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Many bacteria form Gln-tRNAGln and Asn-tRNAAsn by conversion of the
misacylated Glu-tRNAGln and Asp-tRNAAsn species catalyzed by the
GatCAB amidotransferase in the presence of ATP and an amide donor
(glutamine or asparagine). Here, we report the crystal structures of GatCAB
from the hyperthermophilic bacterium Aquifex aeolicus, complexed with
glutamine, asparagine, aspartate, ADP, or ATP. In contrast to the
Staphylococcus aureus GatCAB, the A. aeolicus enzyme formed acyl-enzyme
intermediates with either glutamine or asparagine, in line with the equally
facile use by the amidotransferase of these amino acids as amide donors in
the transamidation reaction.
A water-filled ammonia channel is open throughout the length of the A.

aeolicus GatCAB from the GatA active site to the synthetase catalytic pocket
in the B-subunit. A non-catalytic Zn2+ site in the A. aeolicus GatB stabilizes
subunit contacts and the ammonia channel. Judged from sequence
conservation in the known GatCAB sequences, the Zn2+ binding motif
was likely present in the primordial GatB/E, but became lost in certain
lineages (e.g., S. aureus GatB). Two divalent metal binding sites, one
permanent and the other transient, are present in the catalytic pocket of the
A. aeolicus GatB. The two sites enable GatCAB to first phosphorylate the
misacylated tRNA substrate and then amidate the activated intermediate to
form the cognate products, Gln-tRNAGln or Asn-tRNAAsn.
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Introduction

The correct pairing of an amino acid with its cog-
nate tRNA is essential for the fidelity of protein
synthesis. In general, aminoacyl-tRNAs (aa-tRNAs)
are synthesized by a set of aminoacyl-tRNA synthe-
tases (aaRSs) in the cell, each enzyme specific for one
amino acid/tRNA cognate pair.1 However, in the
majority of bacteria and all known archaea, gluta-
minyl-tRNA synthetase for Gln-tRNAGln synthesis
is not encoded.2 Similarly, in most prokaryotes,
asparaginyl-tRNA synthetase is absent.2 In these
organisms, Gln-tRNAGln or Asn-tRNAAsn is formed
by indirect routes in which an incorrectly acylated
tRNA is converted to the cognate one. This involves
d.
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a nondiscriminating aaRS (ND-aaRS) possessing re-
laxed tRNA specificity and a tRNA-dependent ami-
dotransferase (AdT).2 For Gln-tRNAGln biosynthesis,
a nondiscriminating glutamyl-tRNA synthetase first
glutamylates tRNAGln to form Glu-tRNAGln.3 This
misacylated Glu-tRNAGln is subsequently converted
to Gln-tRNAGln by a glutamyl-tRNAGln amido-
transferase (Glu-AdT).4 Analogously, Asn-tRNAAsn

is formed by the concerted actions of a nondiscri-
minating aspartyl-tRNAsynthetase (ND-AspRS)5 and
an Asp-tRNAAsn amidotransferase (Asp-AdT).6
Two AdTs are found in nature, a heterotrimeric

GatCAB7 and a heterodimeric GatDE enzyme.8 The
latter is specific for Glu-tRNAGln and found only in
archaea. GatCAB is encoded in most bacteria as well
as in all known archaea lacking an asparaginyl-tRNA
synthetase.2 In vitro, bacterial GatCAB can act as both
a Glu-AdT and an Asp-AdT to form either Gln-
tRNAGln or Asn-tRNAAsn,2 while theMethanothermo-
bacter thermautotrophicus GatCAB prefers Asp-tRNA-
Asn over homologous Glu-tRNAGln.9 The in vivo role
of GatCAB in bacteria is determined by which ND-
aaRS is encoded (nondiscriminating glutamyl-tRNA
synthetase and/or ND-AspRS).2 In organisms that
possess both ND-aaRSs (e.g., Helicobacter pylori and
Aquifex aeolicus), GatCAB is employed for both Gln-
tRNAGln and Asn-tRNAAsn biosynthesis.10

A similar mechanism for tRNA-dependent transa-
midation has been proposed for both AdTs: phospho-
Fig. 1. Overall structure of theA. aeolicusGatCAB–Asn/AD
ribbon diagram: blue for the A-subunit, green for the B-subun
the acyl enzyme from substrate Asn, and the B-subunit contai
with atomic coloring: gray, C; red, O; blue, N; orange, P; pink, M
A-subunit with the synthetase active site in the B-subunit is s
rylation of the misacylated tRNA substrate using
ATP to form an activated intermediate, hydrolysis of
an amide donor (Gln or Asn) to liberate ammonia,
and amidation of the activated intermediate using the
liberated ammonia.11,12 The B- and E-subunits are
homologs8,13 and serve as the synthetase domains of
their respective AdTs, catalyzing the formation of
the activated intermediate as well as the amidation
step.12,14,15 GatA and GatD are functionally equiva-
lent, serving as the glutaminase subunits to liberate
ammonia from an amide donor.12,16 However, GatA
belongs to the amidase family of enzymes,7,16 while
GatD is a homolog of L-asparaginases.12,17 The small
C-subunit of the heterotrimeric AdT is thought to
play a stabilizing role in the holoenzyme.7,14

The crystal structure of the Staphylococcus aureus
GatCAB complexed with either Gln or Asn sug-
gested that Gln would serve as a better amide donor
than Asn for transamidation.14 In agreement with
the structural data, biochemical studies of other
bacterial GatCAB enzymes have shown them to be
significantly more active using Gln than Asn as the
donor.10,11,18–20 Here, we report the crystal struc-
tures of GatCAB from the hyperthermophilic bac-
terium A. aeolicus in the presence of Asn, Gln, Asp,
and unreacted ATP with Mn2+ ions. In contrast to
the properties of S. aureus GatCAB, both amide
donors (Asn and Gln) formed covalent intermedi-
ates with the A. aeolicus GatCAB, in agreement with
P complex. Each subunit is colored differently in the stereo
it, and magenta for the C-subunit. The A-subunit contains
ns ADP, Mg2+, and Zn2+. Ligands are drawn in stick form
g; blue, Zn. A tunnel linking the amidase active site in the

hown as a transparent surface.



