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Abstract

N-acetylglutamate (NAG) is a unique enzyme cofactor, essential for liver ureagenesis in mammals
while it is the first committed substrate for de novo arginine biosynthesis in microorganisms and
plants. The enzyme that produces NAG from glutamate and CoA, NAG synthase (NAGS), is
allosterically inhibited by arginine in microorganisms and plants and activated in mammals. This
transition of the allosteric effect occurred when tetrapods moved from sea to land. The first
mammalian NAGS gene (from mouse) was cloned in 2002 and revealed significant differences from
the NAGS ortholog in microorganisms. Almost all NAGS genes possess a C-terminus transferase
domain in which the catalytic activity resides and an N-terminus kinase domain where arginine binds.
The three-dimensional structure of NAGS shows two distinctly folded domains. The kinase domain
binds arginine while the acetyltransferase domain contains the catalytic site. NAGS deficiency in
humans leads to hyperammonemia and can be primary, due to mutations in the NAGS gene or
secondary due to other mitochondrial aberrations that interfere with the normal function of the same
enzyme. For either condition, N-carbamylglutamate (NCG), a stable functional analog of NAG, was
found to either restore or improve the deficient urea cycle function.
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Historical and evolutionary aspects of NAGS

The existence of N-acetylglutamate synthase (NAGS; EC 2.3.1.1), a liver enzyme that

catalyzes formation of N-acetylglutamate (NAG) from glutamate and acetyl coenzyme A was
inferred after NAG was identified as an essential cofactor necessary for the function of the urea
cycle [1,2]. The gene for mammalian NAGS was identified almost 50 years later, probably due
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to poor evolutionary conservation of the NAGS protein sequence compared to other urea cycle
enzymes.

The urea cycle in mammals evolved from the arginine biosynthesis pathway in microbes; the
two systems having in common six enzymes and their substrates and products [3,4]. In
microbes, NAGS catalyzes the formation of the first committed intermediate of arginine
biosynthesis, while in mammals NAGS produces an essential cofactor for CPSI, the first and
rate-limiting enzyme of the urea cycle. Although NAGS was purified from human and rat liver
almost three decades ago [5-7], not until 2002 where we able to use bioinformatic tools to
identify and subsequently clone mammalian NAGS genes based on limited sequence
similarities to Neurospora crassa NAGS [8,9].

Alignments of amino acid sequences from six mammalian NAGS genes revealed three regions
with different degrees of sequence conservation: the mitochondrial targeting signal (MTS), the
variable segment and the conserved segment (Figure 1). When mouse NAGS preprotein was
expressed in insect cells, it was processed at two sites. Cleavage of the MTS resulted in mature
NAGS (NAGS-M), while removal of both the MTS and variable segment resulted in conserved
NAGS (NAGS-C). Recombinant NAGS-M and NAGS-C are both catalytically active, the
affinities of NAGS-M and NAGS-C for substrates are similar while the maximal velocity of
NAGS-C is about two-fold higher than that of NAGS-M [10].

Sequencing of genomes from organisms spanning a wide variety of phyla has allowed us to
identify NAGS in these organisms based on their similarity to either human and mouse or
bacterial NAGS. These searches identified several Xanthomonadales and marine a-
proteobacteria with highly similar gene sequence to mammalian NAGS [11]. To confirm that
these bacterial sequences were indeed more closely related to mammalian NAGS than to other
bacterial NAGS encoding genes, we carried out a phylogenetic analysis of NAGS sequences
from 31 organisms including bacteria, fungi, amoebae, plants and vertebrates. Four fungal
NAGK were also included in the analysis based on the previously noted similarity between N.
crassa NAGK and E. coli NAGS [12]. NAGS and NAGK sequences clustered in two groups.
One group contained NAGS from vertebrates, fungi, amoebae, and three species of
Xanthomonadales and marine a-proteobacteria, indicating that these genes were more closely
related to each other than to other bacterial and plant NAGS clustered in the second group
[11]. Examination of two NAGS and NAGK:-like gene sequences (argA and argB) in the
arginine operon of Xanthomonads, followed by enzymatic assays with their respective purified
proteins have revealed that the Xanthomonad argB encoded enzyme can catalyze the first two
reactions of arginine biosynthesis. We therefore termed this enzyme N-acetylglutamate
synthase-kinase (NAGS-K).

