious concentrations of enzyme protein and fixed 1 mm ACoA,
10 mM [*°N]glutamate with or without fixed 2 mm xanthine.
The reaction was performed at 30 °C in 250 ul of 50 mm Tris-
HCI buffer, pH 8.5, containing 1 mm arginine. The action of
various oxypurines on NAGS activity was determined by assays
performed with fixed 1 mm ACoA and 10 mm [*°N]glutamate
and fixed or increasing concentrations of various oxypurines as
indicated in the Fig. 8 legend. The reaction was performed at
30 °C for 5 min in 250 ul of 50 mm Tris-HCI buffer, pH 8.5,
containing about 2.5 ug of enzyme and 1 mm arginine. The
action of various concentrations of xanthine or uric acid on the
kinetic parameters of NAGS was determined by assays per-
formed with 1 mm arginine, varied ACoA concentration
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between 0.1 and 4 mm, and fixed 10 mm [**N]glutamate or fixed
1 mM ACoA and varied [*®N]glutamate in the range of 1-20
mM, as indicated in the Fig. 10 legend. The reaction was per-
formed at 30 °C for 5 min in 250 ul of 50 mMm Tris-HCI buffer,
pH 8.5, containing about 2.5 ug of enzyme and 1 mM arginine.

Experiments with Isolated Hepatocytes—Urea synthesis is a
compartmentalized process initiated in the mitochondria and
completed in the cytosol (1). Thus, to examine the effect of
oxypurine with or without N-carbamylglutamate or arginine on
urea synthesis, experiments were performed with isolated
hepatocytes as indicated (31). Incubations were carried out for
60 min at 37 °C in a shaking water bath with Krebs buffer (pH
7.4) plus 10 mm lactate, 1.5 mm pyruvate, 5 mm [5-*°N]glu-
tamine, and 1 mm '*NH,Cl, with or without 1 mm oxypurine, a
combination of 1 mMm oxypurine plus 0.5 mm N-carbamylgluta-
mate, 1 mm oxypurine plus 0.5 mm arginine, or 1 mm oxypurine
plus a combination of 0.5 mm arginine and 0.5 mm N-carbam-
ylglutamate, as indicated.

Sample Preparation and Measurements

At the end of either incubation outlined above, an aliquot was
taken for protein determination, and incubation was stopped
with HCIO,. Metabolite measurements were done in neutral-
ized extracts as follows.

Measurement of '°N isotopic enrichment in citrulline or
NAG was performed in non-derivatized samples using the Agi-
lent 6410 Triple Quad liquid chromatography-mass spectro-
metry system. 2 ul of sample was injected into a Cogent Dia-
mond Hydride column, 100 mm X 2.1 mm (Microsolv
Technology). Metabolites were separated with a gradient of
Solution A, which contained 0.1% formic acid in H,O, and Solu-
tion B, containing acetonitrile plus 0.1% formic acid and 0.005%
TFA. In a few experiments, measurements of >N enrichment
in citrulline or urea were carried out using gas chromatogra-
phy-mass spectrometry as described (15, 19, 31). The concen-
tration of amino acids was determined by HPLC, utilizing pre-
column derivatization with o-phthalaldehyde (32) and total
urea as indicated (19, 31). The concentration of NAG was
determined using an isotope dilution approach (15, 19, 31).

Calculations and Statistical Analysis

Data obtained were analyzed with GraphPad Prism-5 soft-
ware for linear or nonlinear curve fitting. In experiments with
mitochondrial preparation, a sigmoidal dose response was used
to determine the relative inhibition constant (IC,) for inhibi-
tion of the flux through CPS1 or NAGS. The time course of
[8-'°N,]citrulline production from "*NH,Cl was used to calcu-
late flux through CPS1. The flux through NAGS was deter-
mined using the formation of **N-labeled NAG from [*°N]glu-
tamate (19). We first determined the concentration of NAG by
isotope dilution and then calculated the rate of [">N]NAG syn-
thesis by the product of the initial (before spiking the sample)
>N enrichment, mol % excess/100 X concentration (nmol/mg
protein). The time course of formation of '*N-labeled NAG or
citrulline was fitted to a linear regression or a one-phase expo-
nential association (Y =Y, . *(1 — e *’)). Depending upon the

time course of production of ?N-labeled metabolite, the flux
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FIGURE 2. Linearity and kinetic parameters for N-acetylglutamate synthetase in mitochondrial lysates. Experiments were carried out with mitochondrial
lysates prepared from the liver of overnight fasted rats. A, activity of NAGS versus times of incubation. Mitochondrial lysates (2 mg/ml protein) were incubated
for the times indicated with basic medium (see “Experimental Procedures”) plus 5 mm MgATP, 5 mm ornithine, 1T mm acetyl-CoA, 10 mm ['*Nlglutamate, and 1
mm ">NH,Cl. B, activity of NAGS versus increasing amounts of mitochondrial lysate protein. Incubations for 5 min were performed with various lysate protein,
as indicated, and with basic medium (see “Experimental Procedures”) plus 5 mm MgATP, 5 mm ornithine, T mm acetyl-CoA, 10 mm ['°N]glutamate, and 1 mm
"SNH,Cl. Cand D, velocity of ['>NINAG synthesis by the current mitochondrial lysate preparation. Incubations for 5 min were carried out with basic medium and
either varied [ACoA] and fixed 40 mm [*°N]glutamate (C) or varied [*°N]glutamate concentrations and fixed (5 mm) ACoA (D). Data points in A and B represent
the means of two experiments. Data points in C and D are means = S.D. of 3-4 measurements performed on 3-4 independent mitochondrial lysate

preparations.

rates (nmol/mg/min) were calculated by the product of the cor-
responding Y, .. X k or by the slope of the linear curve.

