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Aminoacyl-tRNA synthetases catalyze the speci®c charging of amino acid
residues on tRNAs. Accurate recognition of a tRNA by its synthetase is
achieved through sequence and structural signalling. It has been shown
that tRNAs undergo large conformational changes upon binding to
enzymes, but little is known about the conformational rearrangements in
tRNA-bound synthetases. To address this issue the crystal structure of
the dimeric class II aspartyl-tRNA synthetase (AspRS) from yeast was
solved in its free form and compared to that of the protein associated to
the cognate tRNAAsp. The use of an enzyme truncated in N terminus
improved the crystal quality and allowed us to solve and re®ne the struc-
ture of free AspRS at 2.3 AÊ resolution. For the ®rst time, snapshots are
available for the different macromolecular states belonging to the same
tRNA aminoacylation system, comprising the free forms for tRNA and
enzyme, and their complex. Overall, the synthetase is less affected by the
association than the tRNA, although signi®cant local changes occur. They
concern a rotation of the anticodon binding domain and a movement in
the hinge region which connects the anticodon binding and active-site
domains in the AspRS subunit. The most dramatic differences are
observed in two evolutionary conserved loops. Both are in the neighbor-
hood of the catalytic site and are of importance for ligand binding. The
combination of this structural analysis with mutagenesis and enzymology
data points to a tRNA binding process that starts by a recognition event
between the tRNA anticodon loop and the synthetase anticodon binding
module.
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Introduction

Aminoacyl-tRNA synthetases (aaRSs) catalyze
the ®rst step in protein synthesis. They are respon-
sible for the ®xation of amino acid residues to the
cognate tRNA molecules (Arnez & Moras, 1997;
Carter Jr, 1993; Lapointe & GiegeÂ, 1991; Meinnel
et al., 1995). In general, every living cell contains 20
ing author:

rtyl-tRNA
pRS; aaRS,

the amino acid
aaRSs, and each synthetase is speci®c for one
amino acid residue and its cognate tRNA family.
Nevertheless, a few organisms are known where
two aaRSs co-exist for the same amino acid speci-
®city (e.g. LysRS in Escherichia coli (LeÂveÃque et al.,
1990) or AspRS in Thermus thermophilus (Becker
et al., 1997)), or where certain aaRSs are missing,
i.e. GlnRS in many bacteria and organelles
(Gagnon et al., 1996; Lamour et al., 1994). Based on
the sequence and the structure of their catalytic
site, aaRSs have been ranked in two classes
(Cusack et al., 1990; Eriani et al., 1990). In both
classes, tRNA aminoacylation takes place in two
steps: the amino acid residue is ®rst activated in
the presence of ATP and magnesium to form an
# 2000 Academic Press
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aminoacyl-adenylate; then the amino acid moiety
is transferred to the 30-end of the tRNA (for a
review, see First, 1998). The correct translation of
the genetic code, therefore, relies on the accuracy
of ligand recognition by the synthetases (SoÈ ll &
RajBhandary, 1995) and of optimized reaction kin-
etics (First, 1998; Ibba et al., 1999).

The aspartate system offers a detailed descrip-
tion of the different states that exist for an amino-
acylation system of class II synthetases. A series of
crystallographic structures have been solved over
the last two decades, starting with the free
tRNAAsp from yeast (Moras et al., 1980) and its
binary complex with AspRS (Cavarelli et al., 1993;
Ruff et al., 1991). The binding of the small ligands
ATP-Mg2� and L-Asp was investigated in the
presence of the tRNA in the yeast and E. coli sys-
tems (Cavarelli et al., 1994; Eiler et al., 1999). It was
also studied in the absence of the tRNA for the
T. thermophilus enzyme (Poterszman et al., 1994)
and, more recently, for the AspRS from Pyrococcus
kodakaraensis KOD1 (Schmitt et al., 1998). The com-
parison of different states for this archeal protein
highlighted a key-and-lock association mode for
the residue; molecular dynamics suggested that
this feature is suf®cient to discriminate L-Asp from
L-Asn (Archontis et al., 1998).

