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Asparagine synthetase A (AsnA) catalyzes asparagine synthesis using
aspartate, ATP, and ammonia as substrates. Asparagine is formed in two
steps: the β-carboxylate group of aspartate is first activated by ATP to form
an aminoacyl-AMP before its amidation by a nucleophilic attack with an
ammonium ion. Interestingly, this mechanism of amino acid activation
resembles that used by aminoacyl-tRNA synthetases, which first activate
the α-carboxylate group of the amino acid to form also an aminoacyl-AMP
before they transfer the activated amino acid onto the cognate tRNA. In a
previous investigation, we have shown that the open reading frame of
Pyrococcus abyssi annotated as asparaginyl-tRNA synthetase (AsnRS) 2 is, in
fact, an archaeal asparagine synthetase A (AS-AR) that evolved from an
ancestral aspartyl-tRNA synthetase (AspRS). We present here the crystal
structure of this AS-AR. The fold of this protein is similar to that of bacterial
AsnA and resembles the catalytic cores of AspRS and AsnRS. The high-
resolution structures of AS-AR associated with its substrates and end-
products help to understand the reaction mechanism of asparagine
formation and release. A comparison of the catalytic core of AS-AR with
those of archaeal AspRS and AsnRS and with that of bacterial AsnA reveals
a strong conservation. This study uncovers how the active site of the
ancestral AspRS rearranged throughout evolution to transform an enzyme
activating the α-carboxylate group into an enzyme that is able to activate the
β-carboxylate group of aspartate, which can react with ammonia instead of
tRNA.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

The fidelity of the translation of genetic informa-
tion into proteins relies on an accurate esterification
of tRNA with the cognate amino acid.1 For a long
time, it was widely accepted that the specificity of
tRNA aminoacylation is related to the charging of
each family of isoaccepting tRNAs with the cognate
amino acid by a particular aminoacyl-tRNA synthe-
tase (aaRS). This was in agreement with the isolation
of 20 aaRSs (i.e., a particular one for each of the 20
canonical amino acids) from various organisms such
Escherichia coli and yeast.2,3 However, biochemical
investigations of prokaryotes, reinforced by analysis
of sequenced genomes, revealed that this concept is
not general. Indeed, many organisms contain two
aaRSs of the same specificity, albeit encoded by
distinct genes,4 and others can be deprived of either
one aaRS or several aaRSs.5–7 For example, half of
the prokaryotes, including bacteria and archaea,
have no asparaginyl-tRNA synthetase (AsnRS), and
about 80% of the bacteria and all archaea have no
glutaminyl-tRNA synthetase. It has been shown
that, in these cases, the orphan tRNA is mischarged
by one of the remnant aaRSs before the conversion
of the amino acid by a tRNA-dependent amino-acid-
modifying enzyme onto the homologous aatRNA.6,7

For example, in the absence of AsnRS, aspartyl-
tRNA synthetase (AspRS) of dual specificity aspar-
tylates tRNAAsn, in addition to its cognate tRNAAsp,
before the conversion of the misacylated Asp into
Asn by a tRNA-dependent amidotransferase such as
the trimeric GatCAB.6,8,9

The tRNA-dependent transamidases differ struc-
turally and mechanistically from Gln and Asn
synthetases that form, respectively, Gln and Asn
by amidation of free Asp and Glu. GatCAB uses Gln
as the amido group donor and uses Asn less
efficiently, whereas ammonia is used with poor
efficiency.7,10 In contrast, ammonia is the best
substrate for amino acid amidation by asparagine
synthetase A (AsnA),11,12 whereas Gln is the most
efficient ammonia group donor for Asn formation
by asparagine synthetase B.13 Furthermore, GatCAB
activates the β-carboxylate group of the tRNA-
bound amino acid by phosphorylation with ATP
prior to amidation,14 whereas AsnA and asparagine
synthetase B activate the β-carboxylate group by
adenylation with ATP.15 The interrelation between
the direct pathway and the indirect pathway of
tRNA asparaginylation is not well understood. It is
currently accepted that the indirect pathways are
remnants of ancestral processes of tRNA aminoacy-
lation where the amino acid was formed on the
cognate tRNA. The direct and modern pathways
appeared when the specific aaRSs that emerged
after the amino acid were synthesized in free form.
The annotated genome from Pyrococcus abyssi16

shows two open reading frames encoding AsnRS.
One encodes a complete AsnRS, but the second one
(AsnRS2) encodes only the AsnRS catalytic core
without the anticodon binding domain (ABD).17