For determining the kinetic parameters of NAGS, Michaelis-
Menten kinetics was used to determine the K, , for glutamate or
ACoA that was required achieving one-half V, . for NAG syn-
thesis using Prism-5 equations for enzyme kinetics. The S.E.
value of the kinetic parameters was determined from the curve
fitting.

Statistical analysis was carried out using Prism-5 software for
the Macintosh. Either one-way analysis of variance or Student’s
t test was employed to determine differences between groups. A
p value less than 0.05 was determined as a statistically signifi-
cant difference.

RESULTS

Characterization and Kinetic Parameters of N-Acetylgluta-
mate Synthetase in the Current Preparation of Mitochondrial
Lysate—The initial series of experiments were designed to
determine 1) the time course of NAGS activity in mitochondrial
lysates; 2) the relationship between lysate protein and NAGS
activity; and 3) the K, values for [glutamate] and [ACoA] that
are required to achieve one-half V. for NAG synthesis under
the current mitochondrial preparation and experimental con-
ditions. Data in Fig. 2, A and B, demonstrate that the NAGS
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reaction was linear between 0.5 and 7.5 min of incubation, and
between 0.1 and 2 mg of protein (r* = 0.97; p < 0.0001). Fig. 2,
C and D, represents the velocity of NAGS with a fixed (40 mm)
concentration of [**N]glutamate and varied ACoA concentra-
tions (0.1-5 mm) (Fig. 2C) or a fixed concentration (5 mm) of
ACoA and varied [*°N]glutamate concentrations (0.2—40 mm)
(Fig. 2D). Fitting these data to the Michaelis-Menten equation
yielded a K,,, of about 6 mm for glutamate and 0.6 mm for ACoA,
in agreement with previous reports (9, 13, 34). In all subsequent
experiments, we used ~2 mg of mitochondrial protein (within
the linear range, as shown in Fig. 2B) and the K, values of
glutamate and ACoA to determine the effect of oxypurines on
NAG and citrulline synthesis.

Inhibition of NAG and Citrulline Synthesis by Selected
Oxypurines—First, we performed a series of pilot experiments
to establish the effect of oxypurines on ornithine transcarbam-
oylase activity and whether the synthesis of citrulline by mito-
chondrial lysates can be used as a proxy for flux through CPS1
under the current experimental conditions (see “Experimental
Procedures”). The results demonstrated that **N-labeled orni-
thine was immediately converted to '°N-labeled citrulline
regardless of the presence or absence of 2 mm IBMX or xan-
thine (data not shown). Thus, oxypurines do not act on orni-
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FIGURE 4. Time dependence of oxypurine-induced inhibition of ['>NINAG and [5-'°N]citrulline synthesis. Mitochondrial lysates were incubated for
various times with medium as outlined in the legend to Fig. 3 with or without T mm xanthine, uric acid, or IBMX as indicated. A, time dependence of oxypurine
action on production of [">°N]NAG. We first determined the concentration of NAG by isotope dilution and then calculated the rate of [°NINAG synthesis by the
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independent experiments. Data points without error bars are means of two independent experiments.

thine transcarbamoylase, and therefore, the production of **N-
labeled citrulline does reflect flux through CPS1, in accord with
many previous investigations (10, 19, 22).

Next, a series of studies was designed to examine whether the
inhibition of citrulline synthesis is a specific characteristic of
IBMX or whether other oxypurine compounds also are inhibi-
tory. Experiments were performed with mitochondrial lysates
incubated with a complete medium (see “Experimental Proce-
dures”) and IBMX, xanthine, uric acid, hypoxanthine, allopuri-
nol, or caffeine (each 1 mm). These oxypurines are representa-
tive of those physiologically present (xanthine, uric acid, and
hypoxanthine) as well as those derived from drugs (allopurinol)
or diet (caffeine). The results demonstrate that only xanthine
and uric acid significantly inhibit citrulline and NAG synthesis
in a manner similar to IBMX (supplemental Fig. 2S). Therefore,
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the following results describe the action of IBMX, xanthine, or
uric acid on NAG and citrulline synthesis and the subsequent
effect on hepatic ureagenesis.

Dose Dependence and Time Course Inhibition of NAG and
Citrulline Synthesis—Data obtained in experiments with mito-
chondrial lysates demonstrate that IBMX, xanthine, or uric
acid inhibits the synthesis of ["*N]NAG and [§-'°N]citrulline in
a dose- and time-dependent manner (Figs. 3 and 4). Fig. 3C
demonstrates a linear relationship between the inhibition of
NAG and citrulline synthesis. The relative IC values for this
inhibition demonstrate that xanthine is the most potent inhib-
itor of both NAG and citrulline synthesis (Table 1 and supple-
mental Fig. 3S). Fig. 4 demonstrates a hyperbolic increase in
NAG synthesis during the course of the incubation. With the
addition of 1 mMm xanthine or uric acid, there was ~35-40%
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TABLE 1

Therelative values of IC,, for inhibition of NAG and citrulline synthesis
by IBMX, xanthine, or uric acid in experiments with mitochondrial
lysate

Experiments were carried out with mitochondrial lysates as a source of NAGS and
CPS1. Mitochondrial lysates (2 mg/ml protein) were incubated for 20 min with basic
medium (see “Experimental Procedures”) plus MgATP (5 mm), ornithine (5 mm),
acetyl-CoA (0.5 mm), [**N]glutamate (10 mm), **NH,Cl (1 mm), and increasing
concentrations of oxypurine (Fig. 3). The relative IC, was calculated by plotting
["*NINAG and [8-"*N]citrulline synthesis (percentage of control) versus the log
[oxypurine] (mm), as shown in supplemental Fig. 3S, and fitting the data to a sig-
moidal dose response using GraphPad Prism-5 software.

