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tRNA-Dependent Active Site Assembly
in a Class I Aminoacyl-tRNA Synthetase

ling evidence of this phenomenon. For example, amino
acid binding leads to structural changes of varying de-
gree in CysRS, MetRS, ArgRS, and TyrRS [12–15]. Simi-
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Science and Engineering larly, formation of the aminoacyl adenylate in TyrRS,
TrpRS, and LeuRS also causes conformational re-University of California, Santa Barbara

Santa Barbara, California 93106 arrangements, including positioning of the catalytically
essential lysine within the conserved KMSKS sequence
motif [10, 15, 16]. Finally, comparisons of tRNA-bound
and unbound structures of GluRS, ArgRS, TyrRS, andSummary
IleRS reveal induced structural reorganization, including
side chain movements, loop ordering, and domain rota-The crystal structure of ligand-free E. coli glutaminyl-
tions [7, 14, 15, 17]. Interestingly, despite the conservedtRNA synthetase (GlnRS) at 2.4 Å resolution shows
Rossman fold, the conformational changes upon ligandthat substrate binding is essential to construction of
binding are not conserved but, instead, appear idiosyn-a catalytically proficient active site. tRNA binding gen-
cratic among the class I enzymes. For example, theerates structural changes throughout the enzyme,
degree of reorganization in response to tRNA bindingrepositioning key active site peptides that bind gluta-
varies widely, from global movement of the editing do-mine and ATP. The structure gives insight into long-
main in IleRS [7] to small local differences in TyrRS [15].standing questions regarding the tRNA dependence of

The central and ancient function of tRNA synthetasesglutaminyl adenylate formation, the coupling of amino
in translation, their potential for impact in biotechnologyacid and tRNA selectivities, and the roles of specific
and medicine through drug design and protein engi-pathways for transmission of tRNA binding signals to
neering approaches, and their newly appreciated rolesthe active site. Comparative analysis of the unliganded
in other physiological processes highlight the impor-and tRNA-bound structures shows, in detail, how flexi-
tance of thoroughly understanding the aminoacylationbility is built into the enzyme architecture and suggests
mechanism for all enzymes in the family [18]. Here wethat the induced-fit transitions are a key underlying
focus on E. coli glutaminyl-tRNA synthetase (GlnRS), adeterminant of both amino acid and tRNA specificity.
canonical monomeric class I enzyme with a molecular
weight of 63 kDa. X-ray structures of GlnRS are available

Introduction bound in ternary complexes with tRNAGln and either ATP,
AMP, or a glutaminyl-adenylate analog [6, 19–21] (Figure

Aminoacyl-tRNA synthetases (aaRSs) catalyze the spe- 1). Considerable biochemical and genetic evidence sug-
cific linkage of an amino acid to cognate tRNAs in a two- gests that induced-fit conformational changes play an
step reaction that proceeds via an activated aminoacyl- important role in the GlnRS mechanism (reviewed in
adenylate intermediate [1]. The enzymes are grouped [22]). For example, both fluorescence and neutron solu-
into two classes on the basis of distinctive active site tion scattering experiments have yielded direct physical
folds possessing mutually exclusive primary sequence evidence for enzyme rearrangements upon tRNA bind-
motifs [2]. Extensive phylogenetic and structural analy- ing [23–25]. Mutation of tRNAGln anticodon nucleotides
ses form the basis for further subclassifications, which sharply reduces the kcat for aminoacylation and also in-
may reflect evolutionary origins [3, 4]. All class I enzymes fluences the Km for glutamine [26, 27], suggesting the
possess a common parallel � sheet Rossman dinucleo- existence of structural pathways for communication
tide fold at their N termini, which binds ATP, amino acid, from the C-terminal � barrrel domains to the active site
and the 3�-terminus of tRNA [5, 6]. The fold contains a some 40 Å distant. The kinetic study of tRNAGln species
common domain insertion between the two pseudosym- mutated in the D and variable loops also suggests a
metrical halves, which orients the acceptor end of the pathway for communication from the globular hinge re-
tRNA into the active site and is expanded to contain a gion to the active site [28, 29]. Finally, GlnRS is one of
hydrolytic editing site in ValRS, IleRS, and LeuRS [7–10]. four class I tRNA synthetases that require tRNA binding
The C-terminal domains provide additional tRNA speci- for adenylate synthesis, suggesting that the large sub-
ficity, including interactions with the anticodon nucleo- strate may be required to fully form the active site struc-
tides. A centrally located helical subdomain links the ture [30].
second half of the dinucleotide fold with the anticodon A variety of experiments have implicated specific pep-
binding region and helps to globally orient the tRNA on tide segments and amino acids in GlnRS as important
the surface of the enzyme [11]. to aminoacylation efficiency and specificity in vivo and