Functional analysis of AsnRS2 expressed in E. coli
revealed the absence of tRNA charging capacity but
revealed a capability to activateAsp, since, likeAspRS,
it promotes Asp-dependent ATP–pyrophosphate
(PPi) exchange. In addition, in the presence of ATP
and ammonia ions, AsnRS2 promotes the conversion
of Asp into Asn. It has further been shown that the
gene of this protein is capable of complementing an
E. coli Asn auxotrophic strain, demonstrating that it
also exhibits Asn synthetase activity in vivo.17 Phylo-
genetic analysis and functional investigations
revealed that AsnRS2 constitutes the archaeal
homologue of the bacterial ammonia-dependent
Asn A; it was therefore named archaeal asparagine
synthetase A (AS-AR). The archaea encoding AS-AR
use two distinct pathways to convert Asp into Asn:
one employs the Gln-dependent asparagine synthe-
tase B, and a second one utilizes AS-AR with
ammonia as amido group donor. Functional in-
vestigations and structural analyses suggest that the
partners of the direct pathway of tRNA asparaginy-
lation, namely AsnRS and AS-AR or AsnA, evolved
from ancestral AspRS.17

We report here the crystal structures of free AS-AR
and of the enzyme associated with its substrates and
end-products. They reveal extensive homologies with
the catalytic domain of archaeal AspRS and AsnRS.
The structural features responsible for the recognition
of the substrates and end-products in AS-AR from
P. abyssi are compared to those of E. coli AsnA and
Pyrococcus AspRS and AsnRS. Finally, the results are
discussed in terms of evolutionary links between
tRNA-dependent and de novo Asn biosyntheses, as
well as in terms of structural and functional in-
terrelations between the protein partners of the tRNA
aspartylation and asparaginylation systems.
Results and Discussion

Overall description of the archaeal asparagine
synthetase

The AS-AR structure was solved to 1.78 Å
resolution by molecular replacement using the
structure 1NNH as search model, as described in
Materials and Methods (Table 1). The model 1NNH
is described as an AsnRS-related peptide from
Pyrococcus furiosus. Two monomers showing that
our structure represents the biological molecule
were found in the asymmetric unit. AS-AR had
indeed been described before as a homodimer.17

This contrasts with the 1NNH structure, where only
onemonomer is found per asymmetric unit. The two
protein sequences are very similar with a 82%



Table 1. Data collection and refinement statistics

AS-AR apo enzyme AS-AR Asp AS-AR Asn AS-AR AMP AS-AR Asn+AMP AS-AR Asp+ATP

Data collection
Beamline ESRF BM30 ESRF ID23-2 ESRF ID23-2 ESRF ID23-2 ESRF ID23-2 ESRF ID23-2
Wavelength (Å) 0.978 0.873 0.873 0.873 0.873 0.873
Space group P212121 P212121 P212121 P212121 P212121 P212121
Cell dimensions

a, b, c (Å) 57.9, 61.3, 156.1 58.3, 61.5, 155.9 58.1, 61.2, 156.4 58.3, 60.9, 155.8 58.7, 60.9, 154.9 58.4, 61.1, 156.9
α, β, γ (°) 90 90 90 90 90 90

Resolution (Å) 1.78 (1.79–1.78) 1.8 (1.9–1.8) 1.8 (1.9–1.8) 1.8 (1.9–1.8) 2 (2.1–2) 1.9 (2–1.9)
Rmeas 5.8 (18.1) 14.9 (50.8) 14 (57.7) 10.6 (69.1) 12 (41.8) 10.7 (65.5)
Rmrgd-F 4.5 (22.8) 12.6 (53.4) 13.5 (56.5) 12.4 (59.8) 16 (48.2) 14.9 (67.6)
I/σ(I) 23.42 (5.89) 8.5 (2.34) 8.61 (2.62) 10.54 (2.84) 10.31 (4.41) 9.15 (2.34)
Completeness (%) 99.6 (99) 98 (92.6) 97 (94.2) 99 (99.9) 98.4 (99.8) 99.4 (99.9)
Redundancy 6.64 (2.69) 4.8 (2.7) 4.06 (3.36) 5.03 (5.03) 3.46 (3.40) 3.74 (3.77)

Refinement
Resolution (Å) 48.24–1.78 48.29–1.8 38.81–1.8 32.81–1.8 47.87–2 48.24–1.9
Number of reflections 54,058 51,829 51,040 51,857 37,791 44,979
Rwork/Rfree (%) 15.03/19.21 17.59/21.81 17.25/21.35 15.95/19.67 16.99/21.93 21.02/17.02
Number of atoms

Protein 4814 4814 4814 4707 4762 4788
Ligand 0 18 18 46 64 71
Mg2+ 0 0 0 1 1 6
Water 673 500 453 389 335 299

B-factors
Protein overall 18.12 25.04 23.85 29.95 21.70 25.98
Ligand — 36.72 23.0 20.46 24.8 25.46
Mg2+ — — — 13.02 39.52 48.80
Water 28.45 34.88 32.98 35.36 28.68 32.85

r.m.s.d.
Bond lengths (Å) 0.006 0.005 0.006 0.007 0.007 0.007
Bond angles (°) 1.05 0.882 1.029 1.107 1.027 1.125

Ramachandran plot2

Core/allowed
regions (%)

