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a b s t r a c t

N-Acetyl-L-glutamate synthase catalyzes the conversion of AcCoA and glutamate to CoA and N-acetyl-L-
glutamate (NAG), the first step of the arginine biosynthetic pathway in lower organisms. In mammals,
NAG is an obligate cofactor of carbamoyl phosphate synthetase I in the urea cycle. We have previously
reported the structures of NAGS from Neisseria gonorrhoeae (ngNAGS) with various substrates bound.
Here we reported the preparation of the bisubstrate analog, CoA-S-acetyl-L-glutamate, the crystal struc-
ture of ngNAGS with CoA-NAG bound, and kinetic studies of several active site mutants. The results are
consistent with a one-step nucleophilic addition–elimination mechanism with Glu353 as the catalytic
base and Ser392 as the catalytic acid. The structure of the ngNAGS-bisubstrate complex together with
the previous ngNAGS structures delineates the catalytic reaction path for ngNAGS.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

N-Acetyl-L-glutamate synthase (NAGS) catalyzes the first com-
mitted step in the arginine biosynthetic pathway in most microor-
ganisms and plants, the acetylation of L-glutamate by AcCoA to
produce N-acetyl-L-glutamate (NAG) [1,2]. Protein sequence com-
parison identified two major types of NAGS [3]. The first type,
termed classical NAGS or bacterial-like NAGS, identified in most
bacteria and plants, has an inactive amino acid kinase (AAK) do-
main and an active GCN5-like N-acetyltransferase (NAT) domain.
The second type, termed vertebrate-like NAGS, has been identified
in vertebrates, including mammals, and also in fungi and some
bacteria. Since mutations in the human NAGS gene cause severe
ll rights reserved.

G, CoA-S-acetyl-L-glutamate;
Maricaulis maris N-acetyl-L-

ate; NAGK, N-Acetyl-L-gluta-
AGS/K, N-acetyl-L-glutamate

eisseria gonorrhoeae N-acetyl-
iation; xcNAGS/K, Xanthomo-

dicine Research and Depart-
ational Medical Center, The
nue, N.W., Washington, DC
hyperammonia [4] understanding vertebrate-like NAGS has con-
siderable clinical relevance.

Although vertebrate-like NAGS also consists of two domains,
AAK and NAT domains, the NAT domain of this enzyme type seems
to have evolved from different ancestors than bacterial-like NAGS,
since the sequence identity of this domain is as low as 9–20%.
Interestingly, fungal N-acetyl-glutamate kinases (NAGK), which
also belong to this type, have an active AAK domain and an inactive
NAT domain [5]. In some bacteria such as Xanthomonas campestris
and Maricaulis maris, the two domains have both NAGS and NAGK
catalytic activity, respectively. These enzymes are referred to as
bifunctional NAGS/K [3,6], and they are thought to be the ancestral
proteins for the present day vertebrate-like NAGS and fungal
NAGK, which resulted from loss of NAGK activity in the AAK do-
main or NAGS activity in the NAT domain, respectively.

We have determined crystal structures of both vertebrate-like
and bacterial-like NAGS. Bacterial NAGS from Neisseria gonorrhoeae
[7,8] has a hexameric molecular architecture similar to those of
arginine-sensitive NAGK enzymes [9]. The six monomers form a
ring with two types of intersubunit interfaces: one similar to those
in arginine insensitive NAGK enzymes such as Escherichia coli
NAGK [10] involving adjacent AAK domains and a second formed
by interlacing extended N-terminal helices of adjacent subunits.
The six catalytic active sites are located in six NAT domains on
opposite sides of the hexameric ring. Binding of the allosteric
inhibitor, L-arginine, to the AAK domain at a site similar to those
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found in arginine-sensitive NAGK enzymes, induces large confor-
mational changes that enlarge and shorten the hexameric ring as
seen in arginine-sensitive NAGK structures [9] and re-orients the
NAT domain relative to the AAK domain by 109� [7]. As a result,
a different surface of the NAT domain interacts with the AAK
domain, the L-glutamate binding loops become disordered and
enzyme activity decreases.