In the case of the yeast aspartate system, the
comparison of the free and the bound state of
tRNAAsp sheds light on the large conformational
changes affecting its structure as a result of the
interaction with the enzyme. The overall L-shape
of the tRNA is conserved, but large modi®cations
bring the two arms closer together (Ruff et al.,
1991). Furthermore, an important conformational
change in the anticodon loop facilitates its recog-
nition by the synthetase (Cavarelli et al., 1993; Rees
et al., 1996). Finally, the binding of ATP, mag-
nesium and L-Asp in the catalytic site is known
from the analysis of the crystal structures of
AspRS-tRNAAsp complexes in the presence of the
small ligands (Cavarelli et al., 1994). However, a
Figure 1. Primary structure of yeast AspRS and its modu
enzyme. The yeast AspRS gene (APS) codes for a monome
domains in the AspRS monomer: the anticodon binding
(orange), and the active-site domain in the C terminus (red)
the ``¯ipping loop'' (FL, for details, see the text). In AspRS
heterogeneous and has been removed in (b) AspRS-70 whic
14 to 17 from the native sequence (green) were linked to the
comparison between the substrate-bound AspRS
and the free enzyme is missing, because of dif®cul-
ties encountered in the preparation of good quality
crystals, as it is the case for aminoacylation sys-
tems of other speci®cities. Recently, crystals of
yeast AspRS suitable for a crystallographic study
were prepared (Sauter et al., 1999) and the struc-
ture determination of this enzyme in its free state
became possible. Here, we report the X-ray struc-
ture of this free yeast AspRS at a resolution of
2.3 AÊ and describe the structural modi®cations it
undergoes upon tRNA binding.

Results and Discussion

The crystalline enzyme

Although the ®rst crystals of yeast AspRS were
obtained long ago (Dietrich et al., 1980) their qual-
ity was always inadequate because of an anisotro-
pic diffraction and a low resolution limit. This poor
crystallizability of the native enzyme is correlated
with the structural heterogeneity of the protein
extracted from yeast cells, which is a mixture of
polypeptide chains starting between residues 14
and 33 (Lorber et al., 1987, 1988) (Figure 1). The
N-terminal heterogeneity, however, does not ham-
per crystallization of the complex with tRNAAsp

(GiegeÂ et al., 1980; Lorber et al., 1983; Ruff et al.,
1988). Further biochemical experiments indicate
that the 70 ®rst residues are not required for the
catalytic activity (Eriani et al., 1991; Lorber et al.,
1988) and crystallography showed that the hetero-
geneous N-terminal extension of the protein
remains disordered in the AspRS-tRNAAsp com-
plex (Cavarelli et al., 1994; Ruff et al., 1991). For
these reasons, an AspRS variant lacking its ®rst 70
N-terminal residues (AspRS-70) was retained for
crystallization. A tetragonal and a trigonal crystal
form were obtained as the result of a rational
search of crystallization conditions at low-protein
supersaturation in a crystal-solution phase diagram
lar organization in (a) the native, and (b) the truncated
r of 557 amino acid residues containing three structural
domain in the N terminus (yellow), the hinge region
carrying three class II consensus sequence motives and

puri®ed from yeast (a), the N-terminal region (green) is
h was used for this study. For cloning reasons, residues
N terminus of the 71-557 sequence.



Table 1. Data collection and re®nement statistics

A. X-ray data collection
Space group P41212
Unit cell lengths (AÊ ) a � 90.23, c � 184.9
Synchrotron beamline ID14/EH4 (ESRF)
Resolution (AÊ ) 20-2.3
Completeness (%) 98.2 (99.3)a

No. of observations 183,874
No. of unique reflections 34,124
Redundancy 5.4
Rsym (%)b and average (I/s(I)) 8.2 (27.7)a, 12 (4.6)a

B. Refinement statistics
Refinement program CNS
No. of reflections in working set 30,538
No. of reflections in test set 2299
Rmodel

c , Rfree (%) 20.2, 24.2
Number of protein atoms 3944
Number of ordered water molecules 227
r.m.s.d. from ideal geometry

Bond lengths (AÊ ) and valence angles
(deg.)

0.009, 1.47

Average B-factors for protein, water
molecules (AÊ 2)

40.7, 43.4

Ramachandran plot qualityd

Residues in core, allowed, generously
allowed regions (%)

91, 8.3, 0.7

Overall G-factord 0.28

a The values in parentheses correspond to the highest resolu-
tion shell (2.3-2.35 AÊ ).

b Rsym � �h �ijhIhi ÿ Ih,ij/�h �i Ih,i where Ih,i is the ith
observed intensity of re¯ection h and hIhi the average intensity
for this unique re¯ection.

c Rmodel � �hjFobs ÿ Fcalcj/�h Fobs where Fobs and Fcalc are the
observed and calculated structure factor amplitude, respec-
tively.

d Calculated with PROCHECK.
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(Sauter et al., 1999). We note that the crystalline
enzyme lacking the N-terminal extension possesses
otherwise exactly the same sequence as the native
protein, except for the ®rst four residues (67 to 70),
which correspond to amino acid residues 14 to 17,
shifted for cloning reasons (Vincendon, 1990).

