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Abstract
N-Acetylglutamate synthase (NAGS, E.C. 2.3.1.1) is a mitochondrial enzyme that catalyzes the
formation of N-acetylglutamate (NAG), an essential allosteric activator of carbamylphosphate
synthetase I (CPSI). The mouse and human NAGS genes have been identified based on similarity
to regions of NAGS from Neurospora crassa and cloned from liver cDNA libraries. These genes
were shown to complement an argA-(NAGS) deficient Escherichia coli strain, and enzymatic
activity of the proteins was confirmed by a new stable isotope dilution assay. The deduced amino
acid sequence of mammalian NAGS contains a putative mitochondrial-targeting signal at the N-
terminus. The mouse NAGS preprotein was overexpressed in insect cells to determine post-
translational modifications and two processed proteins with different N-terminal truncations have
been identified. Sequence analysis using a hidden Markov model suggests that the vertebrate
NAGS protein contains domains with a carbamate kinase fold and an acyl-CoA N-acyltransferase
fold, and protein crystallization experiments are currently underway. Inherited NAGS deficiency
results in hyperammonemia, presumably due to the loss of CPSI activity. We, and others, have
recently identified mutations in families with neonatal and late-onset NAGS deficiency and the
identification of the gene has now made carrier testing and prenatal diagnosis feasible. A structural
analog of NAG, carbamylglutamate, has been shown to bind and activate CPSI, and several
patients have been reported to respond favorably to this drug (Carbaglu®).

Introduction
N-Acetylglutamate (NAG) is an obligatory allosteric activator of carbamylphosphate
synthase I (CPSI) and is produced in the mitochondrial matrix from glutamate and acetyl
coenzyme-A by N-acetylglutamate synthase (NAGS) [1-3]. NAGS is expressed primarily in
liver and small intestine and may have a key role as a regulator of ureagenesis by
modulating the activity of CPSI through NAG [4,5]. Inherited NAGS deficiency appears to
cause hyperammonemia due to secondary deficiency of CPSI deprived of its cofactor NAG
[6].

NAGS has been purified to apparent homogeneity from human and rat liver [7-9]. The
enzyme appears to be a trimer but forms higher order oligomers upon the addition of L-
arginine [8]. In contrast to NAGS of bacteria and fungi which is inhibited by arginine,
mammalian NAGS activity increases three to fivefold in the presence of arginine [9-11].
NAGS activity is also stimulated by protamines and other cationic polypeptides (e.g.,
polyarginine and polylysine) [9].

We have recently identified and cloned both the mouse and human NAGS genes, and found
several deleterious mutations in patients. A rapid and specific stable isotope LC–MS method
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for measuring NAG has also been developed to quantify NAGS activity [12-15], which has
been used in the studies described herein.

Identification and cloning of the first mammalian NAGS gene
One of the confounding factors in cloning any vertebrate NAGS was that unlike the other
urea cycle enzymes, NAGS has a low degree of sequence conservation across phyla [16].
The human NAGS gene sequence was initially identified using the Neurospora crassa
NAGS (Arg-14) protein sequence to probe the human genome using tblastn [17]. A short
region of similarity containing approximately 130 amino acids was identified on
chromosome 17, band 17q21.31. Use of Saccharomyces pombe NAGS as a query identified
the same region but with an E value of only 0.006, while querying with Saccharomyces
cerevisiae NAGS did not return any significant candidates using the same EXPECT
threshold. Alignment of the three fungal NAGS protein sequences with each other using
GCG PILEUP with the default gap and gap length weights (8 and 2, respectively), resulted
in 48 identical amino acids in the region of the human sequence identified by BLAST. Of
these identical amino acids, 25 were also conserved in the BLAST pairwise alignment
between the N. crassa and the human sequence. The human sequence was then used to
query the mouse genome, and the homologous sequence was identified within the syntenic
region on chromosome 11. Gene models for both the mouse and human candidates were
constructed using GRAIL, and were used to query mouse and human EST libraries to obtain
an open reading frame. Pairwise alignments between the mouse and N. crassa NAGS
sequences using GCG GAP with defaults weights showed the two sequences to share 33%
similarity overall, but alignment of the mouse sequence to the N. crassa N-acetylglutamate
kinase sequence also had a 32% similarity. To assign the identity of the gene, candidate
sequences constructed by overlapping several ESTs for mouse and human NAGS were
cloned into pUC-based expression vectors. These were shown to complement argA-
(NAGS) deficient arginine auxotrophic strains of Escherichia coli, confirming that the genes
did indeed encode proteins able to synthesize NAG [14]. Systematic querying of the
GenBank databases and other genome projects has yielded, to date, three additional
vertebral NAGS candidates (zebrafish, fugu, and rat). Northern analysis was performed to
determine the tissue distribution of the NAGS message. NAGS is primarily expressed in
liver and small intestine, tissues in which CPSI is also exclusively expressed. Interestingly, a
low level of expression is also detectable in kidney, testis, and spleen which could indicate
other roles for NAGS beyond providing an essential cofactor for CPSI [12,14].