99.83 99.66 99.66 99.65 100 100
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identity, and the two refined structures present a
root-mean-square deviation (r.m.s.d.) of 0.3 Å when
superposing one monomer. Moreover, all the
residues identified further in the article as catalytic
residues of P. abyssi AS-AR are all conserved in the
P. furiosus protein, demonstrating that the 1NNH
structure is the P. furiosus AS-AR structure.
Clear electron density can be seen for all residues

of the protein. The two monomers in the enzyme are
very similar, with a r.m.s.d. of 0.33 Å (Fig. 1);
however, they differ in crystal packing. The flipping
loop (residues 44–62) (Fig. S1; Fig. 2) of one
monomer is indeed involved in crystal contact,
while that of the second monomer is free to move.
Nevertheless, the two loops have the same confor-
mation. This is of functional importance, since it has
been shown that the flipping loop is involved in
amino acid activation in class IIb aaRSs. To clarify
the nomenclature for this article, we defined
monomer A as a monomer where the flipping loop
is involved in crystal packing, and we defined
monomer B as a monomer where the flipping loop is
not involved in crystal packing. It is worth noting
that the flipping loop is also involved in crystal
contacts in the P. furiosus AS-AR [Protein Data Bank
(PDB) ID 1NNH] structure and that two flipping
loops are in the same conformation in the structures
of P. furiosus and P. abyssi AS-ARs (data not shown).
AS-AR is a homodimer composed of 2×294 aa.17

The overall structure is built around a seven-
stranded anti-parallel β-sheet formed by strands
S3–S9 surrounded by α-helices (Fig. 1). The AS-AR
sequence displays the three consensus motifs char-
acterizing class II aaRSs, and its three-dimensional
structure presents important similarities with those
of the aaRSs of this class, in particular with
AspRS.17,18 Despite the low sequence identity
(23%), the catalytic domains of AS-AR and AspRS
are very similar (Fig. 2). The surface area between
the monomers forming the AS-AR dimer is
2867 Å2, which is less than that in AspRS from
P. kodakaraensis19 (4367 Å2). This is partly due to the
fact that the N-terminal ABD of AspRS, which is
absent in AS-AR, contributes to one-third of the
dimer interface. Dimerization of the AS-AR mono-
mers involves 28 residues (which interact directly,
either by hydrogen bonds or by van der Waals
interactions) and several other residues bound via
water molecules (data not shown). The region
involving residues 62–71 (β-strands 1 and 2) and
the C-terminal part of each monomer interact with
each other. Indeed, the main chains of β-strand 1



Fig. 1. Overall structure of AS-AR. The two monomers of AS-AR. One is shown in gray, and the other one is presented
according to its secondary structure elements: yellow, β-strands; brown, helices; blue, loops. S1–S9 refer to strand
numbering, whereas H1-H12 refer to helix numbering.
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Fig. 2. Differences between the structures of AS-AR, E. coli AsnA, archaeal AspRS, and AsnRS. Differences are
indicated in red.
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from each monomer interact together through water
molecules, while the C-terminus of monomer A
interacts with the loop (residues 65–68) inserted
between β-strands 1 and 2 frommonomer B and vice
versa. The 294 aa of the catalytic domain of AS-AR
superpose rather well with those of the archaeal
AspRS (r.m.s.d., 1.97 Å). Nevertheless, there are four
major differences (Fig. 2): (i) AS-AR helix 5,
including residues 126–148, is 7 aa shorter than
that of AspRS, where the C-terminal part is involved
in the interface of the ABD and the catalytic domain;
(ii) the flipping loop involved in amino acid
activation in AspRS is 7 aa longer in AS-AR,
where it covers as a lid the active site (iii) AS-AR
helices 6 and 7 and the loop between them (residues
163–180) are shorter than the equivalent regions in
AspRS (residues 284–322); and, finally, (iv) the loop
inserted between strands 6 and 7 (residues 183–203)
is in AS-AR, replaced by a loop interrupted by a β-
strand and an α-helix in AspRS. Since the structures

image of Fig. 2


Fig. 3. Asp recognition in AS-AR versus Asp recognition in archaeal AspRS. (a) The Asp binding site in AS-AR. Asp is
displayed in green, and residues in contact are shown in yellow. Water molecules are shown as magenta spheres, and
dashes indicate hydrogen bonds. (b) The Asp binding site in AspRS (PDB ID: 3NEL). Color code as in (a), and residues
contacting Asp are displayed in white. (c) Comparison of the orientations of Asp in the binding sites of AS-AR andAspRS.
The red circle indicates the β-carboxylate group of Asp.
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Fig. 4. Asp and ATP recognition
in Asp and ATP recognition in
AS-AR monomer B. Recognition of
(a) ATP and (b) Asp in AS-AR
bound to both ATP and Asp. The
distance between the β-carboxylate
group of Asp and the α-phosphate
group of ATP is 2.6 Å. (c) Superpo-
sition of the AS-AR/Asp and AS-
AR/Asp/ATP structures. The fig-
ure shows the movement of the
Arg109 and Arg267 side chains
induced by the binding of ATP.
The residues from the AS-AR/Asp
structure are shown in magenta,
and those from the AS-AR/Asp/
ATP structure are shown in yellow.
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of AspRS and AsnRS are very similar, AS-AR
presents also strong similarities with the archaeal
AsnRS catalytic domain20 (r.m.s.d., 1.87 Å). How-
ever, it is worth mentioning that an α-helix is
inserted into the flipping loop in AsnRS (Fig. 2).
AS-AR shares only a 19% sequence identity with
E. coli AsnA,15 but its fold is very similar (r.m.s.d.,
2.18 Å). Compared to AS-AR, AsnA has a shorter
flipping loop and an extended loop between
β-strands 6 and 7 (Fig. 2). Similar to AspRS and