705tRNA-Dependent Amidotransferase Structure
our biochemical data showing that the enzyme uses
the two amide donors with similar efficiencies. In
addition, the A. aeolicus GatCAB structure revealed
in the B-subunit a Zn2+ binding motif conserved in
many other bacterial and all known archaeal GatB
proteins and in most GatE sequences. Such con-
servation is indicative that the ancestral GatB/E also
had such a Zn2+ binding site. Free Asp, a mimic of the
substrate Asp-tRNAAsn, bound to one of two Mn2+

ions in the GatB active site. Based on the complex
structure of GatCAB/ATP/Asp, we propose a model
for the phosphoryl- and ammonia-transfer reactions
catalyzed by GatB, in which Mg2+ helps position the
charged tRNA substrate in both reactions.
Results

A. aeolicus GatCAB structure

The crystal structure of A. aeolicus GatCAB–Asn/
ADP complex (Fig. 1) was solved with a combina-
tion of experimental and molecular-replacement
Table 1. Data collection and refinement statistics

Hg SeMet

Crystallization/soaking
ligands

Data collection
Wavelength (Å) 1.007 0.9804
dmin (Å) 3.2 3.2
Space group P21 P21
Cell dimensions

a, b, c (Å) 127.03, 128.97,
154.68

127.28, 129.28,
155.17

α, β, γ (°) 90.0 , 90.0 , 90.0 90.0 , 90.3 , 90.0 9
Unique reflections 161,236 163,171
Completeness (%) 99.7 (99.0)a 99.9 (100)
Rmerge

b 0.119 (0.37) 0.113 (0.38)
Avg. I/σI 11 (4) 15 (5)
Avg. redundancy 5 6.6

Crystallographic refinement
No. atoms (protein/

water molecules)
Rwork/Rfree

c

RMSD—bond lengths (Å)
RMSD—bond angles (°)
Ramachandran plotd

(favored/allowed/disallowed, %)
Avg. B-factor (protein/ligand, Å2)
PDB code

Modeled ligands

a Values in parentheses are for the highest-resolution bin.
b Rmerge=∑h∑j|〈Ι〉h− Ih,j|/∑h∑jΙh,j, where 〈Ι〉h is the mean intensity
c Rfree was calculated for a 5% subset of reflections excluded from
d Ramachandran plot was calculated by MolProbity.21
phasing and refined to 2.3 Å (R-factor=23.8%,
Rfree=28.3%; Table 1). The asymmetric unit con-
tained eight GatCAB molecules.
The A. aeolicus A-subunit, which includes all 478

amino acid residues, is similar to the A-subunits of
S. aureus [RMSD of 0.68 Å for 478 residues of Protein
Data Bank (PDB) code 2G5H]14 and of Thermotoga
maritima (RMSD of 0.71 Å for 475 residues of PDB
2GI3). Briefly, the A-subunit contains a conserved
amidase signature sequence (62–192) that forms the
enzymatic core composed of an 11-stranded β-sheet
surrounded by 12 α-helices.
The B-subunit (478 amino acids) is composed of

an N-terminal “cradle” domain (3–293), similar to
the domain in the B-subunit of S. aureus (RMSD
of 1.1 Å)14 and the E-subunits of M. thermautotro-
phicus15 and P. abyssi17 (RMSD of 1.7 and 1.5 Å, res-
pectively), followed sequentially by a helical
domain (294–412). The two N-terminal residues of
the A. aeolicus B-subunit were not visible in the
electron-density map, nor was the C-terminal YqeY-
like tail (413–478) of the subunit implicated in tRNA
binding,13–15,22 as was the case with the S. aureus
GatCAB structure.14
Asn, ADP Gln Asn, ATP, Asp

10 mM Asn 10 mM Gln 10 mM Asn
10 mM Asp

0.6 mM ATP 10 mM ATP
10 mM Mg2+ 10 mM Mg2+ 10 mM Mn2+

0.97934 1.0274 0.97934
2.3 2.8 3.0
P1 P1 P1

127.48, 131.01,
154.67

127.55, 129.64,
154.33

127.68, 130.25,
153.76

0.02 , 90.00 , 89.91 90.08 , 90.27 , 89.98 89.79 , 90.25 , 90.00
425,169 242,562 182,013

96.3 (90.2) 98.6 (97.2) 91.2 (84.5)
0.060 (0.347) 0.063 (0.474) 0.118 (0.715)
12.4 (1.7) 14.1 (1.7) 5.3 (1.3)

1.9 2.0 1.7

62,952/983 62,952 62,952

0.238/0.283 0.255/0.303 0.252/0.309
0.010 0.013 0.014
1.419 1.385 1.482

97.0/3.0/0 95.6/4.4/0 95.1/4.9/0

50.3/53.7 59.2/58.6 60.5/49.9
3H0L 3H0M 3H0R

8 Asn 8 Gln 8 Asn
8 ADP 6 ATP, 2 ADP

2 Asp
8 Mg2+ 6 Mg2+ 16 Mn2+

8 Zn2+ 8 Zn2+ 8 Zn2+

of symmetry-equivalent reflections.
refinement.
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The A–B subunit interface buries a total of 2292 Å2

of molecular surface. Like in the S. aureus GatCAB,14

the A. aeolicus C-subunit (94 aa long) wraps around
the interface of the A- and B-subunits. All residues of
the C-subunit were well defined by electron density
except residues 1, 93, and 94. The conserved side
chains of Arg61 and Asp63 in an extended loop
region of the C-subunit are hydrogen bonded with
themain chain of Thr21 and the conserved side chain
of Asn54 of the B-subunit. The main-chain carbonyl
Fig. 2. Acyl enzyme in the GatA amidase active site. (a) Ster
substrate Asn. Critical residues in the active site are shown as th
atomic coloring: yellow, C; blue, N; red, O. The omit |Fo−Fc|
Asn and Ser171 omitted) demonstrates formation of the acyl
bonds are shown as dashed lines. (b) Superposition of the a
(cyan). The covalent acyl-enzyme intermediate is formed with
complexes of the A. aeolicus GatA (blue, Asn complex; cyan, G
orange, Gln complex). The superposition is based on the comm
and Arg258 and Asp425 in S. aureus GatA) to illustrate the diffe
Ser. In both enzymes, the side chains of Asp418 and Arg351
nitrogen donors, the acyl enzyme forms in the A. aeolicus A-su
Ser178 nucleophile from its anchor.
of C-subunit Leu13 is hydrogen bondedwith the side
chain of conserved Arg271 of the B-subunit.