Crystallographic aspects

The structure of AspRS-70 (for simplicity it is
named AspRS below) was solved by molecular
replacement (see Material and Methods). Data col-
lected for trigonal crystals (space group P3221)
resulted in electron density maps of rather poor
quality at medium resolution (�3.5 AÊ ), due to a
characteristic diffraction anisotropy. However, they
allowed us to trace a Ca backbone for the dimer
(results not shown), but further modeling and
re®nement remained unsuccessful. In contrast, the
tetragonal crystal form (space group P41212) pro-
vided an isotropic diffraction, even at high resol-
ution (2.3 AÊ ), and the initial density maps were of
good quality.

The crystallographic data indicate a fully sym-
metric organization of the AspRS dimer, with one
polypeptide chain in the asymmetric unit. The
model was built and re®ned at 2.3 AÊ resolution to
a R-factor of 20.2 % and a Rfree of 24.2 % using stan-
dard methods (see Table 1). It encompasses resi-
dues 71 to 557 from the AspRS monomer (the four
N-terminal residues could not be clearly located in
the electron density map) and 227 ordered water
molecules. Figure 2 gives an example of the elec-
tron density map in the region of the active-site
core. This map was straightforwardly interpreted
and clearly shows the ®ve central anti-parallel
b-strands that form the conserved framework for
the catalytic domain of class II synthetases.

In the crystalline lattice, one intermolecular con-
tact is of particular interest. It involves the loop
145 to 147 from the anticodon binding domain
adjacent to the N terminus, and a external loop
(495 to 500) located on the left-hand side of the
active-site module of a neighboring monomer. The
enhancement of the diffraction limit for the tetra-
gonal crystals suggests that shortening the enzyme
at its N terminus has favored this contact. Conver-
sely, with the longer and heterogeneous AspRS
extracted from yeast, this packing contact is hin-
dered, and the crystals are of poor quality. We
recall that the latter crystals belonged to the same
space group, had identical cell parameters to those
used here, but were highly anisotropic in diffrac-
tion (Dietrich et al., 1980).

General structural features of the free
aspartyl-tRNA synthetase from yeast

The general organization of the free AspRS is
illustrated Figure 3. The dimer has an elongated
form of �100 AÊ � 80 AÊ � 30 AÊ with a gyration
radius of 31 AÊ . Each subunit of the dimer is made
of three modules (Figure 3(a)): (i) the anticodon
binding domain in the N terminus; (ii) a short
hinge region (residues 205 to 240); and (iii) the
active-site domain in C terminus. The structural
organization (Figure 3(b), left) is identical to that of
the enzyme associated to the tRNA, with the
characteristic secondary structure features of sub-
class IIb synthetases, namely the anticodon binding
domain formed by a ®ve-stranded b-barrel with an
OB fold (for oligomer binding fold) and the active-
site domain built on a seven-stranded b-sheet
(partly shown in Figure 2). These features are pre-
sent in prokaryotic AspRSs (Delarue et al., 1994;
Eiler et al., 1999; Schmitt et al., 1998), and in two
other members of the class IIb, LysRS (Onesti et al.,
1995) and AsnRS (Berthet-Colominas et al., 1998).
As anticipated, the amino acid residues interacting
with the tRNA (Cavarelli et al., 1993) provide
electropositive patches at the surface of the subunit
(Figure 3(b), right).

The free AspRS versus the enzyme associated
to tRNAAsp

An overview

The structure of the synthetase associated to
tRNAAsp was determined by Ruff et al. (1991) and
Cavarelli et al. (1993), and later on as a ternary and