It has become increasingly apparent that aaRSs in vitro [31–33]. One proposal suggests that a long loop
achieve their remarkable specificities for amino acid and inserted into one anticodon binding � barrel mediates
tRNA, in part, through induced-fit conformational changes. communication by packing onto sequences adjacent to
Both biochemical studies and comparisons of X-ray the KMSKS catalytic motif ([6]; Figure 1). An alternative
structures in different liganded states provide compel-
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Figure 1. Structures of Unliganded and tRNA-Bound GLNRS

(A) Ribbon model of the GlnRS backbone as visualized in the ternary complex bound to tRNAGln and QSI (5�-O-[N-(L-glutaminyl)sulphamoyl]
adenosine; [21]). Domains are colored as follows: dinucleotide Rossman fold (DNF), gray; acceptor stem binding domain (ABD), pink; helical
subdomain, orange; proximal � barrel, magenta; distal � barrel, green. tRNA backbone, blue; QSI aminoacyl adenylate analog, red.
(B) Superposition of the GlnRS-tRNAGln-QSI ternary complex with unliganded GlnRS. Ribbon model of the unliganded enzyme, light blue;
complexed enzyme, colored as in (A). The structures were aligned by backbone atoms in the dinucleotide binding fold (see text for details).

hypothesis is that anticodon or hinge region recognition Overall Structural Characteristics
The structure of unliganded GlnRS was determined byis connected to the active site via a long helix in the

helical subdomain, which runs from the tRNA inner el- molecular replacement methods with the tRNA cocrystal
as search model and was refined to 2.4 Å resolutionbow to the anticodon stem [29, 31, 32]. To evaluate these

proposals, we have determined the crystal structure of with tight stereochemical constraints (see Table 1 and
Experimental Procedures). A total of 521 of the 553unliganded E. coli GlnRS at 2.4 Å resolution. Comparison

of this structure with the tRNA-bound complexes reveals amino acids could be built into the electron density
maps. The only fully disordered regions comprise (1)that tRNA binding generates subtle, but significant, con-

formational changes in several regions of the protein, the amino-terminal pentapeptide, the carboxy-terminal
heptapeptide, and a 13-amino acid surface loop in oneparticularly in, and adjacent to, the active site cleft. These

data provide a structural basis for exploring the induced- of the anticodon binding C-terminal � barrels, almost
all of which (22 of the 25 residues) were also disorderedfit component of tRNA and amino acid specificity.
in the tRNA-bound complex; (2) three amino acids in a
surface loop containing a short � strand, which binds

Results at the extreme inside corner of the tRNA L shape (amino
acids 315–322); (3) one amino acid in a surface loop

High-resolution structures of the E. coli GlnRS-tRNAGln comprising amino acids 64–76 of the dinucleotide fold
complex have previously been determined in an ortho- (DNF), which adopts a new conformation in the unli-
rhombic crystal lattice in which the enzyme retains cata- ganded enzyme; and (4) two amino acids in separate
lytic activity [6, 19–21]. In these structures the �-phos- surface loops in the C-terminal � barrel domains, which
phate of ATP, the 3�-terminal A76 ribose of tRNA, and are less well-ordered in the unliganded enzyme.
the �-carboxylate of glutamine are closely juxtaposed, The overall Wilson B factors and numerically averaged
allowing construction of a detailed stereochemical atomic B factors for unliganded GlnRS are approxi-
model for the transition state of glutaminyl adenylate mately 60 Å2 , significantly higher than those for the tRNA
formation [20, 34]. However, no significant structural cocrystal structures (Table 1). To better assess the ex-
differences in the enzyme are observed among any of tent of atomic mobility and to reduce ambiguity with
the complexes bound to ATP, AMP, glutamine, or the respect to interpreting conformational rearrangements,
adenylate analog 5�-O-[N-(L-glutaminyl)sulfamoyl]ade- we refined the structure independently from two differ-
nosine (QSI). Thus, the conformational pathway for ap- ent data sets at resolutions of 2.4 Å and 2.65 Å, respec-
proach to the transition state, implicated by numerous tively (Table 1; data sets 1 and 2). Superposition of poly-
biochemical experiments, has remained unresolved. peptide backbone atoms (N, C�, C, and O) revealed an
The structure of the unliganded enzyme in a new crystal- rms difference of 0.98 Å over the entire structures. This
line environment now reveals the ligand-dependent in- is somewhat higher than anticipated on the basis of