In contrast to the hexameric structure of bacterial-like NAGS,
both bifunctional bacterial NAGS/K and NAGK in yeast exist as
tetramers [5,11]. Tetramer formation involves dimeric interfaces
between adjacent AAK domains and N-terminal helices as seen in
bacterial-like NAGS, but the specific interactions are different.
The AAK domain of yeast NAGK, without the NAT domain, is also
a tetramer, implying that the AAK domain is likely to be key to tet-
ramer formation [5]. However, in this type of NAGS, the NAT do-
mains interact to enhance the tetramer architecture in contrast
to bacterial-type NAGS in which NAT–NAT domains interactions
are not seen.

The crystal structures of ngNAGS bound with various substrates
that have been determined provide significant insights into the
catalytic mechanism of bacterial-like NAGS enzymes. However,
no other structures of NAGS/K enzymes with substrates bound
have been reported, despite extensive efforts, perhaps because
the affinity of these enzymes and other GCN5 related acetyltrans-
ferases (GNAT) [12] for AcCoA is significantly less that for ngNAG.
However, bisubstrate analogs are often able to overcome such
challenges because both substrate moieties contribute to binding.

Here we report the preparation of a bisubstrate analog, CoA-S-
acetyl-L-glutamate (CoA-NAG), using the ngNAGS enzyme itself
as the catalyst. The structure of ngNAGS complexed with the
bisubstrate analog indicates that the bisubstrate analog binds to
the active site similar to the way in which CoA and NAG bind sep-
arately, providing information about the intermediate reaction
step. This structure, together, with biochemical analyses of several
active site mutants provide further insights into the catalytic
mechanism of bacterial-like NAGS enzymes. This strategy can be
applied to structural and functional studies of the second type of
NAGS enzymes, including human NAGS, whose deficiency causes
hyperammonemia, as well as other members of the GNAT super-
family for which substrate bound structures are difficult to obtain.
Table 1
Diffraction data and refinement statistics.

Data collection

Space group P312
Wavelength (Å) 1.54178
Resolution (Å) 50–2.75
Highest resolution shell (Å) 2.8–2.75
Unit-cell parameters (Å) a = 98.5 b = 98.5 c = 90.0
Measurements 128,602
2. Materials and methods

2.1. Materials and chemicals

All materials and chemicals except N-chloroacetyl-L-glutamate
were commercially available. N-Chloroacetyl-L-glutamate was cus-
tom-made by Aris Pharmaceutical Inc (New Jersey).
Unique reflections 13,151 (647)
Redundancy 9.8 (9.7)
Completeness (%) 99.8 (100)a

Rmerg
b 0.087 (0.522)

hI/r(I)i 12.9 (1.6)
Refinement
Reflections, working set 13,149 (1,179)
Reflections, test set 1,331 (134)
Total atom (non-H) 3.327
Protein atoms 3,227
Ligand atoms 66
Water atoms 34
R 0.189 (0.367)
Rfree 0.271 (0.414)
Rmsd bond lengths (Å) 0.008
Rmsd bond angles (�) 1.188

a Figures in brackets apply to the highest-resolution shell.
b Rmerg = RhR|I(h,i)- < I(h)>|/RhRiI(h,i), where I(h,i) is the intensity of the ith

observation of reflection h, and hI(h)i is the average intensity of redundant mea-
surements of reflection h.
2.2. Cloning and protein expression and purification

ngNAGS and all mutants were expressed and purified per-
formed as described previously [8]. Briefly, the proteins were ex-
pressed in E. coli BL21(DE3) cells (Invitrogen) and purified with
nickel affinity and DEAE columns (GE Healthcare). Protein purity
was verified by SDS/PAGE gel and protein concentration was mea-
sured with a Nano-drop 1000 spectrophotometer (Thermo Scien-
tific). An extinction coefficient of 25,900 mol�1cm�1 and
molecular weight of 49.2 KDa obtained from the ExPASy web
server (http://web.expasy.org/protparam/) were used to calculate
protein concentrations. The protein was stored at 253 K in a buffer
of 50 mM Tris–HCl, pH8.0, 50 mM NaCl, 10% glycerol, 5 mM b-mer-
captoethonol, and 1 mM EDTA. Similar methods were used to
over-express and purify Maricaulis maris NAGS (mmNAGS),
Xanthomonas campestris NAGS (xcNAGS) and the mouse NAGS
NAT domain (mNAGS), which contains mouse NAGS sequence
from Met370 to Ser527.