Arginine differentially affects the enzymatic activity of NAGS from plants, microbes and
vertebrates. Microbial NAGS (including Xanthomonad NAGS-K that are more similar to
mammalian NAGS than other bacterial NAGS) and plant NAGS are inhibited by arginine as
part of feedback inhibition of arginine biosynthesis [4,11]. Mammalian NAGS on the other
hand, are activated by arginine [5,6,7,10]. This indicates that an allosteric inversion of the effect
of arginine on the activity of NAGS enzymes occurred during evolution. In spite of this
allosteric inversion, sequence alignments of NAGS proteins show that the arginine binding
site has been conserved across all phyla, and site-directed mutagenesis revealed that arginine
binds at the same site in Xanthomonas campestris NAGS-K, which is inhibited by arginine, as
in mouse NAGS, which is activated by the same amino acid [13]. This suggests that binding
of arginine induces conformational changes or alters protein dynamics and results in the
opposite effects on enzymatic activity of bacterial and mammalian NAGS as will be discussed
in the structural studies described below. To determine when this allosteric inversion occurred
during evolution, we examined the effect of arginine on the enzymatic activity of fish and
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amphibian NAGS. The activity of NAGS from zebrafish (Danio rerio) and pufferfish (Fugu
rubripes) was partially inhibited by arginine, while the effect of arginine on the respective
activity of NAGS from the amphibians, Xenopus laevis and Xenopus tropicalis, ranged from
neutral to slight activation [13]. Therefore, inversion of the allosteric effect of arginine on
NAGS occurred in amphibians and coincided with the transition from CPSIII to CPSI and
conquest of land by tetrapods. Since mammalian NAGS proteins are activated by arginine, this
amino acid could regulate ureagenesis by modulating the activity of NAGS, which then
produces variable amounts of NAG for activation of variable number of CPSI molecules. The
combined activation of NAGS by arginine and activation of CPSI by NAG forms a double
positive feedback loop, which allows rapid and robust regulation of metabolic and signaling
pathways [14]. This has resulted in a robust ammonia detoxification system, which effectively
protects the central nervous system of land tetrapods from neurotoxic effects of
hyperammonemia.

NAGS structure and catalytic and regulatory mechanisms

Until recently, no structure of any NAGS protein was available due to the recalcitrant nature
of the protein to crystallization and poor X-ray diffraction quality. Last year, Shiand colleagues
were able to crystallize and solve the three dimensional NAGS structure from Neissria
gonohorreae (ngNAGS), which is closely related to E. coli and other bacterial NAGS proteins
(50-60% sequence similarity), but has low sequence similarity (20-30%) to mammalian
NAGS. [15,16]. Four crystal structures, at high resolution (better than 2.5 A), with the
substrates (CoA, AcCoA, L-glutamate and NAG) and the bound allosteric effector (L-
arginine), provided insights into the catalytic and arginine regulatory mechanisms of the NAGS
enzyme. The coordinates and structural factors have been deposited in the Protein Data Bank
(accession codes: 2R8V, 3B8G, 2R98, 3D2P and 3D2M) for public access.

Monomer structure

The monomer of ngNAGS consists of two independently folded domains, an N-terminal amino
acid kinase (AAK) domain and a C-terminal N-acetyltransferase (NAT) domain, connected by
a3 amino acid (~10 A) linker (Fig. 2A). The AAK domain contains two lobes and has a typical
AAK fold with a central 8-stranded parallel B sheet sandwiched between o helices (Fig. 2B).
The N-terminal lobe forms the inter-subunit interfaces while the C-terminal lobe hosts the
arginine binding site. The NAT domain has a typical GCN5-related fold with a central anti-
parallel B sheet flanked by o helices. The central B sheet is divided into two arms that form a
“V” shape, with substrate (CoA, AcCoA, L-Glutamate or NAG) binding between the two arms
(Fig. 2C). The allosteric effector, L-arginine, binds to the C-terminal end of AAK domain at
alocation that is approximately 25 A away from the catalytic site. Without bound arginine, the
AAK and NAT domains do not interact within a single monomer. However, upon binding of
arginine, the NAT domain undergoes marked reorientation relative to the AAK domain
allowing them to interact (Fig. 3). This structural model clearly indicates that the catalytic site
is located within the NAT domain and rules out the earlier speculation that L-glutamate binds
to the AAK domain of the enzyme [17].