Substrate binding and catalysis in the A-subunit
amidase active site

Covalent intermediate in the amidase active site

The A-subunit of GatCAB functions to liberate
ammonia from an amide donor and belongs to the
eo view of the A-subunit active site with acyl enzyme from
in sticks, and the substrate Asn in ball-and-stick formwith
electron-density map (contoured at 4σ, green mesh, with
-enzyme intermediate of the Asn with Ser171. Hydrogen
midase active site in complexes with Asn (blue) and Gln
both substrates. (c) Combined view of the Asn and Gln

ln complex) and the S. aureus GatA (yellow, Asn complex;
on anchor residues (Arg351 and Asp418 inA. aeolicusGatA
rence in distance between the anchor and the nucleophilic
anchor the α-amino and α-carboxyl groups. With both
bunit. In the S. aureus A-subunit, Asn does not reach the
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amidase family of enzymes.10,14,16 Amidases are
characterized by a Gly/Ser-rich sequence motif,
which folds to assemble a Ser–cisSer–Lys “catalytic
scissors” (Ser171, cisSer147, and Lys72 in the A.
aeolicus A-subunit).23,24 Co-crystals with Gln or Asn
resulted in electron density consistent with formation
of the acyl intermediate at nucleophilic Ser171 (Fig. 2a
and b). The carbonyl oxygen of the acyl group is
stabilized in an oxyanion hole formed by the main-
chain amides of Thr168, Gly169, and Ser171 (Fig. 2a
and b). The α-amino group of Gln/Asn is recognized
through hydrogen bonding to the side chains of
Asp418 and Ser124. The substrate α-carboxyl group
is coordinated by a bidentate salt bridge to Arg351.
Together, these three residues anchor the substrate in
the active site, placing the substrate's amide group in
position for nucleophilic attack by Ser171.
Substrate selectivity in the amidase active site

The intriguing observation that the A-subunit
formed an acyl-enzyme intermediate with both Gln
and Asn suggested that the A. aeolicus GatCAB
would be able to efficiently use both amino acids as
amide donors. Consistent with the structural results,
we found that the enzyme readily used both Gln and
Asn as donors for transamidation (Table 2). The A.
aeolicus GatCAB with Gln as the amide donor had a
kcat about 2.6-fold greater than when Asn was the
donor (Table 2). In contrast, the enzyme had about a
2.4-fold lower KM for Asn than Gln (11.2 and
26.4 μM, respectively). The net effect is that the
A. aeolicus GatCAB was equally efficient using Asn
as an amide donor as Gln (kcat/KM of 9.7 and
11.1 s−1 mM−1, respectively).
These results are in contrast to those of previous

studies on bacterial GatCAB enzymes in which
a preference was detected for either Gln or
Asn.10,11,14,18–20 For example, co-crystal structures
of S. aureus GatCAB with Asn and Gln revealed
binding of both substrates but acyl-enzyme forma-
tion only with Gln.14 The A-subunits of both
A. aeolicus and S. aureus GatCAB recognize both
Gln and Asn in an identical manner using two inva-
riant “anchor” side chains: an Arg for the substrate
α-carboxyl group and an Asp for the α-amino group
Table 2. Kinetic data for A. aeolicus GatCAB—
amidotransferase activity

Substratea KM (μM) kcat (s
−1)

kcat/KM
(s−1 μM−1) (×10−3)

Glu-tRNAGln b 1.71±0.29 0.43±0.03 242±51.6
Asp-tRNAAsn b 1.68±0.27 0.30±0.01 180±29.7
Glnc 26.4±4.9 0.29±0.01 11.1±2.1
Asnc 11.2±5.3 0.11±0.01 9.7±4.7

Steady-state kinetics of the A. aeolicus GatCAB amidotransferase
activity; see Materials and Methods for details. Measurements
were done three to four times. SDs are reported.

a KM was determined by varying the concentration of the
substrate listed while adding the other two substrates required for
transamidation in excess with 20 nM GatCAB.

b Gln (4 mM) and ATP (4 mM) were added in excess.
c Asp-tRNAAsn (10–11 μM) and ATP (4 mM) were added.
(Fig. 2c). The ability to form an acyl-enzyme inter-
mediate at the nucleophilic serine depends on the
distance of the Ser–cisSer–Lys catalytic scissors from
the Arg-Asp anchor residues. Asn binds in a more
extended conformation and Gln in a less extended
conformation in the active site of the A. aeolicus
A-subunit than is seen in the S. aureus GatCAB
structures.14 Superposition of the critical anchor
residues (A. aeolicus GatA Arg351 and Asp418,
S. aureus GatA Arg358 and Asp425) reveals the
anchor is 1.3 Å closer to the Ser–cisSer–Lys catalytic
scissors in the A. aeolicus A-subunit than in the S.
aureusA-subunit (Fig. 2c). This shift, although small,
is responsible for the acceptance of both Gln and
Asn substrates by A. aeolicus GatCAB.
Structure alignment of the A. aeolicus and S. aureus

A-subunits together with sequence alignment of the
A-subunits of GatCAB enzymes with known pre-
ference for an amide donor (Supplementary Fig. 1)
does not reveal a clear pattern to predict whether a
GatCAB enzyme will or will not prefer Gln. For
example, a hydrogen bond between A. aeolicus GatA
Ser124 and the substrate α-amino group is an
obvious candidate in enabling the enzyme to use
Asn as well as Gln because the analogous residue is
a Gly (131) in the S. aureus A-subunit. However, the
Bacillus subtilis, H. pylori, and Neisseria meningitidis
GatCAB enzymes, which all prefer Gln over Asn
(10-, 130-, and 830-fold, respectively),10,18,20 have a
Ser at the equivalent position in their A-subunits,
similary to the A. aeolicus AdT (Supplementary
Fig. 1). The critical difference in distance between
catalytic scissors and anchor residues cannot be
attributed to a few amino acid differences and likely
results from many subtle changes due to sequence
differences outside the active-site pocket and per-
haps outside the amidase core.