2.3. Site-directed mutagenesis

Site-directed mutant genes of ngNAGS were created using prim-
ers containing the desired mutations (Table 1) and the QuikChange
Mutagenesis Kit according to the manufacturer’s protocol (Strate-
gene). The sequences of mutant DNA sequences were verified by
DNA sequencing.

2.4. Activity assay

Enzymatic activity was assayed using the method described
previously [13]. In brief, a stable isotope dilution method using li-
quid chromatography mass spectrometry (LC–MS) to measure NAG
production was adopted. The assay was performed in a solution
containing 50 mM Tris, pH 8.5, 10 mM glutamate and 2.5 mM
AcCoA in a 100 ll reaction volume. The reaction was initiated by
the addition of enzyme, and the mixture was incubated at 303 K
for 5 min and quenched with 100 ll of 30% trichloroacetic acid
containing 50 lg of N-acetyl-[13C5]glutamate as an internal stan-
dard. Precipitated protein was removed by micro-centrifugation.
The supernatant (10 ll) was submitted to LC–MS (Agilent) for
separation and measurement. The mobile phase consisted 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) and the
flow rate is 0.6 ml/min. Glutamate, NAG, and 13C-NAG were
detected and quantified by selected ion monitoring mass
spectrometry.

2.5. Detection of CoA-NAG bisubstrate analog

The LC–MS assay used to monitor activity was adapted to detect
the formation of the CoA-NAG bisubstrate analog, using the similar
standard reaction mixture: 100 ll of a solution containing 10 mM
CoA, 10 mM N-chloroacetyl-L-glutamate, and 2 lg of ngNAGS in
100 mM Tris–HCl, pH 8.5. The reaction was performed at 303 K

http://web.expasy.org/protparam/


Table 2
Mutation-engineering primers.

Mutants Primers

E355A GAAGCCGATTGCGGCGCAATCGCCTGCCTTGCC
E355D GAAGCCGATTGCGGCGATATCGCCTGCCTTGCC
S392A AGGCTG TTCGCACTGGCCACAAATACCGGCGAA
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for 5 min. After the reaction, protein was removed by boiling the
sample for 10 min and centrifuging for 5 min. The supernatant
(10 ll) was submitted to LC–MS to detect the CoA-NAG bisubstrate
analog using selected ion monitoring mass (m/z 955) spectrometry.
The same procedure was used with NAGS from different organisms
including mmNAGS, xcNAGS and mNAGS (NAT domain only).

2.6. Crystallization

Purified ngNAGS was concentrated to 10 mg/ml with an Ami-
con-Y30 membrane concentrator (Millipore). Before crystalliza-
tion, ngNAGS was incubated with 10 mM CoA and 10 mM
N-chloroacetyl-L-glutamate for 30 min. Screening for crystalliza-
tion conditions was performed using sitting-drop vapor diffusion
in 96-well plates (Hampton Research) at 291 K by mixing 2 ll of
the protein solution with 2 ll of the reagent solution from the
sparse matrix Crystal Screens 1 and 2, and Index Screen (Hampton
Research). The best crystals reported here were grown from a well
solution containing 100 mM tri-Na citrate, pH5.6, 0.2 M MgCl2 and
8% PEG 3350 by the sitting-drop vapor-diffusion method.

2.7. Data collection and structure determination

Before data collection, crystals were transferred from the crys-
tallization plate to a well solution supplemented with 20% glycerol
and then frozen directly by a liquid nitrogen stream (Oxford). Dif-
fraction data were collected at the NIDDK Molecular Structure
Facility using a Rigaku Raxis-IV+ and CCD detector. All data were
processed using the HKL2000 package [14]; statistics are summa-
rized in Table 2. After several cycles of refinements with Phenix
[15] and model adjustments with Coot [16], the final R and Rfree
Fig. 1. LC–MS analysis of the enzymatically synthesized bisubstrate analog, CoA-NAG. P
Samples with boiled ngNAGS are shown as a solid trace with arrow; unboiled xcNAGS a
mouse NAGS NAT domain only (mNAGS) as the shortest dashed trace. Traces for differe
were 18.9% and 27.1%, respectively. Refinement statistics for the fi-
nal refined model are given in Table 1. The final refined coordinates
for bisubstrate analog bound ngNAGS have been deposited in RCSB
Protein Data Bank with accession codes, 4I49.
3. Results and discussion