IC,,
[**NINAG [8-*°N]citrulline
Experiment synthesis synthesis

mm

With IBMX 0.36 0.17

With xanthine 0.17 0.09

With uric acid 0.24 0.23

TABLE 2

IBMX, xanthine, or uric acid decreases flux through NAGS and CPS1

Experiments were carried out with mitochondrial lysates for various times as
described in the legend to Fig. 4. Data were fitted to a linear regression analysis or a
one-phase exponential association, Y = Y, *(1 — e~ ). k is the rate constant. The
time course production of *N-labeled NAG (Fig. 4A4) was used to calculate flux
through NAGS by the product of k X Y, .. The time course production of
[8-'*N]citrulline (Fig. 4B) was used to calculate flux through CPS1 by the slope of the
linear production of [§-'°N]citrulline. Values are =+ S.E. obtained by the curve fit-
ting. NA, not applicable.

Experiment K Flux
min~ ! nmol-mg protein” “min~*

Control without oxypurine

Flux through NAGS 0.19 = 0.04 0.87 = 0.06

Flux through CPS1 NA 0.68 = 0.03
With 1 mm IBMX

Flux through NAGS 0.24 = 0.14 0.66 = 0.16

Flux through CPS1 NA 0.38 = 0.02°
With 1 mM xanthine

Flux through NAGS 0.36 = 0.10 0.52 = 0.03"

Flux through CPS1 NA 0.22 = 0.03"
With 1 mM uric acid

Flux through NAGS 0.28 = 0.04 0.46 = 0.01“

Flux through CPS1 NA 0.29 * 0.04“

“p < 0.05.

inhibition of '*N-labeled NAG synthesis following a 5-min
incubation, and this range of inhibition was sustained to the end
of a 20-min incubation. With IBMX, an inhibition of ~20% was
observed after 7.5 min and was about 25% at 20 min of incuba-
tion. The simultaneous synthesis of [§-'°N]citrulline, with or
without oxypurines, linearly increased throughout the course
of the incubation. However, at each time point, the synthesis of
citrulline was about 3-fold lower in experiments with xanthine
compared with control and 2-fold lower in experiments with
uric acid. IBMX decreased flux through CPS1 by about 40%. We
used the data points in Fig. 4 to calculate the rates of flux
through NAGS and CPS1 in experiments with mitochondrial
lysates. These calculations demonstrate about 25% decreased
flux through NAGS with IBMX and about 40-50% decreased
flux with xanthine or uric acid. The simultaneous calculation of
flux through CPS1 demonstrates about 40% decrease with IBMX,
a 2-fold decrease with uric acid, and about a 3-fold decrease with
xanthine (Table 2).

Because the results in Figs. 3 and 4 were obtained with mito-
chondrial lysates incubated with an optimal amount of MgATP
and other substrates (ornithine, glutamate, acetyl-CoA, HCO;,
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and NH,Cl), and because oxypurines have no effect on the orni-
thine transcarbamoylase activity, the current observation indi-
cates that IBMX, xanthine, or uric acid decreases flux through
NAGS. The decreased flux through CPS1 is probably mediated
via inhibition of NAGS and, therefore, a diminished concentra-
tion of NAG, which is required for activation of CPS1. This
observation is in accord with numerous reports indicating that
a small decrease in NAG synthesis may result in a significant
drop in citrulline synthesis (13, 14, 33, 34).

The Action of Oxypurines on the Synthesis of *°>N-Labeled
NAG and Citrulline in Intact Mitochondria—The deactivation-
reactivation of NAGS and/or CPS1 may depend upon mito-
chondrial uptake of a given inhibitor and/or activator. There-
fore, an additional series of experiments was performed with
intact mitochondria. We performed incubations in a medium
of physiolologic osmolarity (300 mosm) for 15 min. We selected
this time period to assure maximal uptake of oxypurines into
mitochondria and because the inhibitory action is time-depen-
dent (Fig. 4A). Results in Fig. 5, A and D, demonstrate that
IBMX, xanthine, or uric acid inhibits NAG and citrulline syn-
thesis in intact mitochondria in a manner similar to that
observed with mitochondrial lysate (Fig. 3).

If depletion of mitochondrial NAG levels is the primary
mechanism for inhibition of citrulline synthesis, then supple-
mentation of arginine, an activator of NAGS, or N-carbamyl-
glutamate may reverse or limit this action. To test this possibil-
ity, mitochondria were incubated with IBMX, xanthine, or uric
acid (each 2 mm) and increasing concentrations of N-carbam-
ylglutamate or arginine. Fig. 5C demonstrates that the addi-
tion of N-carbamylglutamate increased the synthesis of
[8-'®N]citrulline in a dose-dependent manner. With the addi-
tion of 2 mm N-carbamylglutamate, there was only little differ-
ence in citrulline synthesis in experiments with oxypurines
compared with control experiments without oxypurine (Fig.
5C). This observation demonstrates that N-carbamylglutamate
completely reversed the oxypurine-induced decrease in flux
through CPS1 and further supports the notion that the primary
action of oxypurine is an inhibition of NAGS.

The addition of increasing concentrations of arginine ele-
vated the synthesis of both NAG (Fig. 5E) and citrulline (Fig.
5B). However, in experiments with xanthine plus 2 mm argi-
nine, the synthesis of NAG was about 60% lower than control
values. Thus, the data in Fig. 5E indicate that the addition of
arginine improved flux through NAGS but did not completely
abolish the inhibitory action of oxypurine, suggesting that an
allosteric activation of NAGS by arginine is not sufficient to
protect against the oxypurine-induced inhibition of NAGS.