Figure 2. Stereoview of the electron density in the class II b-sheet region of the apo-enzyme active-site domain
(from the left to the right, strands A2 to A6). The sa weighted 2mFobs ÿ DFcalc density was contoured at 1.3s. The
right panel gives a schematic representation of these ®ve central b-strands with their orientation and sequence. Gray
circles indicate amino acid residues with Ca atoms pointing toward the reader.
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a quaternary complex containing ATP or aspartyl-
adenylate, respectively (Cavarelli et al., 1994). In
each case, the two subunits were related by a non-
crystallographic 2-fold axis and show faint differ-
ences. They will later be quoted as monomer A
and B, as indicated in the PDB ®le (ID: 1asz). In
order to calculate root mean square deviations
(r.m.s.d.) on Ca positions, the free and the com-
Figure 3. The free form of yeast AspRS. (a) The free dimer
The three domains are represented in the left subunit usi
Figure 1: the anticodon binding domain in yellow (light blue
ium blue), and the active-site domain in red (dark blue). (b
structure elements determined with PROCHECK (Laskowsky
characteristic of class II synthetases are indicated in green
tRNA binding (Cavarelli et al., 1993) are drawn in the colo
belong. On the right, the electrostatic potential at the surface
red and electropositive ones in blue.
plexed monomers have been compared by least-
square superposition of the core of their active-site
module (i.e. the seven b-strands). Figure 4 superim-
poses the polypeptide chains of the free and bound
AspRS subunits and highlights differences in var-
ious regions. The overall r.m.s.d. between the free
subunit and monomers A and B are 1.4 and 1.2 AÊ ,
respectively. The deviations calculated for each
is shown with its 2-fold axis perpendicular to the ®gure.
ng the same color code as described in the legend to
in the right monomer), the hinge region in orange (med-
) The free AspRS monomer. On the left, the secondary
et al., 1993). The consensus sequence motives 1, 2 and 3

, blue and purple, respectively. Side-chains involved in
r of the domain (or the sequence motif) to which they
of the monomer: electronegative regions are indicated in



Figure 4. Comparison of free and tRNA bound AspRS subunits. The picture shows the free monomer (gray) super-
imposed to subunit B (green) in the complex with tRNA (blue). Monomers A and B in the structure of AspRS-ATP-
tRNAAsp ternary complex are related by a non-crystallographic 2-fold axis (Cavarelli et al., 1994). The two stereo
views are turned by 90 � with respect to each other. Monomers were superimposed by least squares minimization of
the active-site seven stranded b-sheet (49 Ca).
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module are indicated in Figure 5(a). Packing effects
on the apo-enzyme conformation may be excluded
since crystal contacts do not concern the regions
pointed out below, such as the two mobile loops,
which are both facing the solvent channels. In
addition, the Ca backbone of the present tetragonal
structure is very similar to that previously built
from the trigonal data at lower resolution, includ-
ing the conformation of the mobile loops surround-
ing the active site (results not shown).

The rotation of the anticodon binding domain

The N-terminal region forms the b-barrel that
binds to the anticodon loop of the tRNA molecule
(Cavarelli et al., 1993). This part of the tRNA exhi-
bits four identity elements: G34, U35, C36, and C38
(Frugier et al., 1994b; PuÈ tz et al., 1991). During the
transition from the free to the bound enzyme, this
protein domain undergoes a rigid body movement
corresponding to a rotation of �6 � with respect to
the catalytic module (Figure 5(b)). The overall
structure of the b-barrel is not affected. When the
strands are superimposed independently from the
rest of the monomers, their r.m.s.d. is not higher
than 0.5 AÊ . Thus, similarly to the key-and-lock
mechanism of anticodon binding observed in the
E. coli system (Rees et al., 2000), a weak adjustment
of a few amino acid side-chains is suf®cient to
ensure, in a primary association event, the recog-
nition of the identity nucleotides present in the
tRNA anticodon loop.



Figure 5. Movements in the AspRS monomers. (a) r.m.s.d. between free and tRNA bound subunits on Ca positions
(calculated as described in the legend to Figure 4). Values are plotted in blue and red when the free subunit is com-
pared to monomer A and B in the complex, respectively. The broken lines indicate the average r.m.s.d. value for the
whole subunits. Average r.m.s.d. calculated for individual AspRS domains are 1.2 AÊ in the catalytic domain, 2.6 AÊ in
the hinge region, 1.7 or 2.1 AÊ in the anticodon binding domain A or B (the latter values correspond to a rigid body
rotation of this region of 6 � and 6.4 � in monomers A and B, respectively). (b) Close-up views for each of the three
domains of the superimposed free subunit in gray and complex B monomer in green, with the bound tRNA in blue.
The three anticodon bases are shown in interaction with the related protein module, as well as the ATP and the term-
inal nucleotide A76 bound in the active site.
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The hinge region at a pivotal position

