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The crystal structure of Thermus thermophilus aspartyl
tRNA-synthetase (AspRS) refined at 2.5 A resolution
is described. This molecular structure is a textbook
illustration of the modular organization of aminoacyltRNA synthetases. In addition to the three domains
found in yeast AspRS, each monomer exhibits a module
specific to prokaryotic enzymes, which corresponds to
a helix-turn-helix motif in yeast AspRS, a domain
implicated in the stabilization of the complex with
tRNA. Its topology matches that of the histidinecontaining phosphocarrier HPr which has been linked
recently to another group of proteins containing the
ferredoxin fold. We propose a more extensive alignment
of these folds, which involves a circular permutation
of the sequences and changes the point of entry of
the whole domain. The C-terminal extension, another
prokaryotic characteristic, leads to a significant
increase in the network of interactions at the dimer
interface. Some potential communication pathways
suggest how a transfer of information between the two
active sites of the homodimer might occur. Most of the
residues involved belong to the class 11-specific motifs
in correlation with the dimeric state of nearly all class
II enzymes. The T.thermophilus enzyme exhibits some
features not found in any of the six other known
AspRSs from mesophilic organisms.
Key words: aspartyl tRNA-synthetase/crystal structure/
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for TyrRS (Brick et al., 1989), MetRS (Brunie et al.,
1990) and GlnRS (as a complex with its cognate tRNA;
Rould et al., 1989). For class II aaRSs, detailed structural
information concerns SerRS, both from Escherichia coli
(Cusack et al., 1990) and Therrmus thermophilus (Fujinaga
et al., 1993), and AspRS from yeast, as a complex with
its cognate tRNA (Ruff et al., 1991). Recently, catalytic
mechanisms for the two-step reactions were proposed, for
class I aaRSs (Perona et al., 1993) and class II aaRSs
(Cavarelli et al., 1994), through a combination of crystallographic results and/or model building supported by
sequence homologies. In most cases, enough sequence
and structural data are now available to identify regions
responsible for the specificity, be it amino acid binding
or terminal adenosine binding. These are regions of higher
conservation within each specific system.
The modular organization of synthetases was first proposed following in vivo deletion experiments on AlaRS
(Jasin et al., 1983). Crystallographic data and sequence
comparisons suggest that the modular structure is a general
characteristic of aaRSs (Delarue and Moras, 1993); apart
from the catalytic domains (one for each class), there are
anticodon binding domains (in most cases) as well as
other domains physically distinct from the catalytic one.
Here we report the crystal structure of AspRS from
Tthermophilus (ttAspRS) refined at 2.5 A resolution. We
will first describe the different domains and then discuss
the communication between them, with emphasis on the
importance of being a dimer for class II aaRSs. When
compared with other AspRSs or class II aaRSs, the
ttAspRS's dimeric interface presents features that can be
related to either characteristic features of prokaryotic
AspRSs or the thermostability of this enzyme. A previous
comparison between the seven known sequences has
already pointed out a clear partition between eukaryotes
and prokaryotes (Poterszman et al., 1993). The Tthermophilus enzyme exhibits additional features not found in
any of the six other known AspRSs, which are from
mesophilic organisms.

Introduction

Results

Aminoacyl-tRNA synthetases (aaRSs) form a class of
enzymes which are responsible for the correct attachment
of each amino acid to its cognate tRNA (Schimmel and
Soll, 1987). These 20 different enzymes (one for each
amino acid) can be partitioned into two different families
of 10 members each, each family having evolved from a
different ancestor (Eriani et al., 1990; Delarue and Moras,
1992). These two different ancestors represent two different solutions for the completion of the aminoacylation
reaction onto either the 2'OH (class I) or 3'OH (class II)
of the terminal ribose of the tRNA.
Among class I aaRSs, structural information is available

Overall description
ttAspRS, like most class II aaRSs, is a homodimer, the
two subunits being related by a two-fold axis. Its molecular
structure, shown along the symmetry axis, is displayed in
Figure IA and B. This view emphasizes the large intersubunit interface and the importance of the prokaryotic
insertion domain (see below) for the external shape. For
a clear identification, the domains of the left subunit are
coloured differently: the N-terminal domain (blue) is
connected to the active-site domain by a hinge domain
(yellow), the extra domain specific to prokaryotic AspRSs
is shown in green. The relative locations in space and the
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Fig. 1. Stereographic views of the dimer from ttAspRS (drawn with 0; Jones et al., 1991) as seen parallel to the dimeric axis (A) or in a slightly
tilted orientation (B). One subunit is represented in red. In (A), the second subunit is coloured purple. In (B), the different domains are coloured as
follows: N-terminal domain in sky blue, hinge domain in yellow, active site in purple and prokaryotic extra domain in green.