Hence, data in Fig. 5E suggest that the inhibition of NAGS
may be irreversible. To examine this possibility, isolated mito-
chondria were preincubated with IBMX as a representative
oxypurine. IBMX has very limited water solubility, and its
uptake into mitochondria depends upon the presence of
DMSO. Intact mitochondria were preincubated for 20 min with
2 mm IBMX dissolved in about 5% DMSO or only 5% DMSO
without IBMX as a control. Thereafter, mitochondria (control
and preincubated with IBMX) were separated from the incuba-
tion medium by centrifugation and were washed with medium
containing 5% DMSO by a second round of centrifugation as
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FIGURE 5. Oxypurine-induced inhibition of ['>NINAG and [5-">N]citrulline synthesis in intact mitochondria; protection by supplementation of N-car-
bamylglutamate or arginine. Incubations with intact mitochondria (2 mg of protein) were carried out with iso-osmotic medium (300 mosm) for 15 min. The
medium consists of basic medium (see “Experimental Procedures”) plus 5 mm ornithine, 0.1 mm acetyl-CoA, 10 mm ['*N]glutamate, 1T mm ">NH,Cl, 5 mm
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activator. B, synthesis of [5-"°N]citrulline synthesis with fixed 2 mm oxypurine and an increasing concentration of arginine as indicated. C, synthesis of
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increasing concentration of oxypurine (D) or fixed 2 mm oxypurine and an increasing concentration of arginine (E). Data points are means = S.D. (error bars) of

three independent experiments.

detailed under “Experimental Procedures.” Supplemental Fig. 4S
demonstrates that about 97% of the 2 mm IBMX was removed
by this procedure. Fig. 6 demonstrates that, following preincu-
bation with 2 mm IBMX, about 45% inhibition of NAGS was
sustained even after removal of IBMX from the incubation
medium. Furthermore, when arginine was added to the incuba-
tion medium following preincubation with IBMX, although the
rate of NAG synthesis was increased by about 2-fold, this rate
still was about 40% lower compared with control preincubated
without IBMX (Fig. 6). These observations suggest that argi-
nine did not reverse the oxypurine-induced inhibition of
NAGS, but it may have allosterically activated the portion
of NAGS that was not affected by oxypurines and thus elevated
NAG synthesis as indicated in Figs. 5E and 6.

The generation of the CPS1-NAG complex is the initial step
in citrulline synthesis (1, 6). In the current study, we examined
the relationship between the oxypurine-induced inhibition of
NAGS and the generation of the CPS1-NAG complex. To this
end, we used the mitochondrial levels of CPS1 and NAG con-
centrations obtained following incubation of intact mitochon-
dria with oxypurine plus increasing concentrations of arginine
(Fig. 5E). Based on a matrix volume of 1.2 ul/mg mitochondrial
protein (25), the estimated level of CPS1 was 1.88 = 0.3 mMm, a
value in good agreement with prior reports (1-1.5 mm) (1, 6,
10-12). The reaction CPS1 + NAG <> CPS1-NAG is at near
equilibrium with a dissociation constant for NAG of 1 X 10~ *m
(6, 35). Hence, the value of the [CPS1-NAG] complex at various
[NAG] can be estimated by the equation, [CPS1] X [NAG]/
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[CPS1-NAG] = 10 * M (35). For comparative purposes, the
[CPS1-NAG] complex was expressed as nmol/mg mitochon-
drial protein.

Fig. 7A demonstrates that the calculated level of the CPS1-
NAG complex increased with increasing concentrations of
arginine. In the absence of oxypurines, the production of the
CPS1-NAG complex linearly increased with increasing argi-
nine concentrations between 0.1 and 1 mM and reached an
apparent steady state above 1 mm arginine. In the presence of
1-2 mw arginine plus 2 mm xanthine or uric acid, the levels of
CPS1-NAG were about 40% of control. Data in Fig. 7B demon-
strate a linear relationship between the newly synthesized
[">N]NAG and levels of the CPS1-NAG complex, suggesting a
robust dependence between NAG synthesis and generation of
the CPS1-NAG complex. These observations are in accord with
previous investigations demonstrating a linear relationship
between the concentrations of NAG and formation of the
CPS1-NAG complex (3, 35). The current data suggest that the
oxypurine-induced decreased synthesis of NAG led to
decreased generation of the CPS1-NAG complex and, thus,
reduction of citrulline synthesis.

The Effect of IBMX, Xanthine, or Uric Acid on the Activity of
Purified Hepatic CPS1 or Recombinant NAGS—The results
described above provide ample evidence that the oxypurine-
induced decrease of citrulline synthesis is secondary to inhibi-
tion of NAGS. However, due to the metabolic complexity
inherent in experiments with isolated mitochondria, one can-
not exclude the possibility that a direct disruption of CPS1
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activity may occur. Therefore, to distinguish between a possible
action of oxypurines on NAGS and/or CPS1, experiments were
carried out with recombinant NAGS or purified CPS1 from rat
liver. Data in Fig. 84 demonstrate that only IBMX, xanthine, or

["*NJNAG (nmol. mg™ 1)