The hinge region formed by three helices is the
smallest module in AspRS. It has a central location
in the monomer and connects the two other
domains of the protein. In the complex, it develops
three interactions with the tRNA ribose-phosphate
backbone at U11 and U12 in the D-stem (Cavarelli
et al., 1993). When the catalytic cores are superim-
posed (Figure 5(b)), the hinge region of the free
monomer is more external and prominent. In order
to allow the binding of the D-stem, it moves back-
ward toward the dimer gravity center. Values of
r.m.s.d. indicate large variations in this zone
(Figure 5(a)), mainly for the loop 205 to 218 and
the following helix 220 to 230 containing the resi-
dues Asp210, Asp227, and Thr230, which contact
the tRNA. Their movement may contribute to the
re-orientation of the anticodon-binding domain,
thus directing the tRNA so that its 30-extremity
comes into the catalytic groove.

Movements in the active site: a loop story

The structural variations in the active-site
domain are limited (Figure 5(a)) except for two
loops on the right-hand side of the catalytic groove
(Figure 5(b)). The ®rst one is the loop of motif 2
(Figures 1 and 5(b)) which contains highly con-
served residues involved in the binding of ATP of
the 30-CCA end of the tRNA (Cavarelli et al., 1994;
Eriani et al., 1995). The second loop is the so-called
``¯ipping loop'' (residues 279-285) which was
already identi®ed for its mobility in the AspRS
structures from T. thermophilus and P. kodakaraensis
(Moulinier, 1997; Schmitt et al., 1998). As with the
prokaryotic apo-enzymes, both loops adopt an
open conformation in the free yeast enzyme,
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although the deviation is more pronounced in the
¯ipping loop from yeast AspRS (e.g. r.m.s.d.
values in this loop are less than 3 AÊ in E. coli (Rees
et al., 2000), whereas they reach 8 AÊ in yeast (this
paper)). In contrast, these loops interact with the
tRNA 30-accepting-end and with the small ligands
in the yeast complex and contribute to the anchor-
ing of the substrates in the catalytic cavity. Indeed,
mutations in the residues which bind to the
30-CCA display strong kcat effects (Eriani &
Gangloff, 1999) and site-directed mutagenesis
con®rmed their implication in the binding of the
small ligands (Cavarelli et al., 1994). The situation
is similar in the E. coli and T. thermophilus ternary
complexes (Eiler et al., 1999; Moulinier, 1997).
Furthermore, the structure of the P. kodakaraensis
enzyme solved at 1.9 AÊ resolution, the highest res-
olution available to date for a synthetase, illustrates
how these loops participate, independently from
tRNA binding, in the process of formation and
stabilization of the aminoacyl-adenylate (Schmitt
et al., 1998). Here, we con®rm the key role played
by the loop of motif 2 and the ¯ipping loop which
are in an open position in the apo-enzyme and
adopt various conformations depending on the
ligand bound, through an induced-®t mechanism
as described by Eiler et al. (1999). This situation can
be generalized to the two other members of class
IIb, LysRS (Onesti et al., 1995) and AsnRS (Berthet-
Colominas et al., 1998) and maybe even to repre-
sentatives of subclass IIa such as HisRSs, for which
similar loop features have been described by Bovee
et al. (1999) and Qiu et al. (1999).

A mutual structural adaptation

To achieve an accurate aminoacylation reaction,
tRNAs and synthetases have developed sets of rec-
ognition signals. The latter include identity
elements on tRNAs, mainly located in the antico-
don loop and in the acceptor stem, that allow these
molecules with a very similar 3D architecture to be
distinguished each from the other (for a review,
see GiegeÂ et al., 1998b). These elements have
counterparts on the synthetases, namely amino
acid residues whose mutations strongly affect both
tRNA binding and catalysis (e.g. Eriani &
Gangloff, 1999). The speci®c recognition and ef®-
cient aminoacylation of a tRNA must actually
imply structural changes and transconformations
in both macromolecules in order to optimize the
mutual ®t. Crystallography has revealed such
transconformations within complexed tRNAs (e.g.
Rould et al., 1989; Ruff et al., 1991). The fact that
synthetases are able to recognize a variety of RNA
substrates is actually indicative of a certain degree
of plasticity (Ebel et al., 1973; GiegeÂ et al., 1998a)
and the existence of transconformations within
these enzymes is supported by indirect solution
data (e.g. ZaccaõÈ et al., 1979), but their exact nature
remains elusive.