size of the various domains are shown on Figure 2, where
the monomers of the enzymes from yeast (left) and
Tthermophilus (right) are drawn to illustrate schematically
the structural differences between the eukaryotic and
prokaryotic molecules, as well as the location of the
different domains along the primary sequence.
Comparison of the tertiary structures of eukaryotic and
prokaryotic AspRSs shows (i) a common framework made
up of three sequential modules and (ii) in each family,
one additional domain specific to each kingdom. The
common framework includes:
(i) The N-terminal domain, a five-stranded 5-barrel with
an a-helix between strands S3 and S4, highly similar to
the one found in yeast AspRS (Cavarelli et al., 1993).
The same topology has been observed in proteins classified
as oligonucleotide binding proteins (OBP), like staphyloccocal nuclease, heat labile toxin and verotoxin-1 (Murzin,
1993), cold shock protein (Schnuchel et al., 1993) and a
ferredoxin NADPH reductase (Karplus et al., 1991),
although in this last case the topology is not strictly
identical. This topology is certainly not unique among
class II aaRSs: sequence data allow us to postulate that
the N-terminal domain of aaRSs specific for lysine and
asparagine have the same topology (Cavarelli et al., 1993).
(ii) The hinge domain, residues 107-137, the cornerstone of the construction of the dimeric AspRSs. Analysis
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of its structure in the yeast and Tthermophilus enzymes
reveals that only the second part of this region, between
residues 123 and 137, is structurally conserved (Figure
4A). The first part of the hinge domain, which interacts
with the tRNA in the yeast enzyme, does not display
sequence conservation among prokaryotic or eukaryotic
AspRSs, and it is not clear whether the lack of structural
similarity in this region is due to a genuine lack of
sequence homology or to a conformational change upon
binding the tRNA. The second part, a helix-loop-helix
motif (helices H2a and H2b), is conserved among prokaryotic and eukaryotic AspRSs, and interacts with the core
domain of both monomers (see below).
(iii) The active-site domain, built around a six-stranded
anti-parallel ,B-sheet, characteristic of class II aaRSs
(Moras, 1992).
Other structural features of AspRS are specific to the
eukaryotic or prokaryotic kingdoms: (i) the N-terminal
extension of the eukaryotic sequences which is disordered
in the crystal structure of the yeast complex. It should be
stressed that this region is functionally dispensable (Eriani
et al., 1991); (ii) the extra domain located between motifs
2 and 3 of the active site domain. This new domain
(Figure 5A) can be described as a five-stranded antiparallel ,-sheet flanked by one helix on one face and two
on the opposite one; and (iii) a C-terminal extension
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Fig. 2. Prokaryotic and eukaryotic AspRSs. (A) General view of the modular organization of one subunit of ttAspRS (right) and of yeast AspRS
(left), as drawn using the program MOLSCRIPT (Kraulis, 1991). (B) Modular organization of a prokaryotic AspRS (Tthermophilus, right) and of a
eukaryotic AspRS (yeast; left). Both proteins are dimeric, but as the two subunits are related by a two-fold axis (indicated by a black diamond), only
one of them is represented. Modules found in both prokaryotic and eukaryotic AspRS are represented by white polygons. Modules specific to
prokaryotic or eukaryotic AspRS are represented by polygons filled with different patterns. The extra domain of prokaryotic AspRS is shown in dark
grey, whereas the corresponding domain of eukaryotic AspRS is drawn in light grey. The N-terminal extension of eukaryotic AspRS is filled by
small circles and the C-terminal extension of prokaryotic AspRS by triangles. (C) Linear organization of a prokaryotic AspRS (E.coli and
Tthermophilus) and of a eukaryotic AspRS (yeast). The locations of the three motifs [motif 1 (ml), motif 2 (m2) and motif 3 (m3)] are indicated by
black rectangles. Location of the modules which differ between prokaryotic and eukaryotic AspRSs are indicated using the same pattern code as in
(B).

present in all prokaryotes which contributes to the subunit

interface and increases significantly the contact area.
The hidden surface of one monomer is 5574 A2 in
Tthermophilus and 4872 A2 in yeast.