FIGURE 6. The inhibition of NAGS activity was sustained following prein-
cubation with IBMX. Intact mitochondria were preincubated for 20 min at
room temperature with medium consisting of 50 mm Tris, T mm EDTA, 5 mm
KCl, 5 mm MgCl,, 15 mm KHCO,, and 5 mm KH,PO, and 2 mm IBMX dissolved in
5% DMSO (P-IBMX). Control (CON) preincubation was performed with an
equal amount of DMSO without IBMX. Thereafter, mitochondrial pellets were
separated from IBMX by centrifugation and then were washed with basic
medium containing 5% DMSO by a second round of centrifugation (see
“Experimental Procedures”). Mitochondria from control underwent similar
centrifugation and were washed with DMSO. Then mitochondrial pellets
obtained following preincubation with IBMX or control with only DMSO were
reincubated for 5 min with medium containing 2.5 mm ADP, 5 mm pyruvate
(respiring on pyruvate), 5 mm ornithine, 0.5 mm acetyl-CoA, 5 mm ['°N]gluta-
mate, 1 mm "°NH,Cl. CON, control; CON + ARG, control plus 1 mm arginine;
P-IBMX, following preincubation with IBMX; P-IBMX + ARG, following prein-
cubation with IBMX plus 1 mm arginine. Each histogram represents the
mean = S.D. (error bars) of three independent experiments. The percentage
represents the differences between the indicated experimental conditions.
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uric acid inhibits NAGS activity, in agreement with observa-
tions obtained with mitochondrial lysates (supplemental Fig.
2S). The inhibition of NAGS by oxypurine depends on their
concentration, which decreased NAGS activity in the tested
range (0.1-5 mm), with maximal inhibition achieved at about 2
mM. The relative IC,, values for this inhibition calculated by
plotting percentage NAGS activity versus log [oxypurine] (sup-
plemental Fig. 5S) were 1.64, 0.72, and 0.31 mm for IBMX, uric
acid, and xanthine, respectively. An observation of special
importance is that the oxypurines tested have little or no effect
on CPS1 activity (Fig. 8C). Therefore, the current observations
provide strong supporting evidence for the hypothesis that the
decreased citrulline synthesis by IBMX (15) or other oxypu-
rines (Figs. 3—8) is secondary to inhibition of NAG synthesis.
To examine the impact of xanthine or uric acid (i.e. physio-
logically present oxypurines) on the kinetic properties of
recombinant NAGS we first determined 1) the time course of
the velocity of NAGS with or without xanthine (2 mm), fixed
concentrations of AcoA (1 mm), and [*°N]glutamate (10 mm)
and 2) the relationship between enzyme protein and NAGS
velocity with or without xanthine (2 mm). Fig. 94 demonstrates
that the velocity of NAGS linearly increased between 0.25 and 5
min, and the velocity reached a plateau after 5 min of incuba-
tion. The time range of the linearity and plateau was similar
with or without the inclusion of xanthine. Similarly, there was a
linear increase in the velocity of NAGS with an increasing con-
centration of NAGS protein (Fig. 9B). Therefore, to examine
the action of xanthine or uric acid on the kinetic parameters of
recombinant NAGS, reactions were carried out for 5 min and
with ~2.5 ug of enzyme protein in a reaction volume of 250 ul.
Fig. 10 represents the action of various concentrations xan-
thine or uric acid on the kinetic parameters of NAGS. These
parameters are summarized in Table 3. We examined only the
action of xanthine or uric acid because of their metabolic rele-
vance. These oxypurines have multiple effects and mixed action
on NAGS activity. Without oxypurines, the apparent K, for
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FIGURE 7. The relationship between the level of newly synthesized ['>NINAG and the calculated level of the CPS1-NAG complex. The level of CPS1-NAG
complex was calculated using the assumption that CPS1 + NAG <> CPS1-NAG is at near equilibrium (35), with a dissociation constant of the CPS1 for NAG of
1 X 10"*m(6), and, thus, [CPS1] X [NAGI/[CPS1-NAG] = 10~ *m. We estimated the concentration of CPS1 as 22% of mitochondrial matrix protein (6). Total NAG
concentration (nmol/mg protein) was determined by isotope dilution (19, 31), with each arginine concentration added in experiments with intact mitochon-
dria (CONTROL, IBMX, XAN, and UA are as indicated in Fig. 5E). A, calculated CPS1-NAG complex without oxypurine (CONTROL) or with fixed 2 mm oxypurine and
increasing concentrations of arginine as indicated in Fig. 5E. B, a linear correlation between the calculated [CPS1-NAG] and the newly synthesized ['>°NINAG
following a 15-min incubation. The level of newly synthesized ['>NINAG was calculated by the product of the initial (before spiking the sample) '°N enrichment,
mol % excess/100 X concentration of total NAG (nmol/mg protein). Data points of ['>°N]NAG are taken from experiments described in the legend to Fig. 5F
(CON, IBMX, XAN, and UA) and are plotted against the corresponding calculated level of the CPS1-NAG complex indicated in A (> = 0.9 and p < 0.0001).
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FIGURE 8. The action of oxypurine on the activity of the recombinant NAGS or purified hepatic CPS1. A, action of a fixed concentration of oxypurines (1
mm) on percentage of NAGS activity. Assays were performed with fixed 1 mm ACoA and 10 mm ['°N]glutamate. The reaction was carried out at 30 °C for 5 min
in 250 pl of 50 mm Tris-HCI buffer, pH 8.5, containing about 2.5 ug of enzyme and 1 mm arginine. B, NAGS activity (percentage of control) with increasing
concentrations of the indicated oxypurine. Assays were performed as indicated in A. 100% of NAGS activity (control value without oxypurine) was about 25
nmol/ug/min. C, percentage of CPS1 activity with fixed concentration (6, 5, or 3 mm) of IBMX, XAN, or UA, respectively. Results are expressed as a percentage
of the enzyme activity in the absence of the indicated oxypurine. The 100% CPS1 activity was about 3.2 nmol/mg/min, as determined by formation of ADP (see
“Experimental Procedures”). The CPS1T amount used was 2.5-2.8 ng/ml. Data points are mean = S.D. (error bars) of three independent experiments.
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in a total reaction volume of 250 wl, containing 50 mm Tris-HCl buffer, pH 8.5, 1 mm arginine, and fixed 1 mm ACoA and 10 mm ['°N]glutamate. Determinations
were performed without xanthine (control) or with the addition of 2 mm xanthine. Data points are means of two independent experiments.

glutamate was 4.1 * 0.4 mwm, and that for ACoA was 0.66 = 0.1  current observations suggest that the inhibition of NAGS activ-
mMm. The maximum velocity (V,,,,,) ranged between 21 and 23 ity is probably mediated via decreased binding of glutamate to
nmol/pg/min with varied concentrations of ACoA or gluta- its active site.