Protein sequence
Human NAGS is synthesized as a preprotein of 534 amino acids [12]. Because the enzyme
is localized to the mitochondria, it was assumed that the N-terminal portion contains a
targeting peptide that is subsequently cleaved. Two possible signal peptide cleavage sites
were predicted after positions 31 and 49 using rules described by Ito [18] and Neupert [19].
These were dubbed the amino termini of the “long mature” and “short mature” protein,
respectively. Alignment of mouse and human NAGS protein sequences (Fig. 1) shows an
interesting bipartite pattern within the N-terminal region, with the first 49 amino acids
having a composition consistent with a mitochondrial signal sequence (63% identity
between mouse and human), and the next 45 amino acids dubbed the “variable domain”
having relatively low homology (35% identity). The remaining 440 amino acids (“conserved
domain”) share 92% identity. Additions of the piscine sequences to the alignment show a
similar pattern, with a marked increase in homology beginning at the “conserved domain.”

As described above, initial analysis of the protein sequence revealed sequence similarity to
both the N-acetylglutamate kinase and synthase of Neurospora. Using the Superfamily
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server, a hidden Markov model-based protein fold library, the domain architecture of the
vertebrate NAGS protein is predicted to have a carbamate kinase-like fold for amino acids
137–373 and an acyl-CoA N-acyltransferase-like fold for residues 377–472 [20,21].
Carbamate kinase has structural similarities to E. coli N-acetylglutamate kinase, suggesting
that the region 137–373 contains the glutamate binding domain, while region 377–472 is
part of the acetyl-CoA binding domain. The adenine nucleotide moiety of acetyl-CoA may
also be recognized by region 137–373. The crystal structures of E. coli N-acetylglutamate
kinase (NAGK) complexed with NAG and AMP (1GS5) and the histone acetyltransferase
domain of P300/CBP Associating Factor (PCAF) containing CoA (1CM0) were examined,
and 57 active site residues involved in binding CoA, NAG, or AMP were identified using
the LPC server [22-24]. The sequences of human NAGS and these proteins were separately
aligned to the hidden Markov models for the carbamate kinase-like fold and for the acyl-
CoA N-acyltransferase fold. Corresponding regions were examined to determine if active
site residues in the NAGS sequence might be revealed by combining this information with
sequence conservation between the vertebrate NAGS proteins, assuming that residues
conserved among the NAGS species are most likely to be important for proper folding and
function. The overall conservation is low as would be expected from a comparison of such
disparate sequences, but based on this analysis, it appears that the CoA binding site can be
predicted to reside within two conserved islands of amino acids 415–450 and 465–485.
Residues involved in binding NAG in the NAGK structure occur at regions of insertions and
deletions in the alignment, making it less likely that the Superfamily alignment generated for
NAGK and NAGS is able to correctly identify NAG binding residues in NAGS (Fig. 2).

Development of an LC–MS based enzyme assay
To better characterize the function of recombinant NAGS, we developed a simple, rapid and
accurate method for assaying NAGS enzymatic activity that does not require radioisotopic
compounds. To this end, a GC–MS stable isotope dilution approach had been previously
developed in the lab, but this method requires prior column separation, making it less
suitable for large-scale kinetic experiments [25]. We adapted instead a stable isotope
dilution method using liquid chromatography mass spectrometry (LC–MS) to measure NAG
production. Enzymatic activity is assayed in 50 mM Tris buffer, pH 8.5, containing 10 mM
glutamate and 2.5 mM acetyl-CoA in a 100 μl reaction volume. Where applicable, 1 mM L-
arginine is added to the assay mixture. The reaction is initiated by the addition of enzyme,
and the mixture is incubated at 30 °C for 5 min. The reaction is quenched with 30%
trichloroacetic acid containing 50 μg of N-acetyl-[13C5]glutamate (13C-NAG, internal
standard). The precipitated protein is removed by micro-centrifugation for 5 min.

Glutamate, NAG, and 13C-NAG are readily separated on reverse phase HPLC; the mobile
phase consists of 93% solvent A (1 ml trifluoroacetic acid in 1 L water) and 7% solvent B (1
ml trifluoroacetic acid in 1 L of 1:9 water/acetonitrile). The flow rate is 0.6 ml/min.
Glutamate, NAG, and 13C-NAG are detected and quantified by selected ion monitoring
mass spectrometry. Changing the mobile phase to 100% solvent A increases the separation
between glutamate and NAG, also making possible the separation of N-carbamylglutamate.
NAGS reaction chromatograms are shown in Fig. 3. The LC–MS assay in its current form is
capable of detecting enzyme activity from an open biopsy sample starting with
approximately 30–100 mg of liver tissue, and is in the process of being enhanced for use
with sample amounts commonly obtained from a needle biopsy.
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Enzyme characterization
Enzyme assays performed with the preprotein, “short mature,” “long mature,” and
“conserved domain” versions of NAGS show that the enzyme is active in all three forms,
and remains arginine-responsive in all.