3.1. Preparation of bisubstrate analog

Most bisubstrate analogs used in structural and functional stud-
ies have been prepared using chemical methods; for examples,
N-phosphonacetyl-L-aspartate for aspartate transcarbamylase
[17] and the bisubstrate inhibitors for MYST, HATs, Esa1 and
Tip60 [18]. Sometimes bacteria can make bisubstrate analogs using
biosynthetic pathways encoded in their genome such as (R)-Nd-(N0-
sulfodiaminophosphinyl)-L-ornithine, which is produced from
Pseudomonas savastanoi pv. phaseolicola [19]. Recently, a method
that uses the enzyme itself as the catalyst to make a bisubstrate
analog has been developed [20]. In this approach, chloroacetyl-
CoA was synthesized, and then the other substrate and the enzyme
were added to make the conjugated bisubstrate analog, CoA-S-
acetyl-substrate. This method has been successfully used in struc-
tural and functional studies of several acetyltransferases including
spermidine/spermine N-acetyltransferase [21] and RimI, which
acetylates ribosomal protein S18 [12]. The reaction proceeds in
two steps. Initially, a chloroacetyl group is transferred from chloro-
acetyl-CoA to the substrate, which then reacts further with CoA to
form CoA-S-acetyl-substrate. In our study, we adapted this method
and used CoA and N-chloroacetyl-L-glutamate as the starting mate-
rials. Our LC–MS experiments confirmed that the bisubstrate ana-
log, CoA-NAG can be easily made using ngNAGS, xcNAGS,
mmNAGS, and even the NAT domain of mouse NAGS to catalyze
the reaction (Fig. 1).

3.2. Structure of ngNAGS bound with CoA-S-acetyl-L-glutamate

To gain further insight into the catalytic mechanism and molec-
ular basis of the binding of the bisubstrate analog to ngNAGS, CoA
and N-chloroacetyl-L-glutamate were added to a solution of
roduction of CoA-NAG was monitored by select ion mass (m/z 955) spectrometry.
s a solid trace; ngNAGS as a long dashed trace; mmNAGS as a short dashed trace;
nt samples are shown offset vertically.
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ngNAGS which was then crystallized in space group P321 with
unit-cell parameters a = b = 98.5 and c = 90.1 Å, isomorphous to
the ngNAGS structures without L-arginine bound [8]. Superimposi-
tion of the structure of the bisubstrate-ngNAGS complex with
acetyl-CoA-ngNAGS (PDB: 2R8V), CoA-Glu-ngNAGS (PDB: 3D2M)
and CoA-NAG-ngNAGS (PDB: 3B8G) results in RMSD of 0.47, 0.37
and 0.35 Å, respectively and indicates the close similarity among
these structures.