mate. In experiments with fixed (10 mm) glutamate and varied Experiments with Isolated Hepatocytes—Experiments with
[ACoA], the addition of uric acid or xanthine to the assays isolated hepatocytes were performed in order to determine 1)
slightly changed the observed K, values for ACoA and the relationship between the inhibition of NAGS and ureagen-
decreased the velocity of NAGS by about 2—3-fold with uric esis by physiologically present oxypurines (i.e. xanthine or uric
acid, by about 4-fold with 0.5 mm xanthine, and by about 5-fold  acid) and 2) the efficacy of N-carbamylglutamate or arginine as
with 1 or 2 mm xanthine (Table 3). In experiments with fixed 1 a protective agent against oxypurine-induced inhibition of
mM ACoA and varied [glutamate], the addition of xanthine or NAGS and, thus, urea synthesis. Data in Fig. 12 demonstrate
uric acid remarkably increased the observed K, values for glu-  that xanthine or uric acid significantly inhibits NAG synthesis
tamate in a dose-dependent manner. The increased K, values  (Fig. 124) and ["*N]urea synthesis (Fig. 12B) in isolated hepa-
are associated with little change in the velocity of NAGS (Table tocytes in a pattern that is similar to their inhibition of
3 and Fig. 11). Hence, the data indicate that these oxypurines  [8-"°N]citrulline synthesis in isolated mitochondria (Fig. 5, A
decrease the observed velocity of NAGS and increase the K, for ~ and D). However, the inhibition of ureagenesis was attenuated
glutamate with only little effect on the apparent K|, for ACoA. by the addition of arginine and/or 0.5 mm N-carbamylgluta-
Because 'H NMR analysis demonstrated that none of the oxy- mate (Fig. 12B). This observation is consistent with the resto-
purines tested reacted with glutamate (data not shown), the ration of citrulline synthesis in experiments with isolated mito-
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FIGURE 10. The velocity of recombinant NAGS as a function of xanthine or uric acid concentrations. The reaction was performed at 30 °C for 5 min in 250
wl of 50 mm Tris-HCl buffer, pH 8.5, containing 2.5 mg of enzyme and 1 mwm arginine. A and B, velocity of ['>NINAG synthesis in the presence of various
concentrations of XAN as indicated and with either varied [['*N]glutamate] and fixed 1 mm ACoA (A) or varied [ACoA] and fixed (10 mwm) ['°N]glutamate (B). C
and D, velocity of ["°NINAG synthesis in the presence of various concentrations of UA, as indicated, and with either varied concentrations of [ °N]glutamate and
fixed (1 mm) ACoA (C) or varied [ACoA] and fixed (10 mm) ['*Nlglutamate (D). The control parameters (without oxypurine) are mean * S.D. (error bars) of 3-4
determinations performed with an independent preparation of recombinant NAGS. Parameters obtained with the addition of xanthine or uric acid are means
of two determinations performed with an independent preparation of recombinant NAGS.

chondria (Fig. 5, B and C). Of interest is the finding that these
oxypurines have only little effect on ATP levels (Fig. 12C), indi-
cating that the inhibition of ureagenesis is not related to a
change of energy status. Therefore, experiments with isolated
hepatocytes further support the notion that the inhibition of
NAGS activity is the primary mechanism by which xanthine or
uric acid inhibits urea synthesis. This conclusion again agrees
with the concept that the synthesis of citrulline and urea is
determined in large measure by NAG synthesis (13, 14, 34).

An important observation involves '°N enrichment in NAG.
Hepatocyte incubations were done with *?’NH, and [5-'°N]glu-
tamine, but enrichment in NAG (35-50 mol % excess) reflects
labeling of mitochondrial ['°N]glutamate. The latter must be
formed from reductive amination of a-ketoglutarate through
the action of mitochondrial glutamate dehydrogenase (36).
Hence, the label in NAG may be used as a surrogate for enrich-
ment in mitochondrial [*°N]glutamate.

JUNE 24, 2011 +VOLUME 286+NUMBER 25

DISCUSSION

We previously reported that IBMX inhibits hepatic citrulline
and urea synthesis (15) by a mechanism that had been elusive.
Because IBMX is an oxypurine derivative, we hypothesized that
IBMX and, possibly, other oxypurines (supplemental Fig. 1S)
may interfere with the binding of glutamate or ACoA to its
active site on NAGS, thereby decreasing the velocity of NAGS,
diminishing NAG synthesis, leading to a failure of CPS1 activa-
tion, and resulting in inhibition of citrulline and urea synthesis
(Fig. 1). This hypothesis implies that one or more oxypurines
that have a chemical structure similar to IBMX, perhaps by
including a 2,6-dione group (supplemental Fig. 1S), may disrupt
the binding of glutamate or ACoA to its active site at NAGS and
thereby decrease the velocity of NAGS. The current findings
suggest that the 2,6-dione group of oxypurines disrupts the
binding of glutamate to its binding site at NAGS and thereby
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TABLE 3
Influence of various concentrations of xanthine or uric acid on the kinetic parameters for NAGS activity

For determination of K|, and velocity values, data in Fig. 10 were analyzed with Prism-5 software using Michaelis-Menten kinetics. The kinetic parameters for ACoA were
determined with varied [ACoA] and fixed (10 mm) [*°N]glutamate, and parameters for glutamate were determined with varied [glutamate] and fixed (1 mm) ACoA. All
analyses were carried out for 5 min with 1 mm arginine, an activator of NAGS. Enzyme concentration was 2.5 ug/250-ul assay volume. Values are = S.E. obtained by the
GraphPad curve fitting.

Kinetic parameters for ACoA Kinetic parameters for glutamate

Experiment K, (obs)* Velocity K, (obs) Velocity
mm nmol-mg L-min~! mm nmol-mg ™ L-min~!