Having solved the respective structures of free
synthetase and tRNA, and that of their complex,
we can now consider the issue of the functioning
of the aspartate system from yeast in a structural
way. This study reveals the rather faint confor-
mational changes at the level of the protein, with
r.m.s.d. values on Ca positions of 1.2-1.4 AÊ . In com-
parison, the r.m.s.d. on the phosphate positions
between the free tRNA (Moras et al., 1980; Westhof
et al., 1985) and its bound form is 5.1 AÊ . This illus-
trates a drastic difference in ¯exibility and structur-
al adaptability between the two macromolecules,
as predicted by Rees et al. (1996), knowing the
higher ¯exibility of the sugar-phosphate backbone.
But at the local level in the synthetase, large con-
formational changes also occur with r.m.s.d. values
of �4 AÊ , with a maximum of 8 AÊ for the ¯ipping
loop (Figure 5(a)). Large-body movements in a
monomer are restrained, likely because of the exist-
ence of the dimeric interface. Indeed, the oligomeri-
zation is a functional requirement and it was
shown that AspRS subunits can communicate
(cooperate) during the catalytic process (Eriani
et al., 1993), even though the pathway has not yet
been identi®ed. On the other hand, the non-sym-
metric conformation of the catalytic domain in the
two subunits of the complex (Ruff et al., 1991) is an
additional argument for a cooperative functioning
of the two AspRS subunits. Kinetic data favor this
view (D. Kern, personal communication). Deci-
phering the molecular communication mechanism
will probably become possible through a compara-
tive analysis of the AspRSs from different organ-
isms in various binding states. An analytic method
is being developed for that purpose (L. Moulinier,
personal communication).

A scenario for tRNA binding

Biochemical and structural data converge now
toward a preferential sequence of events leading to
the tRNAAsp binding onto AspRS (Figure 6). In this
scenario, the synthetase ®rst recognizes the tRNA
by its anticodon loop (Figure 6(a)). The comple-
mentarity of the electropositive surfaces in the
anticodon binding domain (Figure 3(b)) and the
electronegative tRNA backbone may guide the
association. Formation of the catalytically compe-
tent complex would then proceed by a mutual
adaptation of both macromolecules, as re¯ected by
the conformational differences between the free
and complexed partners. In favor of the prepon-
derant role of this protein domain is its structure
ready to interact with the tRNA anticodon loop
without any conformational change. A similar situ-
ation is observed in the E. coli system (Rees et al.,
2000). The details of the recognition, however,
remain to be deciphered, in particular, how bases
in the tRNA anticodon loop unstack and adapt to
the protein. Differences in aminoacylation ef®cien-
cies of tRNAAsp mimics con®rm the importance of
the anticodon loop in tRNA binding. Models for
the interaction between the enzyme and two of
these molecules are given in Figure 6(c). Thus,
an anticodon stem-loop linked to a single-stranded



Figure 6. A structural representation of the recognition pathway of free AspRS by tRNAAsp. (a) Free AspRS (E)
(this work) and free tRNAAsp (S) (Moras et al., 1980; Westhof et al., 1985); (b) the putative intermediary partial com-
plex between tRNAAsp and AspRS; (c) the active ES complex (Ruff et al., 1991) and models for the productive associ-
ations of AspRS with an RNA microhelix (Frugier et al., 1994a) and an anticodon stem-loop with a single-stranded
acceptor-end (Wolfson et al., 1999). The tRNA recognizes ®rst the synthetase through its anticodon loop (step 1), then
the anticodon binding domain rotates and the hinge region interacts with the D-stem (step 2), ®nally the tRNA
30-end enters the active site (step 3). In all structures, the active-site domain of AspRS monomers is kept in the same
orientation and the color code for the three modules is the same as in Figures 1 and 2. Asp-tRNA identity nucleotides
are indicated in green.
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30-acceptor-end is much better recognized (Wolfson
et al., 1999) than a single minihelix restricted to the
acceptor-end (Frugier et al., 1994a).

Recent mutagenesis studies indicate that speci®c
contacts of AspRS with the anticodon triplet and
the discriminator base of the tRNA constrain the
complex so as to bring the acceptor stem into the
active site (Eriani & Gangloff, 1999). They revealed
that the main binding energy is provided by the
anticodon binding module, as shown by mutations
at 10 identi®ed positions that trigger essentially
Kd-effects and have only faint in¯uences on kcat

values. Since the anticodon loop includes the major
identity elements of tRNAAsp (Frugier et al., 1994b;
PuÈ tz et al., 1991), it can be concluded that the
N-terminal module ensures both tRNA binding
and tRNA selection (Figure 6(a)).