3.3. Bisubstrate analog binding

The electron density for the bisubstrate analog is well defined
(Fig. 2A) and the interactions between the bisubstrate analog and
protein can be unambiguously identified (Fig. 2B). The CoA moiety
of the bisubstrate analog binds to the protein via hydrogen bonding
interactions with the main-chain nitrogen atoms of Cys356,
Leu357, Asp365, Gly369, Glu370, Gly366 and Gly367, and the
main-chain oxygen atoms of Leu357 and Asn394. The side-chain
atoms of Ser392, Thr359, Trp398, Glu397, and Arg151 and
Lys152 from the adjacent subunit are also involved in binding
the CoA moiety. Since the sulfur atom of the CoA moiety links to
the methyl carbon atom of acetyl group directly, its sulfur atom
is shifted toward towards the b-strand, B23, by about 1.3 Å, relative
to the structure with CoA bound alone. However, the carbonyl oxy-
gen atom of the acetyl group still points to the b-bulge formed in
b-strand, B22, at residues Cys356 and Leu357, and forms hydrogen
Fig. 2. Interactions of CoA-NAG with ngNAGS. (A) Ribbon diagram of ngNAGS NAT domai
a-helices are in light blue, and b-sheets are in green. The electron density map (2Fo _ Fc) (1
NAG are shown as green sticks. (B) Detailed schematic of interactions of the bisubstrate an
the N-amino group of NAG moiety and the side chain of Glu353. The protein is shown i
residues discussed in the text are shown as sticks. The hydrogen bonds are shown as da
bonds with their main-chain nitrogen atoms. Since the b-bulge
structure and their hydrogen bonding interaction with the acetyl
group are conserved in all known GNAT structures, this feature ap-
pears likely to function in catalysis by polarizing the carbonyl bond
to facilitate the attack of the incoming amino nitrogen atom of the
second substrate. Interactions between the protein and the NAG
moiety of CoA-NAG are very similar to those observed in the
CoA-Glu-ngNAGS and CoA-NAG-ngNAGS structures. In all cases,
NAG is positioned with its a-carboxyl group anchored by the
main-chain nitrogen atom of Cys356 and the side-chain of
Arg316, and the position of the c-carboxyl group is fixed by inter-
actions with the side-chains of Arg416, Arg425 and Ser427 and the
a-amino nitrogen atom is secured by hydrogen bonding interac-
tions with the main-chain oxygen atom of Leu391.

3.4. Comparison of the kinetic parameters of S392A, E353A, E353D and
wild-type ngNAGS

ngNAGS appears to use a one-step direct transfer mechanism
for the catalytic reaction because there is not a suitable cysteine
nearby for a two-step ping-pong catalytic mechanism [8]. In order
to probe the possible functional roles of nearby residues, several
active site mutants were made and their specific activities were
determined (Table 3). The mutant S392A has 18-fold lower specific
activity than the wild-type enzyme, consistent with the potential
functional role of S392 as general acid as proposed previously for
n with CoA-NAG bound. The pink arrows indicate the direction of strands in b-sheets,
.0r shown as a blue cage) corresponds to bound CoA-NAG. The carbon atoms of CoA-
alog CoA-NAG with ngNAGS. (C) Interactions of the conserved water molecule with

n pink (b-sheet) and light blue (a-helices) ribbons. CoA-NAG and the side chains of
shed lines. Figures were drawn using programs Pymol [33] and Ligplot [34].



Table 3
Specific enzymatic activity of wild-type ngNAGS and its
mutants.

Proteins Specific activity (lmol min�1 mg�1)

Wide-type 28.02 ± 1.39a

E353A 8.42 ± 0.97
E353D 0.99 ± 0.01
S392A 1.54 ± 0.10

a Specific activity is the average of three measure-
ments with its standard deviation.
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ngNAGS [7,8] as well for other GCN5 related acetyltransferases
(GNAT) [12]. E353A and E353D have 3.5-fold and 28.4-fold lower
specific activities than the wild-type enzyme, respectively, demon-
strating that Glu353 has a significant role in the enzyme reaction.
Since Glu353 helps to orient the glutamate binding residue Arg416,
on one hand, and to form a ‘‘proton wire’’ that accepts a proton
from the amino group of glutamate via a water molecule, on the
other hand, it appears to play double roles, assisting in binding
the substrate, and acting as a proton acceptor (Fig. 2C). Interest-
ingly, the E353A mutant has significant higher specific activity
than E353D. It is possible that another water molecule or other
small molecule occupies the space left by E392A and restores the
role of the carboxyl group of E353, as has been observed in other
mutant studies [22].