expected positional errors at this resolution, reflectingduced-fit transitions in atomic detail.
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Table 1. X-Ray Data Collection and Refinement Statistics

Data Set 1 Data Set 2 Data Set 3

Radiation source SSRL BL 11-1 SSRL BL 7-1 RAXIS II (Cu)
Growth conditions 10% PEG 1000 PEG 2000 MME PEG 2000 MME

10% PEG 8000 0.1 M sodium acetate 0.1 M sodium acetate
0.1 M sodium acetate 0.1 M PIPES (pH 7.5) 0.1 M PIPES (pH 7.5)
5 mM AMPCPP 5 mM AMPCPP 5 mM AMPCPP
0.1 M PIPES (pH 7.5)

Cell constants P212121 P212121 P212121

a, b, c (Å) 41.40, 64.12, 208.9 41.39, 64.16, 207.7 41.33, 64.25, 207.7
�, �, � (�) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution range 30.0–2.40 30.0–2.65 30.0–2.80
Reflections (unique) 141,412 (21,185) 177,476 (15,296) 162,627 (11,578)
Rmerge 5.9 (37.8) 10.4 (33.5) 11.3 (43.7)
I/� 14.1 (2.8) 11.2 (3.4) 7.9 (1.8)
Completeness (%) 93.5 (95.8) 90.3 (76.3) 79.4 (82.4)
Multiplicity 3.7 (3.6) 4.0 (3.8) 2.2 (2.1)
Wilson B factor (Å2) 64.1 62.8 57.7
Rcryst (Rfree) 24.5% (33.4%) 24.6% (31.0%)
Rmsd bonds (Å) 0.007 0.011
Rmsd angles (�) 1.23 2.03

the relatively high mobilities. However, the extent of entation of the two anticodon binding � barrel domains
(ACB) with respect to the DNF is only subtly changedlocal variability correlates well with the thermal factors

(Figure 2A), suggesting that the latter indeed reflect upon tRNA binding. However, a surface loop binding at
the inner corner of the tRNA L shape (inner corner loopatomic motions. The greatest deviations are in the anti-

codon binding C-terminal � barrels, consistent with the [ICL]) is less well ordered and adopts a different confor-
mation in the unliganded enzyme. In turn, adjacent pep-observation that these domains are also more mobile

when bound to tRNA [6, 19]. The following description is tide segments in the centrally located helical subdo-
main, together with a long hairpin loop emanating frombased on the 2.4 Å resolution structure, and all depicted

rearrangements are in segments retaining high struc- the proximal � barrel, are subtly reorganized. These
movements impact the interface between the helicaltural similarity between the two unliganded models, with

clear differences to the tRNA-bound state. Simulated- subdomain and the DNF and rearrange the position of
active site groups to block productive ATP and gluta-annealing electron density maps (Figure 2B) are of con-

sistently higher quality for the 2.4 Å structure, despite mine binding in the absence of tRNA.
the slightly higher Rfree in this case (Table 1).

The two structures were determined from crystals Induced-Fit Conformational Transitions
Interactions between the ABD and the DNF Domaingrown in the presence of the ATP analog AMPCPP.

However, no electron density corresponding to any part The dinucleotide folds of the unliganded and tRNA-
bound enzyme were carefully superimposed to assessof this inhibitor was visible in electron density maps.