Knowledge of the structures of both yeast and Tthermophilus AspRS enzymes allows a precise alignment of the
known eukaryotic and prokaryotic AspRSs sequences.
Figure 3B displays the revised alignment of the seven
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sequences of prokaryotic AspRSs reveals the existence of
non-contiguous conserved residues in the additional
domain (Figure 3B), which form a hydrophobic cluster
on the convex face of the 5-sheet with a probable structural
role (Figure 5C). The overall topology of this domain is
based on a single fafx split motif (Orengo and Thornton,
1993). An example of a protein showing the same organization is the phosphocarrier HPr (Herzberg et al., 1992), as
shown in Figure 7. The r.m.s. deviation between the two
structures is 2.4 A for 50 Ca atoms.
Using the functional information known for HPr, where
a histidine residue located at the N-terminus of the first
a-helix is implicated in phosphate binding and phosphorylation, it is tempting to look for a functional role for
these residues in bacterial AspRSs. The superposition of
the catalytic domains of yeast and Tthermophilus AspRSs
allows the construction of a plausible complex of the
latter with its cognate tRNA, as well as the positioning
of the extra domain with respect to the tRNA (Figure SC).
It appears that the N-terminal part of the first helix H7
(residues 330-345) of the extra domain is too far away
to interact with the tRNA. On the contrary, its C-terminal
part is a good candidate for interactions. Indeed in yeast,
an a-helix, part of a helix-loop-helix structural motif at
the same location, interacts with a phosphate of the tRNA
through residues 428-424 and 423 (Figure SB). Therefore, this extra domain in prokaryotes seems to be implicated in the stabilization of the complex with the tRNA.
However, a yet unknown additional function cannot be
excluded.

known AspRS sequences and allows us to locate functional, as well as structural, residues conserved in all
AspRSs. Furthermore, it highlights zones of high homology characteristic of either the eukaryotic or prokaryotic
enzymes. In particular, systematic mutations can be
observed in functionally important regions: for instance,
in the very important loop of motif 2, between strands A2
and A3, there is a deletion of one amino acid in the
prokaryotic AspRSs as compared with the eukaryotic ones.
Other changes are observed in motif 3, where the strictly
conserved sequence GLDR of prokaryotes becomes GLER
in eukaryotes (also strictly conserved), or at the end of
this same motif around the strictly conserved FP dipeptide.
Strictly conserved stretches of sequence in prokaryotes
and eukaryotes that differ between themselves can also
be observed in regions of specificity for the CCA of
tRNA: for example, in region CCA1, the sequence SEGG
of eukaryotes becomes PEGA in prokaryotes. More generally, there are also insertions/deletions in the loops between
strand S3 and helix HO in the N-terminal domain, between
helices HI and H2a in the junction domain (see below),
between helix H5 and strand A8, and between strands A7
and A6.

The extra domain of prokaryotic AspRSs
The existence of a large insertion domain located between
motifs 2 and 3 is a characteristic of prokaryotic AspRSs.
The only other known class II aaRS presenting this feature
is ProRS from E.coli, but no sequence similarity could be
detected between the two domains. This new domain can
be described as a curved anti-parallel n-sheet flanked on
both sides by a-helices: the ones facing the solvent
(concave face of the sheet) are shorter than the ones facing
the core of the protein (convex face of the sheet). The
latter are anti-parallel. Analysis of the three available