3.5. Catalytic mechanism and potential catalytic residues

Most members of the GNAT superfamily use a one-step catalytic
mechanism for the catalytic reaction [23,24]. In this mechanism, an
amino nitrogen atom attacks the carbon atom of the acetyl group of
AcCoA to form a tetrahedral intermediate. The collapse of this inter-
mediate results in the products, CoA and the acetylated substrate.
During this catalytic process, at least one residue functioning as a
general base may be required to facilitate the deprotonation of
the attacking amino group. Various candidates have been proposed
for the catalytic base in members of the GNAT superfamily includ-
ing glutamate [12,25,26], histidine [27] or serine [28]. In the
ngNAGS structures, a conserved glutamate residue, Glu353, is lo-
cated at 5.6 Å from the attacking a-amino group of L-glutamate,
but a conserved water molecule identified in all ngNAGS structures
links the attacking a-amino group of L-glutamate to the side-chain
of Glu353 via hydrogen bonding interactions. This intervening
water molecule is held in the correct geometry by the carbonyl oxy-
gen of Leu354 and the amide nitrogen of Leu391 to allow proton
Fig. 3. Proposed reaction mechanism. (A) Schematic diagram showing the ternary comp
glutamate. Glu353 facilitates the deprotonation of the amino group of L-glutamate
intermediate. (C) Schematic diagram showing product formation and protonation of the
transfer from the attacking a-amino group of L-glutamate to
Glu353 (Fig. 2C). Similar general bases, which interact with the
attacking amino group via a water molecule, have been identified
in other members of GNAT superfamily [12,25,26]. Since Glu353
also interacts with the L-glutamate binding residue, Arg416,
through hydrogen bonds, it will also affect L-glutamate binding. Ki-
netic studies of the E353A mutant demonstrate that it has signifi-
cantly lower activity, consistent with the proposed functional role.

In the catalytic reaction, a residue functioning as a general acid
may also be required to protonate the product CoA. In most mem-
bers of the GNAT superfamily, the general acid is usually a tyrosine,
whose side-chain points to the sulfur atom of AcCoA [29]. How-
ever, the equivalent residue in ngNAGS is a phenylalanine
(Phe399), which cannot function as a general acid. Instead, in the
ngNAGS-bisubstrate complex structure, a serine, Ser392, is close
to the sulfur atom of the bisubstrate analog (4.0 Å). In the CoA-
ngNAGS complex structures [7,8], the side-chain of Ser392 hydro-
gen bonds with the thiol group of CoA (3.3 Å). Therefore, it is likely
that Ser392 helps to protonate the thiol group of CoA and plays a
role similar to a tyrosine in other members of GCN5 family. Our
mutagenesis studies confirm the proposed catalytic role for
Ser392 since the S392A mutant has significantly lower activity. In-
deed, in other members of GCN5 superfamily in which no suitable
tyrosine is available to function as a general acid, a nearby serine
also plays a similar role [28].

The structural data in combination with the kinetic data for the
mutants allow us to propose a detailed catalytic mechanism for
ngNAGS (Fig. 3). Like other members of the GNAT superfamily,
ngNAGS catalyzes the direct transfer of the acetyl group of AcCoA
to the a-amino group of L-glutamate. Before the reaction, a gluta-
mate, Glu353, acts as a general base via a water molecule to facil-
itate the deprotonation of the a-amino group of L-glutamate. Direct
nucleophilic attack on the acetyl group of AcCoA by the neutral a-
amino group of L-glutamate results in a tetrahedral intermediate,
which may be stabilized by the polarization of the acetyl group
via a hydrogen bonding interaction with the main-chain nitrogen
atoms of Cys356 and Leu357. Collapse of the tetrahedral interme-
diate results in NAG and CoA. In the reaction, a serine, Ser392, may
act as a general base to play a similar role to tyrosine in other
members of the GNAT superfamily to assist in the protonation of
the thiol group of CoA.

3.6. General application for other members of GCN5 family

The strategy of preparing bisubstrate analogs using the enzyme
itself as a catalyst has been applied to spermidine/spermine
lex, nucleophilic attack on the carbonyl carbon of AcCoA by the amino group of L-
via the conserved water. (B) Schematic diagram the collapse of the tetrahedral

thiol group of CoA by Ser392.
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N-acetyltransferase [21], RimI for N-acetylation of ribosomal pro-
tein S18 [12] and ngNAGS. The method may also be used to prepare
bisubstrate analogs of other members of the GCN5 superfamily
including members of the MYST family such as histone acetyltrans-
ferase, serotonin N-acetyltransferase and aminoglycoside
60-N-acetyltransferse, since bisubstrate analogs have already been
prepared biochemically using chloroacetyl-substrates as starting
materials [18,30–32].
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