Difference electron density maps calculated at 3.0 Å the extent of structural conservation in the catalytic do-
main. Backbone atoms of 94 amino acids comprisingresolution, with data collected on crystals grown instead

in the presence of 5 mM ATP, similarly failed to show residues 25–31, 36–63, 77–99, 213–239, and 252–260
from the tRNA-bound structure could be superimposedevidence for ligand binding (data not shown). Interest-

ingly, the inclusion of 2 mM glutamine in crystallization on their counterparts in the unliganded enzyme with
an rms deviation in position of 0.50 Å, indicating closedrops containing either ATP or AMPCPP inhibits crystal

formation. Further, soaking preformed crystals in solu- similarity. This superposition reveals a 10� reorientation
of the inserted ABD (amino acids 100–210) in the direc-tions containing 0.5 mM–10 mM glutamine resulted in

severe deterioration of diffraction. These observations tion of the active site (Figure 3A). Further superpositions
also showed that the �/� fold of the ABD is very wellsuggest that glutamine may bind GlnRS in the absence

of tRNA, generating a conformational change that either maintained during tRNA binding (rms deviation of 0.39 Å
for superposition of backbone atoms in 94 amino acidsprevents crystal growth under these conditions or re-

sults in disruption of preformed lattice contacts (see comprising residues 101–134, 141–194, and 205–210;
Figure 3B). However, two surface loops at positionsDiscussion).

There are no global differences between the unli- 135–140 (bridging �E to �5; Figures 3 and 4) and 195–204
(bridging �7 to �8) in the ABD do show small re-ganded and tRNA-bound GlnRS structures. The largest

reorganization upon tRNA binding occurs in the ac- arrangements. The first of these contains the Leu136
side chain, which stacks between A72 of the disruptedceptor binding domain (ABD), which is inserted between

the two halves of the dinucleotide fold (DNF) (Figures U1-A72 base pair, and the intact G2-C71 pair in the
tRNA-bound structure (Figure 3B, “Unpairing Loop”).1B and 3A). tRNA binding causes the ABD to make a

rigid body rotation of 10� in the direction of the DNF, Interestingly, while this loop is very well conserved
among prokaryotic GlnRS structures, it is of variableresulting in the reorganization of a DNF surface loop

that contains amino acid binding determinants. The ori- length and sequence in eukaryotes (Figure 4). Further,
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Figure 2. Validation of Unliganded Structure Models

(A) Analysis of thermal factors and rms deviations in the two unliganded structure models. The B factor (in Å2) is on the left ordinate, and the
rms deviation in position of backbone atoms in equivalent residues (in Å) is on the right ordinate (delineated in increments of 2Å). To determine
the rms deviations, we superimposed the two unliganded models with all � carbon atoms in the protein structures.
(B) Simulated annealing OMIT electron density map at strand �2 in the DNF, for the higher-resolution structural model. The map is calculated
in the range 6.0–2.4 Å and is displayed at the 1.0 � level.

eukaryotic tRNAGln acceptors contain a strong G1-C72 actions with the sugar-phosphate backbone and a well-
developed pocket for the unstacked cytidine ring of C74terminal acceptor-stem pair instead of the more easily

disrupted U1-A72 or A1-U72 pairs found in all bacterial ([6]; Figure 5A). At the tRNA 3�-terminal dinucleotide,
phosphate contacts are made by the side chains oftRNAGln acceptors. Thus, the mechanisms to facilitate

tRNAGln 3�-end hairpinning may differ in the bacterial and Lys192 and Arg194, directly adjacent to the surface loop
at positions 195–204, which is displaced in the unli-eukaryotic domains.

The 10� rotation of the ABD creates a complementary ganded enzyme. Significantly, in the tRNA complex,
Arg194 is also involved in intramolecular contacts withinterface for binding the hairpinned 3�-terminus of

tRNAGln, including the formation of ionic and other inter- Asn69 of the DNF, which also makes hydrogen bonds
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ures 3A and 5A). This loop is less well ordered in the
unliganded enzyme, such that Val71 as well as a number
of side chains could not be modeled. Some of the intra-
molecular contacts between this DNF loop and the ABD
surface loop spanning residues 195–204 are also al-
tered, although a significant interface between these
two peptides is preserved in the structural transition.