image of Fig. 4
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AsnRS, the flipping loop of AS-AR is located
between α-helix 2 and β-strand 1. However, the
flipping loop of AsnA is located between β-strands 1
and 2 and triggers a shift of these strands. The AS-
AR active site is covered by large loops, but this is
not the case in AspRS and AsnRS. The functional
significance of this difference relies on the fact that
the tRNA acceptor arm must have access to the
catalytic center of aaRS, while in AS-AR, the reactive
Asp-AMP must be protected from nucleophilic
attack by groups other than ammonia (Fig. S2).

Substrates recognition

Aspartic acid recognition

The structure of AS-AR with Asp in the active site
was determined at 1.8 Å resolution. Clear electron
density can be seen for the ligands in both mono-
mers (Fig. S3). Asp recognition is equivalent in both
monomers; therefore, we only describe the interac-
tions in monomer B. Asp is bound by a salt bridge
and hydrogen bonds (Fig. 3a). Three amino acid
residues recognize the α-carboxylate group of Asp,
and the Arg222 guanidium group establishes a salt
bridge, while the side chains of Lys80 and Asp195
are hydrogen bound. The Asp α-NH3

+ group
contacts by hydrogen bonds the Asp118 side
chain, as well as the OH and amide groups of
Ser75 and Gln116. The β-carboxylate group of Asp is
contacted by the guanidium group of Arg99, by the
main chain of Gly262 via a water molecule, by the
side chain of Gln116, and by one of the alternate
conformations of the Ser218 side chain. The binding
of Asp is achieved by Van der Waals interactions
with the main chains of Ser218, Ala261, and Gly262.
The topology of the Asp binding site of AS-AR is
very similar to that of AspRS (Fig. 3b).
Superposition of the AS-AR/Asp andAspRS/Asp

(PDB ID: 3NEL)19 structures reveals that among the
11 residues contacting Asp, only 4 residues differ in
the two enzymes. Residues Gln116, Arg191, Asp195,
and Ala261 involved in the binding of Asp in AS-AR
are replaced, respectively, by Ser229, Lys336, Ile340,
and Phe406 in AspRS (Fig. 3b). The two enzymes
differ in Asp binding essentially by recognition of its
α-NH3

+ group. In AspRS, this group is contacted by
hydrogen bonds to the γ-carboxylate group of
Glu170, while in AS-AR, the equivalent residue
Asp47 cannot mediate this interaction. Furthermore,
in AspRS, the Asp α-NH3

+ group is contacted via
hydrogen bonds by the OH group of Tyr339 and by
the carboxamide group of Gln192. These interactions
cannot occur with the equivalent residues Tyr194
and Ile77 in AS-AR. Despite a good conservation of
the 2 binding sites, the changes have triggered a
different orientation of Asp. The Arg222 residue
contacts the α-carboxylate group of Asp in AS-AR,
while in AspRS, the equivalent residue Arg368
contacts the β-carboxylate group of Asp (Fig. 3c).
This can be related to the fact that in AS-AR, the
Asp α-NH3

+ group is recognized by fewer residues
than in AspRS and triggers a reorientation of the
Asp substrate in the active site to promote the
activation of its β-carboxylate group, instead of the
α-carboxylate group, as in AspRS.

Aspartic acid activation

A complete data set of a crystal of AS-AR soaked in
ATP, Mg2+, and Asp was collected to 1.9 Å resolu-
tion, and clear electron density was seen for Asp,
ATP, and Mg2+ (Fig. S3). Unexpectedly, the two
monomers of the enzyme are not equivalent. We
could model the entire flipping loop in monomer A,
but electron density is missing for residues 53–57 of
the flipping loop from monomer B (Fig. S4). This
suggests that this part of the loop is flexible ormoved
upon ligand binding.MonomerA contains only ATP
and Mg2+, but monomer B presents ATP, Asp, and
three Mg2+ ions. In monomer B, which contains the
three ligands, ATP did not react with Asp, since its
three phosphate groups are still present (Fig. S3).
Furthermore, Asp is positioned in monomer B as in
the AS-AR/Asp structure, since Lys70, Ser75,
Gln116, Asp118, Asp195, Arg191, and Arg222
mediate the same interactions in the two complexes
(Fig. 4a). The β-carboxylate group of Asp is
positioned near the α-phosphate of ATP, and the
Arg99 side chain contacts both the β-carboxylate
group of Asp and the α-phosphate group of ATP.
The O2 of the α-phosphate of ATP is also contacted
by the side chain of Glu192 (Fig. 4a and b). The
β-carboxylate group of Asp and the α-phosphate of
ATP are at a distance of 2.6 Å (Fig. 4b). The ATP
molecule adopts aU-shaped conformationwhere the
pyrophosphate group (PPi) bends toward the base
ring, as seen in the aaRSs of class II.19,21–25 TwoMg2+