Comparison of GatA active site with other amidases

For insights to the structural basis of substrate
specificity in the amidase family, we compared the
active-site structures of the GatCAB A-subunit and
other amidases [malonamidase E2 (MAE2),23 pep-
tide amidase (PAM),25 and fatty acid amide hydro-
lase (FAAH)26]. Whereas the detailed structures of
the Ser–cisSer–Lys catalytic scissors and of the
residues that stabilize the oxyanion intermediate
are highly similar in the four amidases, substrate
recognition differs among the four enzymes (Fig.
3a–d). In PAM, MAE2, and FAAH, substrate
recognition is achieved through residues in the
core region. While regions outside the core interact
with substrates in all four amidases, critical sub-
strate-recognition residues are located outside the
core only in GatA (Arg351 and Asp418; Fig. 2).

Substrate and metal binding in the B-subunit
synthetase active site

ADP binding

The ATP-dependent activation of substrate aa-
tRNA (Glu-tRNAGln or Asp-tRNAAsn) leads to the



Fig. 3. Comparison of amidase active sites. (a) A-subunit ofA. aeolicusGatCAB showing the acyl-enzyme intermediate
of substrate Gln with Ser171. (b) Active site of MAE2 in complex with product malonate.23 Arg158 in the amidase core
region interacts with a carboxyl group of malonate (Mal). (c) Active site of FAAH with the inactivator methoxy
arachidonyl phosphonate (MAP).26 The phosphonate of the covalent adduct at nucleophilic Ser241 mimics the tetrahedral
intermediate of the hydrolytic reaction. Aromatic and aliphatic residues in the substrate binding pocket are indicated. (d)
Active site of PAM in complex with the inhibitor chymostatin (CST).25 For each enzyme, the amidase core region (residues
62–192 of GatA, residues 52–176 of MAE2, residues 132–262 of FAAH, and residues 113–246 of PAM) is colored blue, and
residues outside the core region are colored green. Residues in the Ser–cisSer–Lys catalytic scissors of each enzyme and
those interacting with ligands are shown as thin sticks; adducts and ligands are shown in ball-and-stick form with atomic
coloring: gray, C; red, O; blue, N; orange, P. Hydrogen bonds are shown as dashed lines.
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formation of a phosphoryl-aa-tRNA intermediate
that is then amidated with ammonia liberated by
the A-subunit.11,12,27 To investigate the mechanism
of activation, we prepared GatCAB crystals with
ATP, divalent metal ions, and Asp as a mimic of
Asp-tRNAAsn. The 2.3-Å electron-density maps
from crystals grown in the presence of ATP and
Mg2+ clearly indicated that the hydrolysis product
ADP was bound in the B-subunit active site (Fig.
4a). Similar to ADP binding to the S. aureus B-
subunit,14 the adenine base fits into a hydrophobic
pocket formed by Val8, Phe208, and Pro158 with
hydrogen bonds from N1 and N6 of the adenine to
the conserved Ser199 side chain. The ADP α- and
β-phosphates interact with bound water mole-
cules. No bound metal ion was associated with
ADP.

ATP and transient metal binding

To trap an ATP complex, we crystallized the pro-
tein without nucleotide; soaked crystals briefly in a



Fig. 4. Synthetase active site in
the B-subunit. (a) ADP/Mg2+ com-
plex. (b) ATP/Mn2+ complex. The
environment of the nucleotide is
shown together with omit |Fo−Fc|
electron density (3σ, gray mesh).
Residues in contact with nucleotide,
Asp, Mg2+, and Mn2+ are repre-
sented as thin sticks; ligands as
thick sticks; metal ions as large
spheres; and water molecules as
small spheres in atomic coloring:
yellow, C; red, O; blue, N; orange,
P; purple, Mg2+; gray, Mn2+.
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solution containing ATP, Mn2+, and Asp; and
trapped the resulting complex by quick-freezing in
liquid N2. In the 3.0-Å electron-density map from
these crystals, density is present for ATP in six of
eight B-subunits (Fig. 4b). Additional new density
adjacent to the ATP γ-phosphate was assigned to
Mn2+, which is coordinated by the γ-phosphate of
ATP, by the conserved side chains of Glu12 and
Glu213, and by a water molecule. We designate this
as the “transient” metal site and infer that it assists
phosphoryl transfer. Consistent with this proposed
critical role of the transient Mg2+ site, when we
mutated Glu11 to Ala in the B-subunit of the H.
pylori GatCAB (equivalent to A. aeolicus Glu12), the
AdT, when expressed with Deinococcus radiodurans
ND-AspRS, was no longer able to rescue the Asn
auxotrophy of the Escherichia coli JF448 strain28

(Supplementary Fig. 2). Asn prototrophy of E. coli
JF448 requires expression of both a functional ND-
AspRS and GatCAB.29
Permanent metal binding site

In addition to the transient metal site associated
with ATP binding, a “permanent” site was occupied
in all electron-density maps from all crystals exa-
mined. Metal in this site is coordinated by His14,
Glu127, and Glu153. The permanent metal is too far
from the nucleotide (N9 Å) to participate directly in
the phosphoryl-transfer reaction. However, its three
protein ligands are invariant in all GatB and GatE
sequences. Furthermore, we find electron density
consistent with metal binding to the permanent site
in all deposited structures of GatCAB14 and
GatDE15,17 regardless of whether the deposited
structure includes a metal, water, or no ligand at
the permanent site.
Intriguingly, mutation of His13 to Ala in the B-

subunit of the H. pylori GatCAB (equivalent to
A. aeolicus His14) resulted in a mutant AdT that was
no longer able to rescue the Asn auxotrophy of the



Fig. 5. Tunnel connecting the amidase (A-subunit) and
synthetase (B-subunit) active sites. The putative ammonia
channel (gray surface) in the GatCAB/Asn/ADP complex
was calculated using the program CAVER30 with water
molecules omitted. The 35-Å-long channel is filled with 18
water molecules (red spheres), which interact with con-
served polar residues (sticks with C atoms colored by
subunit: A-subunit, blue; B-subunit, green). The acyl en-
zyme of Asn in the amidase active site is shown at the
channel entrance, and Mg2+ in the permanent metal site
(light purple sphere) in the synthetase active site is at the
channel exit. Residues forming hydrogen bonds (dashed
lines) with water molecules are shown in stick form.
Conserved residues are in boldface.
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E. coli JF448 strain when co-expressed with ND-
AspRS (Supplementary Fig. 2). This result and the
fact that mutations to the equivalent residues
(A. aeolicus His14, Glu127, and Glu153) in the per-
manent metal site of M. thermautotrophicus GatDE
resulted in phosphorylation- and transamidase-
inactive mutant enzymes15 suggest a critical role
for the site in the GatB/E protein family. In the
nucleotide-free and ADP complexes, three water
molecules together with the invariant protein side
chains form an octahedral coordination sphere for
the permanent metal. The permanent and transient
metal sites are 8 Å apart, and both are occupied in
the ATP complex.