The conformational change in the DNF 64–76 loop
upon tRNA binding has at least two important conse-
quences. First, the side chain of Asp66 is reoriented to
point into the glutamine binding pocket, where it makes
ionic contacts with both the substrate � amino group
and the His215 imidazole (Figure 5B). Second, new inter-
nal structuring contacts are made by the side chain of
Glu73, which is disordered in the unliganded enzyme.
In the tRNA complex, the reoriented Glu73 carboxylate
is positioned within close hydrogen bonding distance
of the Glu34 carboxylate in the ATP binding site and is
also stabilized by hydrophobic interactions with Pro35.
In turn, a local rearrangement of the ATP binding cleft
spanning amino acids Pro32-Pro33-Glu34-Pro35 also
occurs, with new intramolecular contacts formed be-
tween Pro35-Asp74 and Pro33-Asp66. Displacement of
Glu34 away from its position in the unliganded enzyme
is also required to accommodate the A76 ribose group,
while the 1–2 Å movements of the polypeptide backbone
at residues 32–35 create a more complementary inter-
face for binding ATP (Figure 5B).

The ABD rotation also stabilizes a distal section of
the active site cleft that binds the side chain of gluta-
mine. The side chain of Tyr211, located directly after
the ABD in a flexible portion of polypeptide chain, is
rotated more deeply into the pocket. This positions it to
make a direct hydrogen bond with the glutamine amide
(Figure 5B). In addition, the adjacent side chains of
Cys229, Arg30, and His215 also undergo small re-
arrangements and are stabilized in the tRNA-bound
complexes. The change in position of the Tyr211 side
chain is directly facilitated by stacking interactions with
Phe233 and with the 3�-terminal adenine ring of the
tRNA. Thus, the ABD rotation generates a complemen-
tary protein surface that provides interactions with both
main chain and side chain portions of the amino acid
ligand.

The two separate halves of the DNF appear to form
Figure 3. Domain Rearrangements in GlnRS

a single rigid unit when the superposition is performed
(A) Superposition of tRNA-complexed (gray and pink) and unli- with backbone atoms within DNF core regions (Figures
ganded (blue) GlnRS by backbone atoms in the DNF domain (see

1B and 3A). However, superposition of the ABD back-text for details). The ABD (pink) rotates as a rigid body, with the
bones reveals that � helices G and H from the secondlargest movement in the loop spanning amino acids 194–205, bridg-
half of the fold actually track much more closely withing strands �7 and �8 (right). The reoriented loop in the DNF, which

bridges �2 and �C and interacts with QSI (bottom right), is not this inserted domain than with the DNF. Figure 3B shows
included in the superimposed atoms. that these two helices directly adjacent to the ABD
(B) Superposition of tRNA-complexed (pink) and unliganded (blue) largely maintain their interface with each other and with
GlnRS by backbone atoms in the ABD (see text for details). The

the ABD when tRNA binds, while the remainder of thehairpinned tRNA acceptor stem is at the right. Amino acids Leu136,
DNF (consisting of the five strands �1, �2, �3, �9, andPro181, and Asp235, emanating from three secondary structure
�10 and the two helices �B and �C) is rotated away byelements binding in the minor groove, are shown in red.
10�. The axis of rotation between the DNF and ABD
passes approximately parallel, and very close, to �G

with the 3�-terminal sugar-phosphate backbone at and �H, accounting for why these helices can be super-
C75A76. This network of interactions is completely dis- imposed reasonably well with either rigid-body domain.
rupted in the unliganded enzyme, and the entire DNF The consequence of this architecture is to separate both
surface loop spanning amino acids 64–76 (bridging �2 glutamine and tRNAGln binding elements away from the

�1-turn-�B motif, which forms the platform for ATP bind-and �C; Figure 4) adopts a different conformation (Fig-
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Figure 4. Sequence Alignment of 15 GlnRS Enzymes

Strictly conserved amino acids are boxed in red, highly conserved regions are boxed in light blue, and the “HIGH” and “MSK” signature motifs
characteristic of class I tRNA synthetases are boxed in dark blue. Secondary structure elements derived from the E. coli structure are indicated
under the alignment and are color-coded by domain as in Figure 1.

ing. The N terminus of �H points directly into the minor the G2-C71 pair and to facilitate melting of U1-A72 ([6];
Figure 3B). Thus, these three tRNA binding peptides, allgroove of the tRNA acceptor stem, where Asp235 makes

direct and water-mediated interactions with the bases of which are crucial to specific recognition of acceptor-
end identity nucleotides at G73, U1-A72, G2-C71, andof G2 and G3 [35]. Directly adjacent to �H, two loops

of the ABD also penetrate the acceptor end to recognize G3-C70 [26], reorient as a single unit toward the ATP
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Figure 5. Substrate Juxtaposition by Induced Fit