ions are coordinated by the side chains of Asp52,
Asp206, Glu215, and Ser218 (Fig. 4b), while the third
Mg2+ is coordinated by the carboxylate group of
Glu101. The side chain of Arg267 and the Nɛ of
Arg109mediate hydrogen bonds with O2 of the ATP
γ-phosphate, while the side chain of His110 contacts
the O3 atom. The N3 and N6 of the adenine ring are
contacted through water molecules by the side
chains of Glu266 and Glu101 and by the carbonyl
group of the Ser111 main chain. The main chain of
Val216 and the side chain of Glu215 recognize the O2
and O3 of the ribose. Finally, ATP recognition is
achieved by stacking interactions of the adenine ring
with the side chains of Arg267 and Phe114. When
comparing monomer B of the AS-AR/Asp structure
with monomer B of the AS-AR/Asp/ATP structure,
no side-chain movement of the residues contacting
Asp can be observed (Fig. 4a and b). Asp is indeed
bound in the same way. However, side-chain
movements of both Arg109 and Arg267 residues



Fig. 5. Binding of ATP in AS-AR monomer A versus
binding of ATP in AspRS. ATP is in its binding site at (a)
AS-AR monomer A and (b) archaeal AspRS (PDB ID:
3NEM). Color code as in Fig. 4.
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could be seen. The presence of the ATP phosphate
groups pushes the Arg267 side chain to a lesser
extent and triggers the movement of the Arg109 side
chain to avoid steric hindrance (Fig. 4c). The distance
between the β-carboxylate group of Asp and the
α-phosphate of ATP (2.6 Å) is too far for a
nucleophilic attack that would promote the forma-
tion of Asp-AMP. However, kinetic experiments
have shown that Asp is activated by AS-AR in the
absence of ammonia.17 Thus, a subtle conformational
changemaymove closer theAsp β-carboxylate group
and the ATP α-phosphate group to promote the
reaction between the two ligands. We postulate that a
“backmovement”of theArg109 side chain toward the
ATPγ-phosphatewould be sufficient to push theATP
α-phosphate closer to the β-carboxylate group of Asp
and to trigger the Asp activation. Since Asp-AMP is
not formed in the crystal, this conformational change
does not occur under the crystallization conditions.
In monomer A, where Asp is absent, ATP is bound

as in monomer B (Figs. 4a and b and 5a), but the
flipping loop that could be modeled clearly shows a
closed conformation. The presence of a longer
flipping loop in AS-AR than in AspRS may indicate
that the two enzymes activate the amino acid
differently. It was also proposed that amino acid
activation in AspRS requires the flipping loop in a
closed conformation.19 We suggest that in AS-AR,
the flipping loop must first adopt an open confor-
mation to allow binding of ATP and Asp, and then
as for AspRS, the loop must adopt a closed
conformation to activate Asp. This would explain
why the loop is in a closed conformation in
monomer A containing only ATP, and why the
loop is in an open conformation in monomer B
containing Asp and ATP, unable to promote
activation. The distinct structural and functional
properties of the two monomers can reflect antic-
ooperativity resulting in alternative functioning of
the two monomers, as shown recently for the
archaeal AspRS.26

The binding mode of ATP is the same in AS-AR
and in the archaeal AspRS. In the two structures,
ATP adopts indeed the same U-shaped conforma-
tion, and many residues are conserved. In AspRS,
Asp354, Asp361, and Ser364 mediate the recognition
of the α-phosphate and O3 ribose of ATP, while the
main chains of Glu411 and Leu224 contact the base
ring. The Arg214 side chain contacts the α-phos-
phate of ATP, and the side chains of His223 and
Arg412 contact the γ-phosphate. The sole difference
between the two binding sites is the residue stacked
with the adenine ring: Phe114 in AS-AR and Ala227
in archaeal AspRS. Interestingly, this Phe residue is
conserved in AspRS from other phylae (Fig. 5b).20,27

Since ATP binds directly in a productive mode in
AspRS and binds equally to both AS-AR monomers,
this mode of binding may correspond to the
functional interaction.
End-products recognition