Domain and subunit communication
The hinge domain. The hinge domain plays a central role
in stabilizing the structure through interactions with both
subunits as shown in Figure lB. Contacts within the same
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Fig. 3. (A) Schematic drawing of one monomer of ttAspRS in the same orientation as Figure 2A. Strands from the N-terminal domain forming the
OBP fold are numbered Sl-S5. Strands of the anti-parallel n-sheet of the catalytic domain are numbered AI-A8, dimerization strands are called II
to 12 and Jl, while strands from the extra domain are named E1-E5. Helices are numbered HI-H13 from the N- to the C-terminal extremity. This
numbering is also reported in the multi-alignment of AspRSs in (B). Motif 1 is hashed, motif 2 is in black and motif 3 has black dots in its
secondary structure elements (arrows are for n-strands and light grey cylinders are for a-helices). The N- and C-termini are also indicated. The
localization of the CCAI, CCA2, AA1 and AA2 regions, as defined in (A) and in the text, is also mentioned. (B) Alignment of all known sequences
of AspRSs from different organisms: Tthermophilus (Drstt), Ecoli (Drsec), yeast mitochondrial (Drsscm), human (Drshs), rat (Drsm),
Caenorhabditis elegans (Drsce) and yeast (Drssc). The secondary structures are also shown: black arrows indicate ,B-stands and springs cx-helices.
Their numbering corresponds to that shown in (A). The locations of motifs 1-3, as well as of regions important for A76 binding (CCAI and CCA2)
and amino acid binding (AAI and AA2) along the sequence, are indicated. The strictly conserved residues are bold. Some strictly conserved residues
of motif I (P169), motif 2 (R223) and motif 3 (R531) are also indicated.
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Fig. 4. Domain and subunit communication. (A) Interaction of the C-terminal part of helix H4 of one monomer (white) with helix H2b of the other
monomer (black). The CCAI (just before strand Il) and CCA2 (N-terminal part of helix H4) strongly conserved regions (see Figure 3) are also
indicated in this figure. This region is located downstream of motif 1 (which contains helix H3 and strand Al) in the sequence. Residues of helices
H2a and H2b from the hinge region connect the N-terminal anticodon binding domain to the catalytic core of the protein. (B) Stereo view of the
superposition of the hinge domain from yeast AspRS (in grey) and ttAspRS (in black). Nucleotides 11 and 12 from the tRNA, as seen in the yeast
AspRS-tRNA complex, are drawn in black: they interact with a non-conserved feature of AspRSs.
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Fig. 5. The extra domain. (A) Ribbon diagram of the additional domain of ttAspRS. Based on the docking presented in Figure 4C, the helix in grey
is likely to interact with the acceptor stem of the tRNA (see also Figure 4B). The numbering of the N- and C-termini of this helix is indicated. (B)
Ribbon diagram of the corresponding helix-turn-helix motif of yeast AspRS represented in the same orientation as Figure 4A after superposition of
the central P-sheet of the catalytic domain. In black is represented a helix which is superposed in the two structures. The helix in grey interacts with
the tRNA, whose phosphate backbone is also drawn. (C) Interaction of the extra domain with tRNA, as deduced from superposition of the catalytic
core with the common domain from yeast. The phosphate backbone of the tRNA is represented in black (drawn with MOLSCRIPT). A small
rearrangement of the mutual orientation of the different domains is likely to occur to obtain more contact energy. Conserved hydrophobic residues
located in the extra domain are drawn in black.
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Table I. Interactions of the hinge domain with the other domains of
the molecule

IA
Hinge
Hi
DIII
WI14
W114
R155
H2a
E124
E124
R127
L128
H2b
R136
R135
R131
R131
R131
L135
L135
Y132

Same subunit

Type of
interaction

S1 N26
S2R40

h.b.
4
4
h.b. (w.m.)

S3L45
S2 D38

motif 3
motif 3
motif 3
motif 3

R543
E544
E544
P557

s.b.
s.b.
s.b.
4

S4 E66
motif 1 L144
motif 3 1546
motif 3 R543
motif 3 E544
motif 3 F548
motif 3 A547
C-ter L558

s.b.
4
h.b.
h.b.
h.b. (w.m.)
4
4
4

IB
Hinge

Symmetry related subunit

Type of
interaction

H2b
Y130
Y132
L133
R136
Y132
Y132
L135
R136
R136

Hll' L513
HlI' A514
Hll' L513
HIl' Y517
H4' M206
H4' V209
H4' A210
H4' V209
H4' A210

4
4
4
h.b.
4
4
4
h.b.
4)

Interactions (d < 4.0 A) of the hinge domain with the other domains
of the same (Table IIA) or the symmetry related subunit (Table IIB)
are listed. Residues are mentioned together with their secondary
structure (H for helices and S for strand), as represented in Figure 3A
and B. The prime indicates the second subunit; 4 corresponds to
hydrophobic contacts, s.b. to salt bridges, h.b. to hydrogen bonds and
w.m. to water-mediated interactions.

subunit (Table IA) include several salt bridges, as well as
hydrophobic interactions between residues of helix H2a
and H2b and residues located both in motif 1 and at the
C-terminal end of motif 3. Another contact involves the
strictly conserved side chains of the arginine residue
(RI 36) of helix H2b and of the glutamic acid residue (E66)
that starts strand S4 of the N-terminal anticodon binding
domain.
Contacts with the other monomer (Table IB) involve
mainly helix H2b, which interacts with the C-terminal
part of helix H 11 (residues 513-518) just before the PPH
sequence at the turn before strand A4 of motif 3. H2b
contains the highly conserved sequence RYLDLR and
interacts also with helix H4 of the other monomer (see
Figure 3 for the sequence and secondary elements), which
contains some of the amino acids critical for the binding
of the CCA end of the tRNA (sequence QPSPQ in region
CCA2 in Figure 3). S5, part of the N-terminal domain,