(A) Stereo view of enzyme conformational changes in the vicinity of the tRNA 3�-end. The tRNA-bound and unliganded enzymes are superim-
posed on the basis of equivalent residues in the DNF domains (see text). tRNA, dark blue; unliganded enzyme, light blue; complexed enzyme,
gray (DNF domain) and pink (ABD). Dotted red lines indicate hydrogen bonds observed in the GlnRS-tRNA complex. QSI inhibitor from the
complexed structure, red.
(B) Stereo view of enzyme conformational changes in the active site, with structures superimposed as in (A). Complexed enzyme, gray;
unliganded enzyme, blue; QSI inhibitor, red. The disorder in the surface loop at Val71 in the unliganded enzyme is shown by the dotted blue
line (right). Dotted red lines indicate hydrogen bonds observed in the GlnRS-tRNA complex.

binding � sheet core of the DNF when tRNA binds. Simi- the ABD, as judged by higher B factors and higher rms
deviation between the two independently determinedlarly, Tyr211, His215, Cys229, Phe233, and other amino

acids from �G and �H are major determinants forming unbound models (Figure 2A). Nonetheless, a core unit
comprising all six � strands of the proximal barrel to-the glutamine binding pocket. The rotation of �G and

�H as part of a rigid structural unit including the ABD gether with the three most closely adjoining strands of
the distal � barrel is very similar in the presence andthus assembles the glutamine binding pocket concomi-

tantly with binding of the tRNA acceptor end. absence of tRNA. In these segments the backbone
atoms of 86 amino acids superimpose with an rms devia-In vivo genetics and/or in vitro mutagenesis supports

important roles in catalysis and/or tRNA discrimination tion in equivalent positions of just 0.40 Å. These regions
are also the most similar portions of the � barrels be-for Asp66, Ile129, Arg130, Glu131, Leu136, Tyr211,

Phe233, and Asp235, all of which are located within the tween the two unliganded models. The inclusion of pep-
tides from both � barrels in this superposition showsDNF and ABD [33, 35–39]. Each of these amino acids

directly binds, or is immediately adjacent to, the gluta- that these domains do not exhibit independent flexibility
upon tRNA binding but, instead, reorient as a single rigidmine or tRNA substrates. The unliganded structure now

also reveals the importance of additional residues that body with respect to the position of the DNF.
This superposition reveals a subtle, but significant,are likely required to mediate the conformational

changes, rather than to bind ligands directly. global repositioning of the ACB and DNF domains upon
tRNA binding, with core structural elements of the ACBAnticodon Binding and Helical Subdomains

Like the tRNA-bound structure, the carboxy-terminal an- uniformly displaced outward by approximately 1 Å (cor-
responding to about 4� rotation) to accommodate theticodon binding � barrel domains of unliganded GlnRS

(ACB) are less well ordered than the DNF domain and anticodon stem loop (Figures 1B and 6A). Interestingly,
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there are at most only small local changes in the amino the ATP binding site. The importance of Arg260 has
been established by mutagenesis [40].acids making up the binding pockets for the C34, U35,

and G36 bases, which are largely preformed in the unli- A sizable portion of the helical subdomain (residues
263–337) is also displaced with respect to the DNF (Fig-ganded enzyme. However, a number of the more mobile

segments of the ACB are positioned near the anticodon, ure 6). Asn262 is followed directly by a surface loop
containing the 268MSK conserved class I motif. Followingincluding surface loops adjacent to U35 (amino acids

His368–Asn370) and G36 (amino acids Gln399–Arg402), Lys270 in sequence is an irregular region consisting of
three � helices (�I, �J, and �K), the �11 strand at thethe partly disordered C-terminal amino acid segment