Quaternary structure

The crystal structures indicate that six monomers of ngNAGS assemble together as the minimal
functioning unit by forming a hexameric ring via the AAK domains (Fig. 4) with exact 32-
point symmetry. The C-terminal NAT domain interacts with the AAK domain from the
adjacent subunit as well. Even though the AAK domain is not involved in the catalysis, it is
required for maintaining the NAT domain in the correct conformation for optimal catalytic
activity.
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Analytical gel chromatography demonstrated that ngNAGS is a hexamer in solution as in
crystal form, regardless of enzyme concentration and binding status of arginine. Thus, there is
strong evidence that the basic functional unit for the “classical” version of bacterial NAGS is
ahexamer. Our results do not support the earlier studies on NAGS from E. coli, which proposed
that a trimer is the smallest active unit and that the enzyme oligomeric states depended on its
concentration and the presence of substrates or inhibitor [18]. Since the primary sequences of
NAGS from E. coli and N. gonohorreae are highly similar (55% similarity) and all of the key
residues for substrate and L-arginine binding are identical, it is likely these homologous
proteins function in identical oligomeric states.

The hexameric assembly of ngNAGS creates three different types of interface. Types K1:K5
and K1:K4 (Fig. 4), are created through AAK-AAK domain interactions and are similar to
those found in L-arginine sensitive NAGK structures, while type K1:K4 interface is common
for both L-arginine sensitive and insensitive NAGK such as E. coli NAGK [19]. The dimer
formed through K1:K4 interface interaction is quite rigid and, upon L-arginine binding, it
rotates as one unit. The third interface (K2:S1) is formed through AAK-NAT domain
interactions and is unique to ngNAGS. Upon L-arginine binding, this interface changes
completely, implying its critical role in signal transduction from the L-arginine binding site to
the catalytic site.

Substrate binding site

The crystal structures of liganded ngNAGS identified sequence motifs of glutamate and
AcCoA binding in bacterial and plant NAGS. Both AcCoA and L-glutamate clearly bind to
the NAT domain in the cleft between the two arms (Fig. 2C). Two stretches of amino acid
residues (393-398 and 355-369) are involved in binding AcCoA, mainly using main-chain
nitrogen or oxygen atoms for hydrogen bonding interactions (Table 1). The sequence GIn364-
Glu365-Gly366-Gly367-Tyr368-Gly369, which conforms to the (Arg/Gln)-Xaa-Xaa-Gly-
Xaa-(Gly/Ala) motif for AcCoA recognition in the GCN5-related NAT super family [20], is
involved in binding the pyrophosphate group of AcCoA. The slightly modified motif of (Arg/
GIn)-Xaa-Xaa-(Gly/Ser)-Xaa-Gly can be found in all “classical” bacterial and plant NAGS
sequences.

A second motif (Trp-Xaa-Xaa-Arg) is also conserved in all “classical” bacterial and plant
NAGS sequences. The side chain of Trp398, which is located within the active site near the
adenosine and pyrophosphate groups of AcCoA, appears to be important in binding of AcCoA
and maintaining it in the correct conformation. Similarly, the side chain of Phe399, which has
hydrophobic interaction with the acetyl group of AcCoA, is crucial for “fixing” the acetyl group
for the catalytic reaction.

Since the acetyl group of AcCoA is located deep in the protein core, L-glutamate must enter
the protein from the opposite side of the protein through a channel that provides the acetyl
group of AcCoA with access to the solvent. The channel is formed by H10-H11 and H14-
B25 loops, and part of B21 and p22 strands. Within the channel, side chains of residue Arg312,
Arg425 and Ser427, and the main chain nitrogen atoms of Cys356 and Leu314 are involved
in binding the two carboxyl groups of L-glutamate. The L-glutamate binding residue, Arg312,
Arg425 and Ser427, are conserved in all “classical” bacterial and plant NAGS sequences.