interacts also with the same highly conserved and structurally important region of the other dimer (see below).
Most of these interactions are likely to be conserved in
other class II aaRSs (i.e. AspRS, AsnRS and LysRS),
since these contact regions exhibit high sequence homology within synthetases specific to the same amino acid
in different species.
The dimeric interface: prokaryotic and thermophilic peculiarities. ttAspRS, like virtually all class II aaRSs, functions as a dimer (Eriani et al., 1993). The nature of the
interface is unique in that it is built from both (i) a Psheet that extends over the two monomers (Cusack et al.,
1990) and (ii) two very long anti-parallel a-helices, as
observed in the CAP protein dimer (McKay and Steitz,
1981). There are some differences in the yeast and the
Tthermophilus structures in this region.
(i) In all AspRSs, and most likely in many class II
aaRSs, residues located between motifs 1 and 2 form a
four-stranded anti-parallel ,-sheet that extends over the
two monomers (see Figures 4B and 6A, strands I1 and
12, together with I1' and I2'). In addition, in ttAspRS a
C-terminal extension of -20 residues, represented in
Figure 6A, forms with its two-fold-related counterpart, an
additional small anti-parallel ,-sheet built out of two
strands JI and Jl', common to all prokaryotic AspRSs.
(ii) Helix H3, the second component of the dimer
interface which runs anti-parallel to its non-crystallographic two-fold-related counterpart only 6-8 A away, is
in contact with H3' through interactions between W155W155', as well as electrostatic interactions between K152D156' and D156-K152' (Figure 6b). The tryptophantryptophan interaction is replaced in all other AspRSs by
a weaker arginine-arginine interaction, and is therefore a
specific feature not found in any of the six enzymes from
mesophilic species. In this respect, it is worth mentioning
that, on the purely sequence level, the Tthermophilus and
E.coli enzymes differ in their proline content; indeed,
there are 41 prolines in the first case and 27 in the second.
This reflects a trend that has already been observed in
SerRS (Fujinaga et al., 1993) and appears to be general
for all known aaRS sequences known in T.thermophilus.
The rationale of this fact is that a higher content in proline
decreases the entropy of the denatured state, thereby
increasing the stability of the enzyme.
Interactions between the N-terminal and the catalytic
domains. The interface between the two subunits involves,
besides some of the hinge domain interactions already
described, direct contacts between the N-terminal domain
of one subunit and the active-site domain of the other, in
particular motifs 1-3 (Figure iB). For instance, the Cterminal end of strand S5 (in the N-terminal domain) of
one monomer is ready to interact with loops in the catalytic
part of the other monomer, the sequences of which are
conserved in all AspRSs. One of these loops, between A5
and H 10, is located just downstream of an arginine residue
(R483) which is crucial for the recognition of aspartic
acid in AspRSs (sequence RIHD, region AA2 in Figure
3). In the vicinity, another loop is also interacting with
S5. It contains the highly conserved sequence PPH, located
between helix HI 1 and strand A4 of motif 3. Changes of
orientation of the N-terminal domain can modulate,
through these subunit interactions, the orientation of strand
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Fig. 6. Dimeric interface. (A) Detailed organization of the C-terminal extension of AspRS in the context of the dimeric interface. The strand J 1 (and
are specific prokaryotic features. (B) 3fo - 2f, map around the pair of stacked tryptophans from the
dimerization helices related by the two-fold axis (Wl55a belongs to helix H3 from one subunit and Wl55b belongs to helix H3 from the second
one). Like many residues of the dimerization helices they are involved in inter-subunit interactions. At this position, in the yeast AspRS, a pair of
arginines also stacked are present. As these arginines are conserved in all AspRSs from mesophilic organisms, the presence of a pair of stacked
tryptophans in ttAspRS is certainly related to the thermostability of this enzyme. (C) P169, the only strictly conserved residue of motif 1 (black),
interacts with residues from motifs 2 and 3 of the other subunit (white): D234 and R220 (motif 2). Interestingly, the interaction of R220 with mainchain atoms of motif 1 from the other subunit is specific to prokaryotic AspRS: in eukaryotic enzymes, this interaction is abolished as the arginine is
replaced by a proline.