Asparagine recognition

The 11 residues contacting the Asp substrate are
also involved in the binding of the Asn end product
(Figs. 3a and 6a). However, compared to Asp
binding, three additional amino acids are involved
in Asn recognition. The Tyr194 and Glu192 side
chains make two interactions with the NH2 of Asn
β-carboxamide, whereas Glu262 contributes to the
recognition of Asn via van der Waals interactions.
Since more residues are involved in Asn binding than
in Asp binding, Asn is more tightly bound than Asp.
This confirms the biochemical data showing that
AS-AR has a stronger affinity for Asn than for Asp.17

The active site of AS-AR is also similar to that of
AsnA (Fig. 6b), since only Ile77 of AS-AR is replaced
by Ala74 in AsnA. However, comparison of the
AS-AR/Asn and AsnA/Asn structures reveals that
Asn is bound differently in the two sites. In AS-AR,
the guanidium group of Arg222 establishes a salt

image of Fig. 5


Fig. 6. Asn recognition in AS-AR
and E. coli AsnA. (a) The Asn
binding site in AS-AR. Asn is
displayed in orange, and contacting
residues are shown in yellow. (b)
Binding of Asn by E. coli AsnA
(PDB ID: 11AS). Asn is shown in
orange, and contacting residues are
shown in magenta.
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bridge with the Asn α-carboxylate group, whereas
in AsnA, the equivalent Arg255 residue contacts the
α-carboxylate and the α-NH3

+ groups of Asn,
triggering a 180° rotation of its α-NH3

+ group. The
different binding mode is difficult to interpret, since
the two active sites are very well conserved. We
propose that residue Ile77 creates a steric hindrance
in AS-AR, preventing the interaction of the α-
carboxylate group of Asn. In AsnA, the shorter
side chain of the equivalent residue Ala74 allows the
interaction of both the α-carboxylate and the α-NH3

+

groups with Arg255. Furthermore, the β-carboxamide
group of Asn is contacted by the Asp46 side chain in
AsnA, but not by the equivalent residue Asp47 in
AS-AR (Fig. 6a and b).
Fig. 7. Binding site of AMP in AS-AR. Color code as in
Fig. 4.
Binding of the end-product AMP

AMP binding in monomer A and AMP binding in
monomer B are equivalent. Fifteen residues of AS-AR
are involved in the binding of AMP (Fig. 7). As for
ATP, the adenine ring is strongly bound. Indeed, the
residues involved in the stacking of the adenine ring
are the same (Figs. 5a and 7). Moreover, recognition
of the N1, N3, and N6 atoms of the ring and of the O2

image of Fig. 6
image of Fig. 7


Fig. 8. Binding sites of Asn and
AMP in AS-AR, E. coli AsnA, and
archaeal AsnRS. (a) Recognition of
AMP in the AS-AR/AMP structure.
Adenosine is displayed in cyan, and
the phosphate group is shown in
orange. (b) Recognition of Asn in
the AS-AR/AMP structure. Asn is
shown in orange. (c) The Asn and
AMP binding sites of E. coli AsnA
(PDB ID: 12AS) and (d) Asn adeny-
late site in archaeal AsnRS (PDB ID:
1X54). Color code as in (a) and (b).
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and O3OHgroups of the ribose is exactly the same as
for ATP binding. The phosphate group of AMP is
tightly bound by the side chains of Gln116 and Arg99
via hydrogen bonds and by the side chains of Ser75
and Glu215 via water molecules. Finally, a hexacoor-
dinated Mg2+ maintained by the side chain of Asp52
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Fig. 9. Comparison of AMP and Asn binding in
monomers A and B of AS-AR. (a) Superposition of the
two monomers from the AS-AR/Asn/AMP structure.
Ligands from monomer A are shown in yellow, while
those frommonomer B are shown in cyan. (b) Recognition
of AMP and Asn in monomer B of the AS-AR/AMP/Asn
structure.

448 Archaeal Asparagine Synthetase Crystal Structure
is in the vicinity of O1P and O3P atoms. These atoms
establish hydrogen bonds with water molecules
contacted by Glu192, Glu215, and Ser218, and
coordinating Mg2+.

Binding of the Asn and AMP end-products

The two monomers differ strongly in the binding
of Asn and AMP end products. As for AS-AR bound
to AMP, the flipping loop could be rebuilt only in
monomer A, while no electron density is visible for
residues 49–61 in monomer B. In monomer A, AMP
is bound quite similarly as in the absence of Asn. The
adenine ring and the ribose are indeed contacted by
the same amino acid groups (Figs. 7 and 8a and b).
The phosphate group interacts with the side chains
of Arg99 and Glu215. As in the AS-AR/AMP
structure, a Mg2+ is in the vicinity of the AMP
phosphate group. This ion is coordinated by the
AMP phosphate group, by the side chain of
Glu215, and also by two water molecules that are
maintained by the side chains of Asp52 and Asp206.
The binding of Asn is very similar to that in the
AS-AR/Asn structure. The recognition of the Asn
α-carboxylate, NH2, and carboxamide groups is
indeed the same (Figs. 6a and 8b). The side chains of
Gln116, Glu192, and Ser75 contribute to the posi-
tioning of the Asn carboxamide group near the AMP
phosphate group. Finally, this positioning is com-
pleted by the side chain of Arg99, which contacts
both the phosphate group of AMP and the carbox-
amide group of Asn.
When comparing the AS-AR/AMP and AS-AR/