L-Arginine binding site

L-Arginine binds to the C-terminal end of AAK domain [16]. The binding site is formed by
the central B-sheet (strand B13, B17, and B18), the C-terminal segment of the N-terminal helix,
and the loop connecting helix H9 and strand B18 (residues 270-280) (Fig. 3B). The amino
acid sequences for the L-arginine binding loop (residue 270-280) is highly conserved across
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all known NAGS proteins. This universality of the L-arginine binding site is supported by the
mutagenesis studies of this region in mouse NAGS and bifunctional X. campestris NAGS/K
[13] and Pseudomonas aeruginosa NAGS [21] and NAGK [22].

Catalytic mechanism

The ngNAGS structures clearly rule out a two-step ping-pong mechanism of catalysis. A two-
step mechanism uses a cysteine as a bridge to transfer the acetyl group from AcCoA to the
amino group of L-glutamate. However, in the crystal structures, the closest cysteine (Cys356)
is 8.4 A away from the sulfur atom of AcCoA, too far for a covalently-linked intermediate. In
contrast, the a-amino nitrogen atom of L-glutamate is about 2.5-3.1 A from the carbon atom
of acetyl group, poised to attack the acetyl group directly [15,16]. During the reaction, the
carbonyl bond is polarized by two strong hydrogen bonding interactions with the main chain
nitrogen atoms of Cys356 and Leu357, and the tetrahedral intermediate is in S-configuration.
Upon formation of the reaction products (CoA and NAG), the sulfur atom of CoA moves ~0.9
A toward the side chain of Ser392 and the side chain of Arg316 moves away from the active
site which then allows NAG to dissociate from the protein.

Regulatory mechanism

The allosteric binding site for L-arginine is close to the C-terminal end of the AAK domain
and is more than 25 A away from the active site within the NAT domain. Even though the L-
arginine binding site in ngNAGS is similar to the respective site in arginine sensitive NAGK
structures [17], the allosteric mechanism in NAGS is likely to be different from that of NAGK
where the active site is close to the L-arginine binding site and within the same AAK domain
and the inhibition mechanism was proposed to involve the enlargement of the active site upon
L-arginine binding [17].

InngNAGS, arginine binding causes a series of structural rearrangements, including tightening
the arginine binding site, reorienting the N-terminal helix, rotating (~4°) and moving the K1:K4
dimer outwards (~5 A) and ordering the H4-B5 loop to enhance the K1:K5 interface
interactions. In addition, the synthase NAT domain is rotated relative to the AAK domain
(~109°) to change domain-domain interactions within the subunit (K1:S1) and between
subunits (K2:S1), disordering the glutamate binding loops (H10-H11 and H14-B25) and
reducing the affinity of the enzyme for glutamate. Arginine binding also induces global
conformational changes that increase the diameter of the hexamer by ~10 A and decreases its
height by ~20 A. Kinetics studies of ngNAGS support the proposed regulatory mechanism of
arginine that reduces the affinity of the enzyme for L-glutamate.

Recent kinetic and mutagenesis studies of P. aeruginosa NAGS further support the
observations that L-arginine inhibits the NAGS activity by reducing the substrate binding and
catalytic efficiency through increasing K, of L-glutamate, decreasing the Vnax, and triggering
substrate inhibition by AcCoA [23]. These and mutagenesis studies also demonstrated that the
length of inter-domain linker plays an important role in transduction of arginine regulation
signals from its binding site in the AAK domain to the active site in the NAT domain.

Vertebrate NAGS structural model

Primary sequence analysis classified all known NAGS into two major groups in a phylogenetic
tree [11]. Within the group that contains bacterial and plant NAGS, all active site residues
involved in binding substrates and catalysis are conserved. The members of this group are
likely to have similar active site structures and quaternary hexamer arrangements. The
vertebrate NAGS, along with fungal NAGS and bacterial bifunctional NAGS/K, belong to a
different group. The amino acid sequence similarity between these two groups is very low (20—
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30%), particularly for the NAT domain, implying the NAT domains in two major groups
evolved from different ancestor proteins.