Asp binding

The GatCAB crystal with ATP was also soaked
with 10 mM Asp as a mimic of the aminoacyl end of
Asp-tRNAAsn. New electron density adjacent to the
permanent metal appeared in two of eight copies
of the B-subunit and was assigned to bound Asp
(Fig. 4b). One of the Asp carboxyl groups coordi-
nated the metal ion in the permanent site, demon-
strating that this site has the capacity to coordinate
another negative charge in addition to the two Glu
side chains from the protein. Asp, bound to the
permanent metal, faces the ATP γ-phosphate
(Fig. 4b).

Channel connects active sites

AdT-catalyzed aa-tRNA activation and amide-
donor hydrolysis take place in active sites separated
by more than 30 Å. Consequently, ammonia is
channeled from the A-subunit active site to the B-
subunit active site. Like the S. aureus GatCAB,14 a
continuous 35-Å-long hydrophilic tunnel links the
active sites in A. aeolicus GatCAB (Fig. 5). The tunnel
in A. aeolicus GatCAB is open throughout its length
(Fig. 5) and filled with 18 water molecules. These
results differ from the interpretation of the crystal
structure of S. aureus GatCAB,14 where it was re-
ported that the Glu125 side chain blocks the channel
via a salt bridge with Lys88. Both side chains are
invariant in sequences of GatB and GatE. In
A. aeolicus GatCAB, the analogous Glu128 forms a
salt bridgewith Lys90, but the channel is not blocked.
We find the channel to be open in all A. aeolicus
GatCAB structures and in all deposited structures of
S. aureus GatCAB,14 based on accessibility calcula-
tions with the programs CAVER30 and CASTp31

using a probe radius ranging from 1.4 to 1.7 Å.

A. aeolicus GatCAB binds zinc

The initial electron density of GatCAB suggested a
metal binding site with tetrahedral coordination by
Cys25, Cys27, Cys40, and Cys43 in the cradle
domain of the B-subunit. Subsequent data collection
at an X-ray energy of 9.75 keV (λ=1.27163 Å), just
above the Zn K-edge (8.9 keV), yielded an anom-
alous-difference electron-density map clearly show-
ing a Zn2+ in this site. The Zn2+ site sits squarely
between the NH3 channel and the C-subunit. The Zn
(Cys)4 site stabilizes a B-subunit loop (residues 25–
40) that forms several hydrogen bonds with the C-
subunit, including a direct hydrogen bond from
Ser68 in the C-subunit to the Cys27 Zn2+ ligand (Fig.
6a). In addition, residues Val42, Cys43, and Leu44
form part of the wall of the NH3 channel. Thus, Zn
(Cys)4 is an important motif for maintenance of the
channel and for binding the C-subunit. Sequence
alignments reveal that this motif, composed of four
Cys residues, is conserved in a number of bacterial
and all archaeal B-subunits (Supplementary Fig. 3).
Among species whose B-subunits have the Cys
motif, residue Ser68 is also conserved in the C-
subunit. The S. aureus B-subunit lacks the Cys motif
and no Zn2+ was found in the structure.14 The
sequence alignment also suggests that the Zn2+

motif is conserved with an Asp replacing the final
Cys residue in all archaeal E-subunits, except those
from Thermococci (Supplementary Fig. 3). In agree-



Fig. 6. Zn binding in the B-subunit. The Zn(Cys)4
center is bound in the B-subunit (green) between the
ammonia channel (gray) and the C-subunit (magenta). C-
subunit Ser68 is conserved in GatCABs having a Zn(Cys)4
motif in the B-subunit, and the hydrogen bond of Ser68 to
Cys27 is also likely conserved.
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ment with the alignments, Zn2+ is coordinated by
Cys26, Cys28, Cys79, and Asp82 in the M. thermau-
totrophicus E-subunit,15 and no equivalent Zn2+ was
found in the GatDE structure from the thermococcus
P. abyssi.17 The path of the polypeptide is virtually
identical in B-subunits and E-subunits whether or
not they bind Zn, demonstrating the importance of
this region to the subunit interface.
Discussion

Evolutionary perspective

The fact that A. aeolicus GatCAB can use the amide
donors Gln and Asn almost equally well means that
its A-subunit is biochemically more similar to theM.
thermautotrophicus enzyme9 than to the other bacter-
ial homologs previously assayed.10,11,18–20 However,
phylogenetic analysis indicates that the A. aeolicus
GatA is of the bacterial, and not archaeal, type.13 The
lack of sequence conservation correlating with a
preference, or lack thereof, for Gln over Asn may be
indicative of sequence drift at permissible sites in the
A-subunit. It should be noted that while A. aeolicus
GatCAB can use both amide donors, Gln is the likely
donor in vivo. The organism cannot synthesize free
Asn because its genome does not encode either of
the known Asn synthetases.10 Thus, the A. aeolicus
GatCAB equal use of Gln and Asn as amide donors
in contrast to the S. aureus GatCAB preference for
Gln14 may be due to chance (i.e., drift alone) and not
selective pressure. The lack of clear sequence
elements responsible for substrate specificity
makes it difficult to predict whether the ancestral
GatCAB preferred Gln or not.
In contrast, the conservation of the Zn2+ binding
motif across the GatB/E family suggests that it was
present in the ancestral GatB/E because the split of
GatB and GatE occurred prior to the bacterial–
archaeal phylogenetic divide.13 Whether the motif in
the ancestral GatB/E was composed of four Cys
residues or three Cys residues and one Asp residue
is not clear, as the latter is found only in GatE
sequences, while the former only in GatB polypep-
tides. Why the Thermococci E-subunits and certain
bacterial B-subunits such as S. aureus GatCAB now
lack this motif is unclear. In bacteria, this motif
appears to be lineage specific. For example, the B-
subunits from Thermus thermophilus and the proteo-
bacterium H. pylori retain the motif, while the
enzymes from Deinococcus geothermalis (evolutiona-
rily related to T. thermophilus) and the proteobacter-
ium N. meningitidis do not (Supplementary Fig. 3).
Thus, loss of the Zn site appears to have occurred
multiple times over the course of evolution.