AMP/Asn structures, we can see that very few
structural rearrangements occur; indeed, no side-
chain movement is observed. However, the phos-
phate group of AMP is shifted in order to prevent
steric hindrance with the carboxamide group of Asn
(Fig. S5). Furthermore, except for the Arg267 side-
chain movement, no structural rearrangement is
observed in the binding site when comparing the
AS-AR/AMP/Asn and AS-AR/Asn complexes.

Comparison of nucleotide recognition in AS-AR,
AspRS, AsnRS, and AsnA

As mentioned before, the active sites of AS-AR,
AsnRS, AsnA, and AspRS are very similar; however,
some differences in the binding mode of AMP/ATP
are observed. The Asp52 residue located on the AS-
AR flipping loop has no equivalent in AsnA, AsnRS,
and AspRS, since this loop is longer than that in class
IIb aaRSs or in bacterial AsnA. Despite the different
functions of the flipping loops, for the binding of
AMP/ATP, similarities in ligand interactions be-
tween the four enzymes are found. The stacking of
the adenine ring is also found inAsnA,AsnRS (Fig. 8c
and d), and AspRS. Arg267 of AS-AR is strictly
conserved in the four enzymes, while Phe114
conserved in AsnRS is replaced by hydrophobic
residues in AsnA (Val114) and AspRS (Ala227). The
AS-AR residues Ser75 and Arg99, contacting the
phosphate groups, are also conserved in the other
three enzymes (Ser72-Arg100, Ser188-Arg212, and
Ser190-Arg214, respectively, in AsnA, AsnRS, and
AspRS),whileGln116 is only found inAsnA (Gln116).
Residues contacting the adenine ring are also highly
conserved in the four enzymes. Glu101 and His110
are strictly conserved, while Ser111 is only present in
AsnA but is replaced by a Leu in archaeal AsnRS/
AspRS (Leu221 and Leu224). Finally, Glu266 is only
conserved in AsnRS/AspRS and replaced by a Ser in
AsnA (Ser298). The nucleotide binding in AS-AR has
homologies with the nucleotide binding in AspRS,
AsnRS, and AsnA. However, it possesses also a
unique AMP binding mode due to the presence of its
extended flipping loop contacting the phosphate
group via a hexacoordinated Mg2+.

AMP release state

The binding of Asn and AMP in the two mono-
mers differs. In monomer B, the β-amide group of
Asn is rotated by 90° compared to monomer A (Fig.
9a) and is contacted by Asp47 and Arg99 side
chains. It also establishes a hydrogen bond with the
O3 of the AMP ribose. The other interactions are

image of Fig. 9


Fig. 10. Proposed scenario of AS-AR evolution. (a) Phylogenetic tree adapted fromRoy et al.17 (b) Hypothetical scenario
for the apparition of AS-AR and its horizontal transfer to bacteria.
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identical with those in monomer A (Fig. 9b). The
most striking observation is that AMP has a
completely different orientation in monomer B
compared to monomer A; the AMP adenine ring is
indeed rotated by 180° (Fig. 9a). However, surpris-
ingly, the residues involved in AMP binding are the
same, and very little structural rearrangement
occurs. Despite the reorientation of AMP, the same
residues stack the ring. The guanidium group of
Arg267 and the side chain of His110 establish
hydrogen bonds with the phosphate of AMP. The
main chain of Ser111 contacts the N1 and N6 atoms
of the adenine ring, and the carboxylate group of
Glu266 contacts the N6 and N7 atoms via a water
molecule. Finally, Arg99 contacts the O3 atom of the
AMP ribose. Interestingly, no electron density can
be seen for residues 51–58 of the flipping loop,
suggesting that the loop is mobile and that AMP
orientation might trigger its open conformation. It is
tempting to propose that the conformation of AMP
seen here is the conformation that it adopts when
leaving the active site.