NAGS in the vertebrate-containing group, appears to have a similar two-domain structure to
ngNAGS, and the CoA binding motif, GIn-Xaa-Xaa-Gly-Xaa-Gly, can be clearly identified in
the sequence [24]. However, a sequence alignment between NAGS in the two groups indicates
that the key residues in the L-glutamate binding site are not conserved for NAGS in vertebrates.
This implies that either NAGS in the vertebrate branch uses different residues for L-glutamate
binding or that the L-glutamate binding site is in a different location. The possibility for a

shared active site by AAK and NAT domains in the NAGS of vertebrates has been proposed
previously [24] and cannot be ruled out until a vertebrate NAGS structure becomes available.

Clinical and therapeutic aspects of NAGS deficiency

Clinical features and diagnosis of NAGS deficiency

NAGS deficiency is the rarest [25] and most-recently identified urea cycle disorder [26]. The
age of onset of clinical symptoms is variable and ranges from early neonatal hyperammonemia
to presentation in the fifth decade [27-30], with approximately half of all reported cases
presenting in the neonatal period [31].

NAGS and CPSI deficiency are indistinguishable by clinical and/or biochemical parameters
alone, as both conditions result in decreased flux through the CPSI reaction. Biochemically,
plasma ammonia and glutamine are increased, whereas the concentrations of other urea-cycle
intermediates are low to normal, and urinary orotic acid is also not elevated [29]. Discrimination
between these two proximal urea-cycle disorders can be achieved through hepatic enzymatic
studies [32] or molecular diagnostics [33]. The majority of presenting neonates with NAGS
deficiency have <5% residual activity [31], and frequently have frameshift or nonsense
mutations [31,33]. In contrast, late-onset presentation is associated with greater residual
enzyme activity and hypomorphic alleles with single amino acid substitutions [30,31,33]. A
minority of patients have been shown to have reduced hepatic NAGS activity, despite failure
to detect deleterious mutations by molecular testing [34-36]. Since the enzymatic assay may
not be completely reliable, these patients may not have primary NAGS deficiency.

Other conditions with N-acetylglutamate deficiency

A secondary deficiency of NAG may arise from a diminution of available coenzyme A or
acetyl-CoA or L-glutamate, or by inhibition of the NAGS reaction [37—40]. A reduction of
hepatic N-acetylglutamate has been hypothesized as the mechanism of hyperammonemia in
the organic acidemias, such as propionic acidemia, methylmalonic acidemia, and isovaleric
acidemia [38-39], as well as in hyperinsulinism-hyperammonemia syndrome [40], and in
valproate treatment [37]. Exogenous benzoate may also decrease the intra-mitochondrial NAG
concentration [41].

Treatment of NAG deficiency with N-carbamylglutamate

Grisolia et al. [42] determined that derivatives of L-glutamic acid, including N-
carbamylglutamate (NCG), could activate the biosynthesis of carbamyl phosphate by CPSI.
While the natural CPSI activator, NAG, has the strongest affinity [43], it is a poor
pharmacological candidate since it is hydrolyzed in vivo by acyl-amino acid acylase. In
contrast, NCG is entirely acylase-resistant [44], and was therefore evaluated as a
pharmacological substitute for NAG in patients with NAGS deficiency [28,45-48], where it
has been shown to normalize plasma ammonia levels within 8 hours [49]. A diagnostic trial of
NCG has been suggested for hyperammonemic newborns with suspected urea cycle disorders,
given that a rapid response is not only diagnostic, but presents a life-saving therapeutic option
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for patients with NAGS deficiency [49]. NCG supplementation has also been used as an adjunct
to the treatment of hyperammonemia in propionic acidemia (PA) [50], methylmalonic acidemia
(MMA) [51], and hyperinsulinism-hyperammonemia syndrome (HHS) [52].

In patients with NAGS deficiency, we have shown that a 3-day trial of NCG, at a dose of 2.2
g/m2/d (100mg/kg/d if < 25 kg), restores ureagenesis [53,54]. In order to assess changes in
ureagenesis, we used isotope-ratio mass-spectrometry to monitor the in-vivo synthesis of
[13C]urea following administration of a single oral dose of [1-13C]acetate. The labeled acetate
is rapidly converted to H13COg, of which a small fraction is consumed by CPSI, and ultimately
incorporated into [13CJurea. Following NCG administration, both atom % excess plasma
[13C]urea and absolute plasma [13C]Jurea concentrations (Fig. 5) increase several-fold above
the depressed baseline values. Peak plasma [*3C]urea concentration reached twice that obtained
in normal controls [54]. Mean plasma ammonia decreased to close to normal levels, while
plasma urea increased nearly four-fold. Plasma glutamine levels decreased substantially as
well.