After the initial anchoring onto the N-terminal
module of AspRS, the interaction might propagate
through the hinge region which develops contacts
with the D-stem (Figure 6(b)). Even though resi-
dues in the hinge area only bind the phosphate-
ribose backbone of bases U11, U12 and G27
(Cavarelli et al., 1993), the speci®city of these inter-
actions is guided by the proximity of the G10:U25
identity base-pair (PuÈ tz et al., 1991). Replacement
of riboses of U11 and G27 by deoxyriboses pre-
vents hydrogen bonding of 20-hydroxyl groups and
leads to a drastic loss of activity (Aphasizhev et al.,
1997). Furthermore, mutations in the AspRS hinge
region (Eriani & Gangloff, 1999) only affect the
binding toward the catalytic center, where the
major binding contributor is discriminator base
G73. Altogether, this suggests a central role for the
contacts between the hinge module in AspRS and
the core region of tRNA during their mutual adap-
tation. The ®nal step in adaptation occurs within
the catalytic module of AspRS (Figure 6(b)), with
the ¯ipping and motif 2 loops in their closed con-
formation anchoring the tRNA acceptor-end in the
catalytic site in an optimal position for aminoacyla-
tion (Figure 6(c)).

The above scenario is based on experimental
data originating from studies with an active AspRS
lacking its N-terminal extension entirely or par-
tially. Recent investigations on the role of this 70
residue long extension indicate its participation in
tRNA binding through additional contacts with the
anticodon stem (Frugier et al., 2000). This con®rms
the preponderant role of the anticodon binding
module of AspRS to which the extension is
appended (Figure 1).

Concluding Remarks

Early investigations soon revealed the import-
ance of the anticodon and the need of a mutual
adaptation of tRNAs and synthetases for the for-
mation of functional complexes, and phenomenolo-
gical descriptions of this process were proposed
(e.g. Ebel et al., 1979; Krauss et al., 1976). Today,
the crystallographic data gained for the aspartate
system allow for a structural description of com-
plex formation at the molecular level. As perceived
in the past, conformational changes in both tRNA
and synthetase occur in a global induced-®t pro-
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cess where the importance of anticodon loop bind-
ing to AspRS is highlighted. Although this study
deals with a particular system, it is likely that simi-
lar conformational adaptations and binding modes
(as in Figure 6) occur in other tRNA-synthetase
systems. This is in particular the case in the E. coli
aspartate system, where the anticodon, hinge and
active site modules of AspRS undergo the same
conformational changes upon binding of the cog-
nate tRNAAsp (Rees et al., 2000). We anticipate,
however, that highest functional similarities will
concern systems involving synthetases, closely
related to AspRSs, as well as those where the
strength of identity determinants in the anticodon
is great. In agreement with this view are recent
functional and structural data on class IIb human
LysRS (Stello et al., 1999) and on class IIa prokaryo-
tic HisRSs (Bovee et al., 1999; Qiu et al., 1999). Like-
wise, speci®c binding of anticodon hairpins to
aaRSs in anticodon dependent class I systems (e.g.
Meinnel et al., 1991) gives support to the rather
general character of the scenario outlined in
Figure 6. This scenario, that emphasizes the role of
the anticodon binding module, is not in contradic-
tion with the primordial role of the catalytic mod-
ule in evolution and with the fact that this module
can be activated, although not optimally, by
minimalist tRNA structures (Schimmel et al., 1993).
Finally, the fact that AspRS can aspartylate a num-
ber of tRNA mimics with altered architecture indi-
cates an elaborate adaptability of this protein in
ligand binding. This functional plasticity confers
selective advantage, since mutations within stra-
tegic positions in AspRS or tRNA will not necess-
arily inactivate the system.

Material and Methods

Crystallization and data collection

Crystals of yeast AspRS were grown from an enzyme
lacking 70 residues in N terminus and puri®ed from
overproducing E. coli cells as described (Sauter et al.,
1999). Two crystal forms were obtained, tetragonal
(P41212) and trigonal (P3221), and data sets were col-
lected using synchrotron radiation at 2.95 and 3 AÊ resol-
ution, respectively (Sauter et al., 1999). A complete data
set at 2.3 AÊ resolution was collected for the tetragonal
form on the ID14/EH4 beamline at ESRF (l � 0.943 AÊ )
using a Quantum CCD detector. Data statistics are indi-
cated in Table 1. The measurements were operated on a
single crystal cooled at 110 K. Prior to ¯ash-cooling, the
crystal was soaked for 60 seconds in a mother liquor
containing 20 % (w/v) glycerol. Data were integrated
with the HKL package (Otwinowski & Minor, 1997).