GatB synthetase active site

The structures presented here extend our picture
of catalysis in the synthetase active sites of both
GatCAB and GatDE. The complex with ATP for the
first time localizes the γ-phosphate within the active
site. The new structures, together with previously
determined ones,14,15,17 and the mutational analyses
of H. pylori GatCAB and M. thermautotrophicus
GatDE15 highlight the importance of two divalent
metal ions bound at permanent and transient sites.
Based on the position of the ATP γ-phosphate, the
metal in the transient site should directly assist in
the activation reaction in which the γ-phosphate is
transferred to the carboxyl group of misacylated
substrate (Asp-tRNAAsn or Glu-tRNAGln). Con-
sistent with this function, metal binding in the
transient site is correlated with ATP binding in our
structures.
In contrast, the metal ion in the permanent site is

too far away to participate in the phosphoryl-
transfer reaction by direct interaction with the
γ-phosphate. The three protein ligands of the per-
manent metal (His14, Glu127, and Glu153 of the
B-subunit) are conserved across the GatB/GatE
family, suggesting that Mg2+ binds at this site in
all the enzymes. However, not all deposited struc-
tures of GatCAB and GatDE have a metal in this site.
By examining the deposited diffraction data, we
found evidence of metal in the permanent site in all
structures, regardless of the nucleotide-binding
state. Therefore, the permanent Mg2+ site is likely
occupied throughout the catalytic cycle. Moreover,
the metal in this site is in a fixed position because its
three protein ligands are part of secondary struc-
tures in the core of the AdT synthetase subunit.
In density maps of sufficient resolution, octa-

hedral coordination of the metal is clear, with three
water ligands in addition to the protein ligands.
During the catalytic cycle, the water ligands in the
active-site cavity could be displaced by substrates
or reaction intermediates. The permanent metal
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occupies a critical location in the synthetase active
site (Fig. 7a). It faces the ATP γ-phosphate. It is
adjacent to the mouth of the ammonia channel from
the A-subunit and near the binding site for the tRNA
aminoacyl 3′-adenosine. This prime location of the
permanent metal site, its conservation, and the
mutational analyses of H. pylori GatCAB (Supple-
mentary Fig. 2) and M. thermautotrophicus GatDE15

argue for a critical function.
The critical role of the permanent Mg2+ may be to

position the substrate aa-tRNA for the activation
and amidation reactions. A model for the two re-
actions (Fig. 7) includes essential elements of the
crystal structures: ATP γ-phosphate coordination by
the transient metal, permanent-metal coordination
of an anionic substrate, and mobility of the tRNA
aminoacyl 3′-adenosine (Fig. 7a). A precise location
for the tRNA 3′-adenosine is unknown because the
3′-terminal nucleotide is disordered in the GatDE–
tRNA co-crystal structure.15 However, a mimic of
Fig. 7. Proposed reactions at the synthetase active site.
structures with informative ligands. The A. aeolicus GatCAB w
yellow C atoms for the ligands; the S. aureus GatCAB with AD
the M. thermautotrophicus GatDE with tRNA15 in magenta w
spheres, Mg2+ in orange, and water molecules as red spheres
represented as sticks. Residues interacting with substrates ar
surface) enters the synthetase active site from the right and is
activation reaction. ATP is positioned as in the structure reporte
on the GatDE–tRNA complex in which the 3′-terminal Awas
metal in the permanent site, as in the Asp complex. (c) Mo
phosphoryl-Asp-tRNAAsn, is shifted so that both phosphate an
the Asp Cγ atom at the exit of the ammonia tunnel, ready to re
diagram of the reaction steps depicted in (b) and (c).
the aminoacyl moiety of the substrate tRNA, Asp,
bound to the permanent Mg2+ (Fig. 4b). Thus, we
anticipate that the carboxyl group of Asp-tRNAAsn

(or Glu-tRNAGln) coordinates the permanent metal
(Fig. 7a), positioning the carboxyl group for nucleo-
philic attack on the ATP γ-phosphate (Fig. 7b). The
newly phosphorylated Asp-tRNAAsn then rear-
ranges to use the phosphate group of the activated
intermediate to maintain coordination of the perma-
nent Mg2+ by an anion (Fig. 7c). This small re-
arrangement shifts the phosphoester carbon atom
towards the ammonia channel, in position for attack
by ammonia emerging from the channel near Tyr83
and Gln93 (Fig. 7c). The amidation reaction releases
the phosphate. The amidated aa-tRNA would be
unable to coordinate to the permanent Mg2+, likely
facilitating full product release.
Undoubtedly, the substrate and intermediate

motions proposed for the catalytic cycle are accom-
panied by changes in protein conformation. These
(a) Superposition of synthetase active sites from crystal
ith ATP, Mn2+, and Asp (this work) is shown in green with
P and Mg2+14 in orange with orange C for the ligands; and
ith yellow C for tRNA. Mn2+ ions are shown as purple
. Substrates ATP, ADP, Asp, and 3′-CCA of tRNAGln are
e represented by thick lines. The ammonia channel (gray
continuous with the tRNA binding site. (b) Model for the
d here. The terminus of Asp-tRNAAsn was modeled based
disordered. The Asp carboxyl group is coordinated by the
del for the amidation complex. The activated substrate,
d Oδ coordinate the permanent metal, thereby positioning
ceive ammonia from the amidase active site. (d) Schematic
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may include motions of loops surrounding the tRNA
docking site or associated with the ammonia channel,
or small hinging motions of domains. Such motions
are critical to the function of AdTs. An important
signal that the synthetase active site is ready to
receive ammonia must be transmitted to the partner
catalytic subunit (A orD) in order to initiate ammonia
production or release into the channel. For example,
GatDE hydrolyzed glutamine only in the presence of
the misacylated tRNA substrate, and more efficiently
when ATP was included.20 The signal could be sent
upon binding of both synthetase substrates, tRNA
and ATP, or upon formation of the activated
intermediate. The proposed rearrangement of the
activated intermediate in the synthetase active site
could provide the requisite conformational signal to
the A-subunit or D-subunit to send ammonia
through the channel. The structures presented here
provide additional data on the interconnection of
individual steps in the formation of Asn-tRNAAsn