Control

0 mM oxypurine 0.66 = 0.1 21.2 0.9 4.1+ 042 23.5*0.8
With xanthine

0.5 mMm 0.45 * 0.1 7.4 *0.3 24.2 * 2.8 21.2 1.6

1 mm 0.33 £0.1 4.3 *0.2 4951 7.3 25.7 £ 4.6

2 mM 0.80 £ 0.2 4.6 £0.3 499 *+ 12.1 13.1 = 4.4
With uric acid

0.5 mMm 0.67 0.1 11.1 0.1 10.3 = 0.8 15.7 = 0.6

1 mm 0.68 = 0.1 7.1%03 164 = 2.1 155+ 1.1

2 mm 0.71 = 0.1 6.3+ 0.3 40.1 = 10.1 18.4 *+ 3.6

“K,,,(obs) is the observed concentration of substrate (ACoA or glutamate) at which one-half V.. (velocity) for *°N-labeled NAG synthesis was achieved in the presence or
absence of the indicated [oxypurine].
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FIGURE 11. The relationship between an increasing concentration of oxypurine and the K,,, values for glutamate or acetyl-CoA and the resulting V,, ...
for NAGS. A, K, values for glutamate or acetyl-CoA obtained with increasing concentration of oxypurine; B, the corresponding V... for NAGS. Both K,,,and V.
values were taken from Table 3. Solid lines, K, values or V..., obtained with varied concentrations of ['*N]glutamate] and fixed 1 mm [ACOA]; dashed lines, K,,,
values or V,,,, obtained with varied [ACoA] and fixed (10 mm) ['°Nlglutamate. The straight lines in A (K, for glutamate) represent the best fit to a linear

correlation for xanthine, r> = 0.94, in the range of 0—1 mm (p = 0.04), and for uric acid, r* = 0.99, in the range of 0-2 mm (p = 0.01). Experimental details are as

indicated in the legend to Fig. 10.

decreases synthesis of NAG. The result is less citrulline and
urea synthesis. This conclusion is strongly supported by the
following observations. 1) IBMX, xanthine, or uric acid, all of
which contain a 2,6-dione group (supplemental Fig. 1S), signif-
icantly inhibits NAGS activity (Figs. 3, 4, 5, and 8) with little or
no effect on CPS1 activity (Fig. 8C). However, other oxypurines
that lack the 2,6-dione group have only little or no effect on
NAGS activity (supplemental Fig. 2S and Fig. 84). 2) Xanthine
or uric acid remarkably increased the observed K, values for
glutamate with little effect on K, values for ACoA. The
increased K, for glutamate was accompanied by decreased
velocity of NAGS (Table 3 and Fig. 11), suggesting that the
inhibition of NAGS activity is mediated via decreased affinity of
glutamate with its active site at NAGS. This conclusion is fur-
ther supported by "H NMR analysis, which demonstrates that
neither oxypurine directly reacted with glutamate (data not
shown). 3) The generation of the CPS1-NAG complex, the ini-
tial step in citrulline synthesis (1, 6), is linearly correlated with
the inhibition of NAG synthesis (Fig. 7B), suggesting a robust
coupling between inhibition of NAGS, decreased generation of
the CPS1-NAG complex, and the observed inhibition of citrul-
line and urea synthesis (Figs. 4—6 and 12). 4) The supplemen-
tation of N-carbamylglutamate, an artificial substitute for
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NAG, completely reversed the oxypurine-induced inhibition of
citrulline synthesis (Fig. 5C) and ureagenesis (Fig. 12B).

Supplemental Fig. 1S illustrates a structural similarity
between the adenosine group of ACoA and the oxypurines
tested in the current study. Thus, one might expect that the
inhibition of NAGS may be mediated by disruption of ACoA
binding to its active site at NAGS. However, the current find-
ings indicate that the inhibition of NAGS activity is mediated
via decreased affinity of glutamate to its active site on the
enzyme. Because NAGS is mainly inhibited by oxypurines con-
taining a 2,6-dione group (supplemental Fig. 1S), it appears that
this structure plays a key role in disrupting the binding of glu-
tamate to its active site. An apparent exception to this notion is
caffeine. Although caffeine contains a 2,6-dione group, about
20% inhibition in NAGS activity was observed only with [caf-
feine] above 5 mm (data not shown). The presence of methyl
groups in position 7 and/or positions 1 and 3 in the caffeine
molecule may decrease its potency.

A fundamental question arising from the current findings
and conclusion is how the 2,6-dione group decreases glutamate
affinity to its binding site at NAGS. A prior study of the crystal
structure of NAGS in microorganisms indicated that mamma-
lian NAGS and its bacterial homolog have similar affinities for
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FIGURE 12. Xanthine or uric acid inhibits "°N-labeled NAG and urea synthesis in isolated hepatocytes; the action of N-carbamylglutamate (NCG) or
arginine supplementation. Isolated hepatocytes were incubated for 60 min in Krebs medium plus 5 mm [5-'>N]glutamine, 1 mm '*NH,Cl, 10 mm lactate, 1.5
mM pyruvate and with or without 1 mm oxypurine or oxypurine plus 0.5 mm activator, as indicated. A, amount of newly synthesized '°N-labeled NAG following
a 60-min incubation. ">N-Labeled NAG was formed from '>N-labeled glutamate. The latter was generated from ">NH, via reductive amination of a-keto-
glutarate in the mitochondrial compartment, as indicated (36). The amount of ['>°NINAG was calculated as follows. We first determined the concentration of
NAG by isotope dilution (19, 31) and then calculated the level of ['"°N]NAG by the product of the initial (before spiking the sample) >N enrichment, mol %
excess/100 X concentration (hmol/mg protein). B, production of ['*N]urea, which is the sum of U,,, , ;and U,,, , ,isotopomers (urea contains one '°N or two '°N)
obtained by the product of total urea (hnmol/mg protein) times '>N enrichment (atom % excess/100) as indicated (31). C, levels of ATP in hepatocytes at the end
of the incubation. p values were obtained using Prism-5 software and one-way analysis of variance comparing the indicated (by arrows) experimental

conditions with control without oxypurine (CON). Error bars, S.D.