Jl '), as well as helix H13 (and H13'),
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Structure of a prokaryotic Asp-tRNA synthetase
Table II. Statistics on data collection for the native and the different derivatives used for phasing

Resolution (A)
Number of independent reflections
Completeness (%)
Rsym (%)a
Rscale/native (%)
Number of sites
Phasing powerb
Detector'

Rsym

=

Native

EtHgCl(a)

EtHgCl(b)

K2IrC16

KAu(CN)2

2.5-20.0
53 883
95.5
4.8

3.2-12.0
15 540
71.6
3.6
15.7
2
3.54
A(205)

3.0-12.0
27 435
80.2
5.3
15.4
2
2.75
IP(205)

5.0-20.0
7088
93.4
5.7
14.2
4
1.31
A(205)

3.5-20.0
17 384
80.1
7.2
14.7
7
2.47
A(205)

IP(243) + A(205)

-hklyobs(Iobs - <l>hkl)]I(XhklXobs<I>hkl).
= fr.m.S/Er.m.s.. where fr.m.s. = (hk

bPhasing power

fH)2]/nlI.

and Erms = [FPH2 - (Fp +
cDetector A(x) stands for Siemens area detector and IP(x) for Imaging Plate; x is the crystal-detector distance in mm.
Iobs is the measured diffraction intensity and <I>hkl is the mean value of all intensity measurements of the (h, k, 1) reflection. If Fp is the square
root of measured native intensity, fH the calculated heavy atom structure factor, and FPH the square root of the measured derivative intensity, we
have Fp = Fp exp(i-.p) and fH = fH exp(i-OH); n is the total number of reflections contributing to the sum. Only data with F > 2ca(F) were used
and the completeness refers to the percentage of measured reflections within the considered resolution range. The 'native' dataset is the result of
merging a high-resolution dataset collected on a synchrotron (IP) with a medium-resolution dataset collected on a rotating anode (A). The Rsym value
for the 4121 unique reflections (16 970 measurements) between 2.59 and 2.66 A is 11.2%.

A4 of motif 3 on which the ATP lies. The N-terminal
residues numbers 3-6, strands SI, S2 and S4 interact with
loops (between H4 and A2 or A3 and H5), helices (H4
and H5) and strands (Al and A2) of the other monomer.
Some of the contacts involve highly conserved residues.
Rigid-body movement of domains. The N-terminal and
core domains of ttAspRS in its free state and of yeast
AspRS in its complexed state can be superposed separately
with an r.m.s. deviation for Ca atoms of 1.09 A for 74
residues and 0.9 A for 220 residues, respectively. However,
after superposition of the core domains, the two N-terminal
domains have to be moved as a rigid body by a rotation
of -8° to coincide most closely.
The rigid-body movement of the N-terminal domain
upon tRNA binding could constitute a signal that might,
in turn, be transmitted to the active site of the same or of
the other monomer. The N-terminal and the hinge domains
certainly play a critical role in the transmission of information via, in particular, interactions with the cluster of three
conserved loops of the catalytic domains (located between
A5 and H10, HI 1 and A4 and H4 and A2), described
previously. Similarly, based on preliminary structural
results obtained in our laboratory on the refinement of
the complex between E.coli tRNAAsP and E.coli AspRS
(S.Eiler, personal communication) and of E.coli AspRS
alone (G.Webster, personal communication), it appears
that rigid-body movements of the extra domain are by
and large possible.

Discussion
Implication of motif 1 in catalysis
Motif 1, often called the dimerization domain, interacts
also with domains of the structure more specifically
involved with both recognition and catalytic properties of
the enzyme. A rather intricate relay of interactions between
motif 1 of one monomer and motifs 1, 2 and 3 of the
other monomer, the latter two being very important for
both ATP and CCA binding (Cavarelli et al., 1993,
1994), provides a structural background for a cooperative
mechanism for this enzyme. This can be illustrated by the

following examples.

2

The shortest path between functional domains of different subunits runs through P169 (the only strictly conserved
residue of motif 1 in all class II aaRSs), which interacts
with residues F548 and P549 at the end of motif 3 and
with residue D (or E) 234 of motif 2 of the other monomer.
More precisely, this last interaction is mediated through a
water molecule, easy to locate in the electron density map,
which hydrogen bonds to the main-chain nitrogen adjacent
to the conserved proline. In all mesophilic AspRSs, this
interaction is directly achieved via a more conserved
glutamic acid.
This acidic residue D234 is followed by a strictly
conserved phenylalanine F235 which is stacked on the
adenine moiety of ATP in the active site (Cavarelli
et al., 1994; A.Poterszman, M.Delarue, J.C.Thierry and
D.C.Moras, manuscript submitted).
All the previous interactions involving contacts between
subunits may have the responsibility of enforcing a productive conformation on the conserved F235. This is
consistent with the fact that mutation of the residues
involved in this network has dramatic effects on ATP
recognition (Cavarelli et al., 1994).
The class II invariant P169 (motif 1) also interacts with
F203 of the same monomer, in a region that is known to
be involved in both CCA recognition (PI97) and amino
acid binding (Q205). Its functional importance has been
analysed in yeast (Eriani et al., 1993). Next to P169, F170
is part of a hydrophobic pocket at the interface of the
dimer, which involves residue F222 of motif 2 in an
impressive network of aromatic rings (Figure 6C).