and Gln-tRNAGln by the indirect pathways.
Materials and Methods

General

The Promega Wizard DNA purification kit was utilized
for plasmid purification. TheE. coli cells, XL1-Blue andBL21
(DE3) codon plus, were obtained from Stratagene Cloning
System (La Jolla, CA). Restriction enzymes and T4 DNA
ligase were purchased from New England Biolabs. DNA
sequencing and primer syntheses were performed by the
University of Michigan Biomedical Resources Core Facility
and the Keck Foundation Biotechnology Research Labora-
tory at Yale University. The QFF column, Phenyl Superose
(HR10/10) and Superdex 200 (Hiload 16/60) chromatogra-
phy columns, and [α-32P]ATP (10 mmol/μCi) were from
Amersham Biosciences (GE Healthcare). Nickel–nitrilotria-
cetic acid–agarose was from QIAGEN (Chatsworth, CA).
Bio-Spin 30 columns were from Bio-Rad (Hercules, CA).
High-purity cold L-Glu, L-Asp, L-Gln, and L-Asn were from
Fluka (Deisenhofen, Germany). Phenol was fromAmerican
Bioanalytical (Natick, MA). Protein concentrations were
determined using the Bio-Rad protein assay reagent, with
bovine serum albumin (Sigma) serving as the standard.
Cloning of A. aeolicus gatCA and gatB

In order to obtain non-His-tagged GatCAB complex,
gatCA and gatB were subcloned from pET16b-CA and
pET16b-B, respectively, into the pET17b vector (Novagen).
To construct plasmid pET17b-CA for expression of GatC
and GatA, pET16b-CA was digested with NdeI and
BamHI and ligated into the similarly restricted expression
vector, pET17b, which had been treated with calf intestinal
alkaline phosphatase. The ligation mixture was used to
transform E. coli XL1-Blue cells. The presence of plasmids
containing the desired gene from several transformants
was verified by restriction analysis, and the gene sequence
was confirmed by DNA sequencing. A similar method
was used to construct the plasmid pET17b-B, which ex-
presses A. aeolicus gatB. In order to overcome the codon
bias due to heterologous expression of A. aeolicus proteins
in E. coli, transformation was performed with chemically
competent E. coli Rosetta (DE3) cells for both pET17b-CA
and pET17b-B.

Overproduction and purification of GatCAB

The E. coli Rosetta (DE3) cells harboring pET17-CA or
pET17-B were grown in LB medium containing ampicillin
(100 mg/L) and chloramphenicol (35 mg/mL) at 37 °C
with shaking (280 rpm). Isopropyl-D-thiogalactoside was
added to a final concentration of 0.4 mMwhen the culture
reached an absorbance of 1.5. The cells were harvested
10 h post-induction by centrifugation (29,000g, 20 min,
4 °C). The cell pellets of the two cultures were combined
and suspended in buffer A (20 mM Tris–HCl, pH 7.4). The
suspension was subjected to sonication on ice (five 30-s
pulses with a 2-min rest between pulses). The lysate was
centrifuged to remove cell debris (40,000g, 45 min, 4 °C).
Solid NaCl was added to the supernatant to a final

concentration of 0.1Mand the solutionwas heated at 100 °C
for 1.5 min and then at 80 °C for 10 min with gentle,
continuous hand swirling. The suspension was allowed to
cool to 25 °C, placed on ice for 15 min, and the precipitated
protein was removed by centrifugation (29,000g, 20 min,
4 °C). The supernatantwasdialyzedovernight against 1 liter
of buffer A at 4 °C and then applied to a QFF column pre-
equilibrated with buffer A. The column was developed at a
flow rate of 1.0 mL/min using a linear gradient from 0 to
1 M KCl in the same buffer over 100 min. The fractions
containing GatCAB as determined by SDS-PAGE were
pooled. Solid (NH4)2SO4 was added slowly with stirring to
the pooled fractions to a final concentration of 20% (w/v).
The samplewas filtered (0.22 μm) and loaded onto a Phenyl
Superose column equilibrated with 20% (NH4)2SO4 in
buffer A. A reverse gradient from 20% to 0% (NH4)2SO4 in
buffer A was applied at a flow rate of 1.0 mL/min over
60 min and elution was continued with buffer A for 20 min.
The fractions containing GatCAB were pooled and con-
centrated. The concentrated sample was loaded onto a
Superdex 200 columnpre-equilibratedwith buffer B (10mM
Hepes, pH 7.4). The columnwas developed at a flow rate of
1.0 mL/min in buffer B and the eluate was pooled and
concentrated to 6 mg/mL. The final preparation was
homogeneous as determined by SDS-PAGE. The purified
enzyme was aliquoted and stored at −80 °C.
For the production of the selenomethionine (SeMet)

derivative, cells were grown in SeMet minimal medium32

containing 25 mg/L L-SeMet. The purification procedure
for the SeMet derivative was the same as that for native
enzyme.