ACoA and glutamate (37) as well as for their allosteric regulator
arginine (38). Therefore, we may assume that the binding of
substrates in rats and bacterial NAGS is similar. In Neisseria
gonorrhoeae, NAGS consists of two independently folded
domains, an N-terminal amino acid kinase and a C-terminal
N-acetyltransferase domain (38). The C-terminal N-acetyl-
transferase domain has a central anti-parallel 3 sheet, which is
divided into two arms that resemble a “V” shape, with ACoA
and glutamate binding between them (34, 38). Glutamate binds
to the active site by anchoring its two carboxyl groups using the
polar side chains of Arg®'®, Arg**®, and Ser®*” and the main
chain nitrogen atoms of Cys**® and Leu®!* in the C-terminal
N-acetyltransferase domain of N. gonorrhoeae (38). The
anchoring of glutamate to an Arg residue in NAGS may resem-
ble the anchoring of xanthine, uric acid, or hypoxanthine to an
Arg residue in mammalian xanthine oxidoreductase (39). Thus,
itis possible that the 2,6-dione group in oxypurines may disrupt
the anchoring of one or both carboxyl groups of glutamate to
NAGS. This possibility is supported by the data in Fig. 11, which
demonstrate a linear relationship between increasing levels of
xanthine or uric acid in the reaction assays and increased K,
values for glutamate, which was accompanied by decreased
Vi nax for NAGS with little effect on the K, for ACoA. Thus, data
in Figs. 10 and 11 demonstrate distinct differences between the
action of oxypurine on the binding of glutamate or ACoA to
their active site at NAGS and support the notion that the 2,6-
dione group in oxypurines may disrupt the anchoring of one or
both carboxyl groups of glutamate to NAGS. Further crystal-
lography/structural studies should determine the validity of
this model.
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The proposed mechanism of oxypurine inhibition of NAGS
rules out a putative action on the arginine allosteric site for
these reasons: 1) arginine binds to the C-terminal end of the
N-terminal amino acid kinase domain that is distant from the
catalytic sites (40, 41); 2) our current preliminary data without
oxypurines (data not shown) and previously published data (30)
indicate that in the absence of arginine there was decreased
NAGS velocity with only little change in the apparent K, values
for both glutamate and ACoA. However, the kinetic parameters
in Table 3, which were obtained in the presence of 1 mm argi-
nine, demonstrate little change in the observed K, for ACoA
but a remarkable increase in the observed K,, for glutamate, a
change that was accompanied by decreased NAGS velocity
(Table 3). Together, the data suggest that the action of oxypu-
rine is not at the site of allosteric activation of NAGS.

Xanthine and uric acid are cytoplasmic metabolites, which
are formed and metabolized via oxidoreductases. Data in Figs. 5
and 12 (A and B) indicate that both xanthine and uric acid were
taken up by mitochondria and inhibited NAGS. This observa-
tion is in line with a previous study demonstrating mitochon-
drial uptake of allopurinol, an oxypurine analog (42). Because
the synthesis of NAG provides the natural allosteric activator of
ureagenesis and because xanthine or uric acid inhibits NAG
synthesis, an important concept emerging from the current
work is that xanthine and/or uric acid may have a functional
role in the regulation of ureagenesis and ammonia detoxifica-
tion in normal and disease states. Many cases of idiopathic
hyperammonemia, in a variety of clinical settings, are associ-
ated with elevated plasma levels of xanthine and/or uric acid,
including prolonged exercise (43), the metabolic syndrome
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(44), and hyperammonemia following chemotherapy (45). The
current findings may shed new light on these cases of idiopathic
hyperammonemia and suggest a plausible mechanism for
induction of hyperammonemia (i.e. an inhibition of NAG syn-
thesis). The current study suggests that administration of N-
carbamylglutamate might be therapeutically efficacious in clin-
ical settings characterized by hyperammonemia secondary to
an increase of the level of oxypurines within hepatic mitochon-
dria. NAG would not be effective because it is swiftly hydro-
lyzed via amino acid acylase, but N-carbamylglutamate has
been successfully utilized (17, 18). This study also suggests that
the combination of arginine and N-carbamylglutamate may be
even more effective to augment flux through NAGS (Fig. 12B).

Arginine-induced stimulation of ureagenesis (Fig. 12B) may
reflect conformational changes and/or altered protein dynam-
ics (40, 41). In addition, arginine is metabolized to agmatine in
the mitochondria (46). Agmatine stimulates NAG synthesis
subsequent to the stimulation of B-oxidation, thereby provid-
ing more acetyl-CoA for NAG synthesis (46). However, because
acetyl-CoA was added to the incubation medium, the metabo-
lism of arginine to agmatine or the addition of exogenous agma-
tine had little protective effect against the oxypurine-induced
inhibition of NAGS (data not shown). Although arginine did
not reverse the xanthine- or uric acid-induced inhibition of
NAGS, it may allosterically activate the portion of NAGS that
was not affected by oxypurines and, thus, enhance NAG and
citrulline synthesis, as indicated in Figs. 5 (B and E) and 6.

In summary, the current findings demonstrate that xanthine
and uric acid significantly inhibit NAGS activity but have no or
little effect on CPS1. The data suggest that the 2,6-dione group
in these oxypurines disrupts the binding of glutamate to NAGS.
The result is decreased affinity of glutamate for NAGS and
decreased enzyme velocity. The inhibition of NAGS led to
diminished citrulline and urea synthesis. However, this effect
was curtailed by supplementation of N-carbamylglutamate. A
novel notion arising from this study is that xanthine and/or uric
acid may have an important role in the regulation of ureagen-
esis and, thus, ammonia detoxification in normal and disease
states. In addition, the current findings may contribute to better
understanding of the pathophysiology of idiopathic hyperam-
monemia and, thus, lead to better treatment.
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