Extra domain: distant structural correlations
Without taking into account the connectivity, a structural
alignment of the extra domain with a fragment of glutamine
synthetase (Almassy et al., 1986), namely residues 125256, can be found which does not respect the linearity of
the sequence (Figure 7). A recently identified family of
proteins exhibits this so-called 'ferredoxin fold'. NDP
kinase (Dumas et al., 1992), the RNA binding domain of
Ul, the activation domain of ATCase, acylphosphatase,
ferredoxin II and the allosteric domain of procarboxypeptidase (Janin, 1993; Swindells et al., 1993) are members
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Fig. 7. Alignment of the topologies from (A) the additional domain of ttAspRS, (B) a fragment of glutamine synthetase, and (C) HPr. Cylinders
represent helices and arrows n-strands. Superposable parts are shown in grey. Glutamine synthetase is actually a representative for an entire
structural family called the ferredoxin fold (see text).

of this family. The tertiary alignment described here is
similar to that proposed earlier, but with an additional
strand. This strand is located in the N-terminal part of the
sequence in the extra domain of AspRS, instead of being
at the C-terminal part in glutamine synthetase, thereby
modifying the points of entry and exit of this domain.
This situation can also be observed with the small subunit
of RuBisCo (Curmi et al., 1992) and one of the domains
of glutathione synthetase (Yamaguchi et al., 1993).
Although this might seem to contradict common views
on alignments which always respect the linearity of the
sequence, there are reasons to consider it seriously, the
first one being the good fit of the models [r.m.s. = 2.1 A
for 56 Ca atoms, using the program WHATIF (Vriend,
1990)]. This might be the result of a functionally advantageous evolutionary mechanism allowing the modification
at will of the points of entry and exit of an additional
domain (the N- and C-terminal parts of the extra domain
of AspRS are only 4 A apart), to modulate the position
of the active site relative to the position of the active
site of the main domain. A plausible mechanism can be
invoked to explain how this could be achieved. Indeed,
gene duplication followed by cutting at different points
before reinserting the fragment is a well known way of
generating circularly permuted sequences. Examination of
sequence data and localization of exon-intron junctions
in NDP kinases of eukaryotic origin do not support
the hypothesis of a simple exon shuffling mechanism
(Ishikawa et al., 1992). Other documented examples in
which non-linearity is invoked in an alignment include
the so-called protein splicing phenomenon (Wallace,
1993), first observed in concanavalin A, but they do not
seem to be relevant to our case.

Conclusions
The crystal structure of ttAspRS, the first atomic description of a prokaryotic AspRS, emphasizes the modular
character of this family of enzymes. Modules with dedicated functions are used by nature to provide characteristic
features to these most ancient proteins. They often present
topologies which have already been observed in proteins
with related functions, as shown here for instance. Eukaryotic and prokaryotic AspRSs have three homologous
modules in common. These include the active site, the
hinge and the anticodon binding domains, and account
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for -58% of the subunits in each case. One domain is
involved in catalysis and tRNA recognition, the others
in tRNA recognition. Additional modules help tRNA
recognition. These include, for example, the large insertion
domain of prokaryotic AspRSs interacting with the amino
acid-accepting end of the tRNA. More generally, a spectrum of modules of different topologies, added to the
catalytic domain, allows a dynamic and accurate selection
of the correct tRNA. An advantage of the modular
character is the possible increased flexibility of the molecules which could be important for adaptability to large
substrates like tRNAs.
TtAspRS is active as an homodimer (Eriani et al.,
1993). Interactions between subunits are essential for the
activity of the enzyme. Indeed, they are used for the
correct positioning of amino acids like F235. This residue,
stacked to the adenine moiety of ATP, happens to adopt
the same conformation in the free enzyme or in the
presence of ATP or amino acid-adenylate (A.Poterszman,
M.Delarue, J.C.Thierry and D.C.Moras, manuscript submitted) and/or tRNA (Cavarelli et al., 1994). Interactions
between domains of different subunits also play a role
during tRNA recognition. They bring modules into an
orientation allowing tRNA recognition. Involving adaptable loops of the catalytic domain, these interactions are
flexible enough to allow relative movements of the
domains that are necessary for tRNA recognition. Conformational changes relevant for the cooperativity of the
system can also be transmitted through these interactions.
This work is part of an ongoing project to characterize
fully the AspRS system. The structure determination of
ttAspRS was undertaken to complement existing data on
the yeast enzyme where data on the free enzyme are
limited and to analyse the first step of the aminoacylation
reaction. This latter part will be reported in a forthcoming
paper, with the description of the binding sites of ATP,
the amino acid and Mg2+ (A.Poterzsman, M.Delarue,
J.C.Thierry and D.C.Moras, manuscript submitted).