[32P]tRNA/nuclease P1 amidotransferase assay

H. pylori GluRS was overproduced and purified as
previously described.33 H. pylori tRNAGln was over-
expressed in E. coli XL1-Blue strain and purified as des-
cribed.10 Chlamydia trachomatis tRNAAsn isoacceptor was
in vitro transcribed and purified as described previously.34

The 3′ termini of the tRNA isoacceptors were 32P labeled
as previously described.35 H. pylori Glu-tRNAGln and
C. trachomatis Asp-tRNAAsn were prepared as des-
cribed.9,10 The Glu-AdT and Asp-AdT activities of the
A. aeolicus GatCAB were assayed as previously described
in detail35 with slight modification. Briefly, amidotransfer-
ase reaction mixtures included A. aeolicus AdT buffer
[50 mM Hepes–KOH (pH 7.2) 15 mM MgCl2, 25 mM KCl,
and 1 mMDTT] and, unless otherwise noted, 4 mMATP, 9
to 11 μM 32P-labeled misacylated tRNA (Asp-tRNAAsn or
Glu-tRNAGln), and 4 mM amide donor (Gln or Asn) and
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were carried out at 37 °C. It should be noted that the
optimal growth temperature for A. aeolicus is ~95 °C,
while these experiments were carried out at 37 °C in order
to minimize deacylation of the aa-tRNA species, which
occurred at elevated reaction temperatures. It is specu-
lated that, in vivo, very little aa-tRNA is unbound as the
tRNA substrate is channeled from the ND-aaRS to the
AdT, protecting the aa-tRNA from deacylation.36,37 For
determination of the kinetic parameters, initial velocities
were measured while varying the concentration of one
substrate and saturating with the other two. For KM deter-
minations of the two amide donors, substrate concentra-
tions were varied between 3.25 and 4000 μM. For KM
determinations of the misacylated tRNA substrate, con-
centrations varied fromapproximately 150nMup to 12μM.
Reaction mixes were pre-incubated at 37 °C and started by
addition of enzyme to a final concentration of 20 nM.
Aliquots (2 μL) of the reaction mixes were quenched,
digested, and processed as previously described.

Complementation of E. coli JF448 with the
D. radiodurans aspS2/H. pylori gatCAB artificial
operon for asparagine synthesis

An artificial operon of D. radiodurans aspS2 and H. pylori
gatCABwas made via overlap PCR, similar to the previous
artificial operon29 except a PacI restriction site was placed
in front of gatB. The artificial operon was subcloned into
pCBS2 between the NdeI and BamHI restriction sites.
Truncated H. pylori gatB mutants were made via PCR.
Point mutations of H. pylori gatB were made by overlap
PCR. The mutant gatB genes were subcloned into the
pCBS2-operon vector between the PacI and BamHI restric-
tion sites, replacing the wild-type gatB. The vectors were
then transformed into E. coli JF448 cells and grown on M9
minimal medium agar plates with or without Asn, as
previously described.29

Crystallization and data collection

Crystallization was carried out at 20 °C by hanging-
drop vapor diffusion from a 1:1 mixture of protein stock
[6–9 mg/mL GatCAB, 10 mM Hepes (pH 7.5), 50 μM Zn
acetate] and well solution [10–12% (v/v) of poly(ethylene
glycol) 3350, 10 mM Mg formate]. Crystals of the SeMet
derivative were obtained under similar conditions. To
prepare the heavy-atom derivative, the crystals were
soaked for 3 h in well solution containing 0.1 mM HgCl2.
Crystals of the ligand complexes were obtained by co-
crystallization or soaking. All crystals were dipped
quickly into well solution containing 13% poly(ethylene
glycol) 3350 with 25% (v/v) glycerol for cryoprotection.
The best diffraction data (dmin=2.3 Å) were recorded

from a crystal of the GatCAB–Asn/ADP complex, which
was grown in the presence of 0.6 mM ATP and 10 mM
Asn. Data for the Gln complex (2.8 Å) were obtained from
a crystal grown in the presence of 10 mMGln. Data for the
ATP–Asp–Asn complex (3.0 Å) came from a crystal grown
with 10 mM Asn and soaked for 5 h in well solution
containing 10 mM MnCl2, 10 mM Asp, and 10 mM ATP.
All data were collected at GM/CA-CAT beamline 23ID-B
at the Advanced Photon Source and processed using
HKL2000.38 GatCAB crystallized readily in apparently
two crystal forms that are variants of a single lattice and
have nearly identical cell constants (space group P21 with
β≈90° and four heterotrimers per asymmetric unit, and
space group P1 with α≈β≈γ≈ 90° and eight per asym-
metric unit). A summary of the data collection statistics is
given in Table 1. Crystallographic calculations were done
using the CCP4 program suite39 unless otherwise noted.

Structure determination and refinement

The structure was solved in space group P21 by a
combination of Hg-SAS, Se-SAD, and molecular replace-
ment. Twelve Hg sites were identified by visual inspection
of anomalous-difference Patterson maps. The native
Patterson map contained a strong peak with height one
third of the origin peak at approximately (0.45, 0.5, 0),
indicating pseudo C-centering in the primitive lattice.
Initial Hg-SAD phases were applied to the Se Bijvoet data
to locate 56 of 64 Se sites using the program SHARP/
AUTOSHARP,40 which subsequently yielded a 3.2-Å
electron-density map. The pseudo-translational symmetry
complicated SIR and SAD phasing and also molecular
replacement. Experimental phases were combined with
molecular-replacement phases based on the structures of
T. maritima GatA (PDB 2GI3) and S. aureus GatB14 (PDB
2G5H). Approximate molecular-replacement solutions
were obtained with PHASER.41 The combined phases
were refined and extended to 2.3 Å by density averaging
the four copies of GatCAB using the program dm.42 The
atomic structure was constructed using the program
Coot.43 The initial model of GatCAB–Asn/ADP was re-
fined against the 2.3-Å data with the program REFMAC.44

A bulk-solvent correction and non-crystallographic sym-
metry restraints were applied throughout the refinement
procedure. The refined model of GatCAB–Asn/ADP was
used as a starting point for refinement of the other GatCAB
complexes. After rigid-body refinement, difference Fourier
maps showed clear density for Gln and for ATP, Asp, and
Mn2+ ions. Some crystals had nearly perfect monoclinic
symmetry in data scaling, but in all cases, refinement was
successful only in the lower-symmetry space group P1.
The refinement statistics are summarized in Table 1.

Structure analysis

The refined models were validated using the program
MolProbity.21 Sequence alignment was done using
ClustalW.45 All figures were prepared with PyMOL
[DeLano, W. L. The PyMOL Molecular Graphics System
(2002)]†.

Protein Data Bank accession numbers

The crystal structures and diffraction data have been
deposited in the Protein Data Bank with accession codes
3H0L for the ADP complex and Asn adduct, 3H0M for the
Gln adduct, and 3H0R for the ATP/aspartate complex and
Asn adduct.
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