Human and mouse recombinant NAGS bearing polyhistidine tags were overexpressed in E.
coli and purified using nickel affinity chromatography. Enzymatic activity was measured for
four variants of mouse NAGS: preprotein, two versions of the putative “mature” protein
(long and short) and the conserved domain. “Short mature” NAGS had the highest specific
activity. The conserved domain of human and mouse NAGS had lower specific activity
suggesting that the variable domain either enhances catalytic activity or stabilizes the NAGS
protein. Enzymatic activities of recombinant proteins increased two to sixfold in the
presence of 1 mM arginine [12,14].

Post-translational processing
To determine if and where mitochondrial processing occurs, the mouse NAGS preprotein
fused to a C-terminal polyhistidine tag was overexpressed in insect cells using a baculovirus
system, and the resulting protein was purified under native conditions with an immobilized
nickel affinity column. Three strong bands were seen when the affinity-purified samples
were run on SDS–PAGE followed by Coomassie staining. These bands were excised, and
subjected to rapid, in-gel, trypsin digestion [26]. The isolated fragments were analyzed using
mass spectrometry on an Applied Biosystems Voyager 4700 MALDI TOF/TOF. All three
samples contained a characteristic peak with an m/z of 1150. This peak from each of the
samples was sequenced using collision-induced dissociation and found to correspond to the
internal peptide LAFALAFLQR of NAGS (Fig. 4). The same sample was separated on
SDS–PAGE, blotted onto Immobilon-PSQ, and then stained with Coomassie blue. Bands
corresponding to the two shorter proteins were submitted for amino acid sequencing at the
Texas A&M Laboratory for Protein Chemistry. These two smaller bands yielded a cleavage
site of the canonical mitochondrial leader peptide to be after amino acid 50 and revealed a
second cleavage site at the end of the variable domain after amino acid 91. There are several
precedents for bipartite signaling peptides; ornithine transcarbamylase is imported into the
mitochondria in a two-stage cleavage process [27]. In other mitochondrial proteins such as
cytochrome b2 and cytochrome c1, bipartite signaling peptides containing a hydrophobic
stretch are thought to be a suborganellar sorting signal [28,29]. Unlike the bipartite signal
seen in the cytochrome proteins, the variable domain is not particularly hydrophobic,
suggesting a different role for this region of NAGS.

NAGS deficiency
Several reports of NAGS deficiency exist in the literature; however, definitive diagnosis was
unavailable until the gene sequence became available. Owing to a lack of specific
biochemical markers, and the low abundance of NAGS, currently not amenable to assay
from needle liver biopsies, it is likely that NAGS deficiency is under-diagnosed. Deficiency
of NAG can be caused either by genetic defects of NAGS or by secondary effects of certain
organic acid disorders, fatty acid oxidation defects, and by the administration of valproic
acid; the secondary effects appear to be due to inhibition of NAGS by metabolites that
contain CoA [30]. The symptoms of inherited NAGS deficiency appear very similar to CPSI
deficiency, with elevated plasma ammonia and glutamine, reduced or absent citrulline, and
normal urinary orotate. As expected, when CPSI enzyme assays supplemented with NAG
are performed on liver biopsies from NAGS-deficient patients normal CPS activity is seen.
Table 1 summarizes mutations identified in 10 families with NAGS deficiency. A variable
reduction in NAGS activity and/or arginine activation has been observed, with some patients
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showing normal activity. However, there are some concerns about the reliability of the
activity assay; a patient reported to have normal basal enzyme activity was shown through
subsequent mutation analysis to have a null frameshift mutation [31]. It is possible that other
acylases in liver homogenates are also capable of catalyzing the transfer of an acetyl group
onto glutamate, making further development of the assay necessary. Normal NAGS activity
has been reported to be >34 nmol/min/g tissue, and upon arginine stimulation increases to
>144 nmol/min g tissue [25].

Other mutations
Although only a few NAGS mutations have been identified in patients to date, some
predictions can be made of regions likely to prove important for structure and function. In
sequence alignments of ornithine transcarbamylase, the conservation of amino acid
properties across species has been successfully applied to evaluate amino acid loci that result
in “neonatal” vs. “late-onset” hyperammonemia, and to identify regions of the protein
involved in substrate binding and catalysis [32]. Alignment of the mouse and human NAGS
amino acid sequences clearly identifies several well-conserved motifs. The addition of
piscine sequences helps further refine these motifs by providing additional genetic
“distance.” In the current alignment, 197 amino acids are identical across vertebral species.
Deleterious mutations of NAGS have been identified in patients corresponding to these
regions of strong conservation [13,31,33].