Materials and methods
Data collection and processing
The AspRS crystals used for structure determination were either grown
from wild-type enzyme as described earlier (Garber et al., 1990) or from
recombinant protein expressed in Ecoli as described more recently
(Poterszman et al., 1993). The crystals are orthorhombic, space group
P212121, with cell dimensions a = 61.4 A, b = 156.1 A and c = 177.3 A.

Structure of a prokaryotic Asp-tRNA synthetase
Medium resolution data (20-3.2 A) for the native protein and for heavy
atom derivatives were collected with a single crystal for each data set
at room temperature using a Rigaku RU200 rotating anode generator.

Higher resolution data ( 12-2.5 A) for the native structure were collected
the wiggler W32 station (k = 0.98 A) at the LURE-DCI synchrotron
(Orsay, France). Data were either collected with a Siemens area detector
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MIR phasing and phase improvement using density
modification techniques
Three heavy atom derivatives were used for the phasing: a mercury
derivative (EtHgCl), a gold derivative [KAu(CN)2] and an iridium
derivative (K,IrCI6). The mercury derivative [EtHgCl(a)] was readily
interpreted in terms of two sites (there is a dimer in the asymmetric
unit) using the program HASSP (Terwilliger and Eisenberg, 1987) and
visual inspection of the Patterson map. Anomalous data turned out to
be usable since the anomalous Patterson showed the expected peaks in
all the three Harker sections. This derivative gave good phases up to
3.2 A. Data for this heavy atom compound were then remeasured
[EtHgCl(b)] on an image plate system, using the same rotating anode,
giving data at a slightly higher resolution (3 A). The iridium derivative
was interpreted in terms of two pairs of sites, as indicated by the
Patterson itself and by Fourier difference maps, using phases from the
mercury derivative. The gold derivative had three pairs of sites, one of
which is common to the mercury derivative, and one actually occupied
by two close atoms. The positions of the heavy atoms (five unrelated
pairs of sites) allowed a precise determination of the position and
orientation of the non-crystallographic two-fold axis. The orientation
found in this way is compatible with the self rotation function (phi =
2°, psi = 70.5°). After standard refinement of the B-factors and the
occupations using MLPHARE, the MIR map was then improved by
density modification techniques, using the program RMOL (Rees et al.,
1989), taking advantage of both solvent density flatness and the presence
of two-fold non-crystallographic symmetry, using a solvent content
of 50%.

Interpretation of the electron density map, model building
and refinement
A model of yeast AspRS (Ruff et al., 1991) was placed in the resulting
map. It allowed us to build an initial model which essentially contained
residues common to both prokaryotic and eukaryotic AspRSs (see text),
using the model building program 0 (Jones et al., 1991). Secondary
structure elements in the extra domain density region were readily
identified by visual inspection of the initial map and a partial polyalanine
chain could be built using the Bones option of 0. Phases were calculated
from this partial model and combined with the MIR ones. Missing
residues and side-chains were then gradually added as they appeared in
subsequent 3Fobs-2FCalC maps. Refinement of the structure was performed using conjugate gradient minimization and simulated annealing
in XPLOR (Brunger, 1992).
The two monomers were refined independently and for the protein
only positions and temperature factors (per residue, one B factor for the
main chain atoms and one B factor for side chain atoms). The model
contains the 2*580 residues of the protein, i.e. for the dimer, 2*4737
non-H atoms; >200 water molecules have been included so far. The
current R-factor between 8 and 2.55 A is 19.8% for 52 030 reflections
(-1.4 observations per parameter). The average isotropic B factor is
22 A2. Residues in loops 426-444 and 450-465 have B factors
>50 A' and are poorly defined. RMS deviations from the ideal values
are 0.012 A for bond length, 1.8° for bond angle and 1.590 for improper
dihedral angles (planarity). The quality of the structure has been assessed
by the program PROCHECK (Laskowki et al., 1993) and outliers in the
Ramachdran plot have been carefully examined.
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