Molecular replacement and structure refinement

The structure was solved by molecular replacement
using the coordinates of the yeast AspRS in the complex
with the tRNA (Cavarelli et al., 1994; Ruff et al., 1991). By
using the program AMoRe (Navaza & Saludjian, 1997),
good packing solutions were found with one enzyme
subunit per tetragonal asymmetric unit and a dimer in
the trigonal unit (Sauter et al., 1999). Despite good corre-
lation and R-factor values with the trigonal data, many
regions of the electron density map remained poorly
de®ned in this space group, due to the characteristic ani-
sotropy of trigonal crystals. The structure was therefore
determined using the tetragonal crystals which provided
an isotropic diffraction at a higher resolution.

The model of the free monomer was ®rst re®ned
against tetragonal crystallographic data at 2.95 AÊ (no
sigma cut-off was applied) with CNS, using a cross-
validated maximum likelihood crystallographic target
and a bulk solvent correction (BruÈ nger et al., 1998).
Stereochemical parameters were as described (Engh &
Huber, 1991). The Rfree value was calculated from a ran-
dom sample containing 7.4 % of the data (1124/15,190
re¯ections) in order to monitor the course of the re®ne-
ment (BruÈ nger, 1992). Rigid-body adjustment was
performed, treating the three domains of the monomer
separately, and this ®rst step resulted in a R-factor
of 43.4 % (Rfree � 43.7 %). The model was adjusted by
several cycles of graphic building and torsion angle
dynamics and, after an individual B-factor re®nement
and the addition of 20 water molecules, the resulting
R-factor was 21.8 % and the Rfree was 27.9 %. The model
was further re®ned using the second data set between
2.3-20 AÊ of resolution (see Table 1). In order to release
any re®nement memory in the new subset of re¯ections
kept for Rfree calculations (7.0 % of the dataset), simu-
lated annealing dynamics was performed at a high tem-
perature. In the latest stage, Cartesian coordinate
re®nement was followed by individual B-factor re®ne-
ment. Finally, water molecules developing sensible
hydrogen bonds with protein or solvent atoms were
added in Fobs ÿ Fcalc difference density greater than 4s.

The refined model

The ®nal model consists of 487 residues corresponding
to the amino acid residues 71 to 557 from the yeast
AspRS monomer (the ®rst four residues in N terminus
are missing) and 227 water molecules. The crystallo-
graphic R-factor is 20.2 % and Rfree 24.2 % for all re¯ec-
tions in the 2.3-20 AÊ resolution range. The model shows
a good stereochemistry and geometry, as analyzed using
the program PROCHECK (Laskowsky et al., 1993)
(Table 1). All residues have f and c angles within the
allowed regions of the Ramachandran plot, with 91 % in
the most favored region. The average B-factor of the
model is 40.9 AÊ 2, in agreement with the overall B-factor
determined by Wilson plot on diffraction data
(B � 39.7 AÊ 2).

Structure modeling and comparison

Rebuilding and graphics operations were performed
with the software O and, at every stage, models resulting
from a re®nement round were subjected to critical qual-
ity analyses using the program OOPS (Kleywegt &
Jones, 1997). Superimposition of the free AspRS and the
complex form and r.m.s.d. analyses were operated using
O, CNS and LSQMAN (Kleywegt & Jones, 1997) as well
as the modeling of AspRS/RNA complexes presented in
Figure 6. In Figure 6(b), the free tRNA docked onto the
apo-enzyme was constructed by transplanting the anti-
codon hairpin of the complexed tRNA (residues 29 to 41)
into the free form, after superimposing the two tRNAs
by their anticodon stem (r.m.s.d. � 1.1 AÊ for the phos-
phate groups). Figures were prepared with the programs
SETOR and MOLMOL (Evans, 1993; Koradi et al., 1996).



1322 Structure of Yeast Aspartyl-tRNA Synthetase in a Free State
Accession Numbers

The atomic coordinates and structure-factor ampli-
tudes have been deposited at the RCSB Protein Data
Bank with the accession code 1eov.
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