We have also performed 3-day trials of NCG in stable patients with severe PA [54] and B1,-
unresponsive Cbhl-B MMA (unpublished data), who all presented with neonatal
hyperammonemia. In a cohort of PA patients (unpublished data), we observed statistically
significant decreases in ammonia and glutamine following NCG administration, supportive of
an increase in nitrogen disposal via urea. Similar results were observed in our single patient
with Chl-B deficiency. NCG also increased ureagenesis in patients with HHS (unpublished)
and in healthy adults [55].

In summary, while NAGS deficiency is exceedingly rare, it is the only inherited urea cycle
disorder that can be specifically and effectively treated by a drug. Moreover, the same drug
(NCG) appears to be beneficial for the treatment of other hyperammonemic conditions and
increases the rate of ureagenesis even in healthy individuals, observations that as a whole
support the investigation of NCG for the treatment of both inherited and acquired
hyperammonemia.
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Conservation of mammalian NAGS. Logo representation of the conservation of amino acids
among NAGS from human, mouse, rat, dog, horse and cow. The letter size is proportional to
the degree of conservation and the color indicates the type of amino acid. Post-translational
processing sites found upon expression of mouse NAGS in insect cells are indicated by arrows.
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Figure 2.

Structure of N. gonorrhoeae NAGS. Ribbon diagram of a monomer (A), and its AAK (B) and
NAT (C) domains. Green arrows indicate the direction of strands in p-sheets, a-helices are in
red and B-sheets are in green. AcCoA is represented as a stick model.

Mol Genet Metab. Author manuscript; available in PMC 2011 February 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Caldovic et al.

Page 13

B19

Figure 3.

N. gonorrhoeae NAGS L-arginine binding site in the T-state structure. A. Ribbon diagram of
T-state monomer. Ribbons are shown in rainbow colors from blue (N-terminal) to red (C-
terminal). Bound L-arginine is represented as space-filling models. Bound CoA is shown as
green sticks. B. Arginine binding site. Electron density maps (2F,-F¢) are shown as a blue cage
contoured at 1.0c. Carbon atoms of L-arginine are shown as pink sticks. Carbon atoms of the
side chains to interacts with L-arginine directly and indirectly are shown as yellow and green
sticks, respectively. Hydrogen bonds between bound ligands and protein are indicated by red
dashed lines.
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Figure 4.

Molecular hexamer of N. gonorrhoeae NAGS. Simplified model showing the quaternary
interactions of the subunits. Two dimer interfaces across the two-fold axes between AAK
domain K1 and K4, and K1 and K5, and one interface across the three-fold axis between the
NAT domain S1 and the AAK domain K2 are clearly visible. Different subunits are shown in
different colors.
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Figure 5.

Increase over time of isotopic enrichment in plasma [13C] urea (A) and the concentration of
plasma [13C] urea (B) in a patient with NAGS deficiency before (o) and after () 3-d treatment
with N-carbamylglutamate.

Mol Genet Metab. Author manuscript; available in PMC 2011 February 26.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Caldovic et al.

Interactions between AcCoA and protein atoms

AcCoA atoms  Protein atoms  Distance (A)
o Cys356 N 3.39
Leu357 N 3.03
NBS Leu357 O 2.54
OBR Thr395 OG1 2.47
OBM Val359 N 3.48
OBK GIn364 OE1 3.03
OBD Asp365 N 2.79
Wat58 OH 2.70
OBC Gly369 N 2.82
War52 OH 2.72
OAZ Glu370 N 3.24
OAY Gly367 N 2.98
Wat71 OH 2.97
05 Trp398 NE1  3.05
02 Argi518NE 351
03 Argisi8NE 361
0AQ Lysis28 Nz 362
N1 Glu397 OE1 2.66
N6 Glu394 O 3.28

§residues from the K domain of an adjacent monomer (symmetry operation: —y+1, x-y, z).
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