A proposed mechanism of Asn formation

The free dimeric AS-AR presents structurally
identical monomers. The two monomers are also
equivalent when they bind the Asp substrate. When
ATP and Asp are present together, ATP binds equally
in the two sites, whereas Asp binds only in one site.
Interestingly, Asp is equally recognized in the
structures of AS-AR/Asp and AS-AR/Asp/ATP,
and ATP binding is the same in the presence and in
the absence of Asp in the active site. Therefore, no
large structural rearrangement is needed to bind both
substrates. However, ATP and Asp are not bound
correctly to react and to form Asp-AMP; the β-car-
boxylate group of Asp is actually only at a distance of
2.6 Å (Fig. 4a and b) from the α-phosphate group of
ATP. Consequently, very little structural rearrange-
ment is needed to shorten the distance between the
two groups to promote Asp activation. We propose
that the Arg109 side chain (Fig. 4c) pushes ATP
toward Asp. The importance of Arg109 residue from
motif 2 may explain why this residue is conserved or
semiconserved (Lys) in all AS-AR and also in AspRS
and AsnRS. One of the remaining questions is: Where
and when does ammonia bind? To locate the
ammonia binding site, we would need to solve the
structure at subatomic resolution; unfortunately, our
crystal form does not allow this study. Cedar and
Schwartz showed thatE. coliAsnAactivatesAspwith
ATP in the absence of ammonia.11,12 They established
the catalytic process of the enzyme that obeys a ping-
pong mechanism. After the random binding of Asp
andATP, followed by the formation of Asp-AMP and
PPi, dissociation of PPi is required for the binding of
the ammonia substrate. This mechanism allows us to
understand why the flipping loop has to open, since
this conformation allows the release of PPi and the
entrance of the ammonia in the catalytic center.
Finally, our structural study shows why Asn has a
better affinity than Asp. But this raises the question of
how Asn is released from the enzyme. In agreement
with the conformation of AMP in monomer B of the
AS-AR/Asn/AMP structure (Fig. 9) and also in
accordance with the results of Cedar and Schwartz,
which show no obligatory ordered release of the
end-products, we propose that the release of Asn
determines the steady-state rate of the overall
reaction.11,12 After Asp amidation, AMP leaves the
enzyme first because of its lower affinity compared to
Asn, allowing the entrance of the ATP substrate,
which then favors the release of Asn.

An insight into the AS-AR evolution

This structural study, coupled to our previously
derived phylogenetic and biochemical data, clearly
shows that AS-AR derives from the ancestor of
AspRS/AsnRS. Although deciphering the exact
sequence of events through which the AspRS/
AsnRS ancestor evolved the AS-AR is difficult, our
data suggest the following scenario. First, the gene
of the AspRS ancestor duplicated, with one copy
leading to the archaeal/eukaryal AspRS and with
the other one undergoing a second gene duplication
(Fig. 10). One gene of this second duplication gave
AsnRS, while the second copy evolved AS-AR. To
do so, the latter lost its ABD and rearranged its
catalytic site. Upon mutations of AspRS key
residues, the catalytic domain lost its capacity to
aminoacylate tRNAAsp while acquiring the ability to
activate the β-carboxylate of Asp. Even though the
chronology of these alterations can be hardly
proven, we hypothesize that, first, AspRS lost its
ABD to avoid the transfer of the activated amino
acid onto the tRNA. It is indeed difficult to imagine
that the catalytic site mutated in order to activate the
β-carboxylate Asp while it was still able to
aminoacylate tRNAAsp, since the use of this product
for protein synthesis would have been deleterious
for the cell. After the remodeling of the active site for
Asp β-carboxylate activation, the AS-AR gene was
horizontally transferred from archaea to bacteria,
where it evolved into the modern AsnA (Fig. 10b).
Materials and Methods

Protein purification and crystallization

The protein was expressed and purified as described
previously.17,28 The crystallization conditions were differ-
ent from those previously described.28 The high-resolution
diffracting crystals were obtained by sitting-drop vapor
diffusion by mixing 2 μl of 11 mg ml−1 AS-AR with 2 μl of
reservoir solution containing 100 mM Tris–HCl buffer
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(pH 7.0), 0.2 M NaCl, and 32% (mass/vol) polyethylene
glycol 3350. The structures bound to the ligands were
obtained by soaking the crystals from several hours to
several days using ligand concentrations from 1 mM to
5 mM. Only the AS-AR/Asn-bound structure was
obtained by cocrystallization.

Structure determination and refinement

Data collection was performed at beamlines BM30 and
ID23-2 of the European Synchrotron Radiation Facility
(ESRF). Data were processed with XDS.29 The structure
was solved by molecular replacement using the program
Phaser from the PHENIX package.30,31 Molecular replace-
ment, with the catalytic domain of the archaeal AspRS as a
search model, failed. We therefore solved the structure
using as search model the structure deposited by the
Southeast Collaboratory for Structural Genomics under
PDB entry 1NNH and annotated as an AsnRS-related
protein. Structure refinement and rebuilding were per-
formed with the PHENIX package and Coot.32 The quality
of the structures was assessed with the PHENIX package,
and the geometry of the protein was checked with
MolProbity.33 The refinement statistics are displayed in
Table 1. All figures were generated with PyMOL†.

Accession numbers

Atomic coordinates and structure factors have been
deposited in the PDB under the following accession
numbers: AS-AR native (3P8T), AS-AR/Asp (3P8V), AS-
AR/Asn (3P8Y), AS-AR/AMP (3REX), ASAR/Asp/ATP
(3REU), and AS-AR/Asn/AMP (3RL6).
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.07.050
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