In the course of generating sufficient protein for structural studies of NAGS, aggregation of
the protein was discovered to be a significant challenge. The structural rationale is that
unfavorable protein–protein interactions are promoting aggregation. Attempts to engineer a
more soluble NAGS through random PCR mutagenesis combined with DNA shuffling have
an additional benefit of making it possible to observe many more deleterious mutations in
the NAGS gene. Several candidate proteins were isolated with increased solubility
compared to wild type, and upon DNA sequencing each was found to have multiple
mutations. In this experiment, there is no selection pressure to maintain enzyme activity, but
with the exception of those proteins containing mutations in strongly conserved amino acids,
the others retained enzymatic activity. The possibility remains that compensating mutations
occur that together preserve activity, despite individually being deleterious. Still, this type of
DNA shuffling experiment may have general utility as a way to rapidly extract information
about change-tolerant regions in proteins whose structures are yet unsolved. These regions
are also likely to be polymorphic sites in patients rather than strongly deleterious, and
several mutations can be mapped from each experiment.

Treatment
With the availability of the NAGS sequence, deficiencies in the gene can now be reliably
confirmed, providing a tool for carrier testing and prenatal diagnosis that was not previously
available [13]. Moreover, a specific treatment for NAGS deficiency using N-
carbamylglutamate, a NAG structural analog, to activate CPSI is available and approved for
use in Europe (Carbaglu®, Orphan Europe). Several reports have shown that
carbamylglutamate is apparently effective in the treatment of NAGS deficiency [31,33-38].
With the availability of molecular diagnosis, early confirmation of NAGS deficiency
becomes particularly compelling, as treatment with N-carbamylglutamate may be effective
in preventing hyperammonemia and brain damage.

Conclusions
NAGS produces a unique, and the only known, enzymatic cofactor for the urea cycle. There
is evidence that the availability of this cofactor may modulate the activity of CPSI and
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hence, the flux through the urea cycle. Understanding NAGS deficiency can help perhaps to
better understand the regulation of ureagenesis, while the availability of a stable analog of
NAG may provide the first specific treatment of a severe urea cycle disorder.
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Fig. 1.
Alignment of vertebrate NAGS proteins. Legend: hNAGS, human; mNAGS, mouse;
fNAGS, fugu; and zfNAGS, zebrafish. Missense mutations found in patients or those
generated by random mutagenesis in the mouse sequence are marked in yellow, and the
resulting amino acid change is labeled above the alignment. Mutations known to be
deleterious are shown in red. Strongly conserved blocks are shaded in gray. Residues
predicted to be active site residues are marked with dots below the alignment. Arrows at
position 51 and 92 indicate the start sites of the two processed NAGS proteins dubbed “short
mature” and “conserved domain.” Discrepancies between mutation numbering and
alignment position number are due to insertions when generating the alignment.
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Fig. 2.
Hidden Markov model based alignment of human NAGS sequence with E. coli N-
acetylglutamate kinase (NAGK) and with the histone acetyltransferase domain of P300/CBP
associating factor (PCAF). Active site residues determined from the crystal structures of
NAGK and PCAF are highlighted in red, along with their counterparts in the NAGS
sequence. The alignment between hNAGS and NAGK has several shortcomings, including
long insertions in the region of active site residues and relatively poor conservation of active
site residues. This argues that the alignment cannot be used to correctly identify the NAG
binding residues within NAGS.
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Fig. 3.
Liquid chromatography–mass spectrometry based NAGS enzyme assay. Left panel: typical
stable isotope dilution sample. The ratio between a known amount of isotopic NAG and the
NAG produced in the assay is used to quantitate NAG formation. Right panel: separation
conditions can be modified to simultaneously monitor glutamate, carbamylglutamate, and
NAG. Peaks corresponding to glutamate, N-acetylglutamate, and N-carbamylglutamate are
shown with the chemical structures of N-carbamylglutamate and N-acetylglutamate.
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Fig. 4.
Identification of processing sites in NAGS. (Left) SDS–PAGE of nickel affinity purified
NAGS expressed in insect cells. Three major isoforms are visible corresponding to
preprotein (A), “short mature” (B), and “conserved domain” (C). (Right) MS spectra and
MS/MS spectra following in gel tryptic digestion of the uppermost band. All three bands
contain a characteristic 1150 m/z peak in their tryptic MS spectra that corresponds to the
peptide LAFALAFLQR of NAGS upon analysis using MS/MS mode.
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