Val542–Glu553, and the disordered surface loop at tRNA inner corner, and the long �L helix bridging to the
ACB region. Of these elements, the N-terminal portionamino acids 443–454. At these positions the two unli-

ganded models and the tRNA-bound structure diverge of both �K and �L superimpose precisely with the DNF
core, despite being connected by the flexible ICL (Figurewith rms deviations of 1–2 Å, so that small induced-fit

rearrangements of this magnitude may occur. Alterna- 6A). However, the MSK loop, �J, and �K are each signifi-
cantly displaced. The displacement extends to includetively, the unliganded enzyme may sample the tRNA-

bound structure as one conformer, which is significantly a very large loop emanating from the proximal anticodon
binding � barrel (amino acids 471–496), which packs onpopulated in solution. It is of interest that GlnRS makes

discriminatory hydrogen bonds with all three of the Wat- the front face of the helical subdomain. The movement
of this loop is facilitated by flexibility in its connectionson-Crick moieties of C34 [19], so that accommodation

of the mnm5s2UUG anticodon apparently requires a differ- to the � barrel core, as revealed by separate superposi-
tions of the ACB domains (Figure 6A).ent conformation than CUG. The flexible C-terminal pep-

tide, together with the adjacent disordered surface loop, The interface between the proximal � barrel loop and
helical subdomain is maintained when tRNA binds, ex-may play a role in reconfiguring the wobble-base pocket

when the modified U34 replaces C34. cept for a more flexible section comprising amino acids
Ala483–Ser489 at the tip of the loop. This peptide adoptsA larger structural change in GlnRS is associated with

binding to the central globular portion of the tRNA. At significantly different conformations in the two unli-
ganded models, as does the segment spanning Val267–the extreme inner corner of the tRNA L shape, a � strand

and surface loop forming part of the helical subdomain Leu273. However, comparison of these structures with
the tRNA-bound model shows that the backbone at,(inner corner loop [ICL]) adopt a different and somewhat

less well-ordered conformation in the absence of tRNA and adjacent to, Lys270 bends sharply inwards only in
the latter structure. Although the Lys270 side chain is(Figure 6A). The ICL is conserved in class I tRNA synthe-

tases; in GlnRS, genetic studies have shown that Lys317 disordered in the unliganded enzyme, its backbone po-
sition is displaced by about 3 Å away from the ATPand Gln318 in the loop mediate communication from

the anticodon [31]. When tRNA binds, the 11 amino acids binding site (Figure 6B). Moreover, the Lys270 side chain
must adopt an extended conformation in the cocrystalsof the ICL (Arg312–Ile322, comprising �11 and the C-ter-

minal portion of �K) reorient up to 7–8 Å toward the in order to reach the ATP �-phosphate. Thus, ATP and/or
tRNA binding are required to reorient the MSK loop forbody of the enzyme, while forming an extensive network

of contacts to the sugar-phosphate backbone at nucleo- catalysis of the aminoacylation reaction.
Comparison of these models also identifies severaltides U6–U8 and C11–A14. Further, the ICL also makes

new internal packing contacts with three other enzyme interdomain contacts specific to the tRNA-bound state,
which may be crucial to stabilizing the active site confor-segments. These comprise amino acids near the N ter-

minus (Thr8–Ile11), a section of � helix B (amino acids mation. Significantly, key interactions of the MSK se-
quence with the DNF domain are present only in theLys45–Leu49) within the first half of the DNF, and strand

�10 in the second half of the DNF (residues Arg254– tRNA-bound structure (Figure 6B). These include hydro-
gen bonds between the Met268 backbone carbonyl andAsn262). Significantly, Arg260 and Leu261 bind ATP,

and the contacted segments are also adjacent to the the His40 imidazole ring and between the side chains
of Lys270 and Asn36. Additionally, an adjacent well-conserved 40HIGH and 268MSK active site motifs. This

rearrangement upon tRNA binding thus provides a direct defined hydrophobic stacking interaction between
Tyr38 and Trp285 appears to be destabilized in the unli-pathway to influence the conformation of the active site.

Superposition on the DNFs shows that amino acids ganded enzyme. As described above, the peptide span-
ning residues Pro32–Pro35 is also rearranged in the li-Arg260-Leu261-Asn262 are significantly displaced as a

direct consequence of the ICL reorientation upon tRNA gand binding transition as a consequence of new
contacts with the DNF loop spanning residues 64–76binding (Figure 6B). This changes the position of both

the Arg260 � carbon and the Leu261 main chain carbonyl (Figure 5B). Thus, induced conformational transitions
apparently arising from enzyme contact with differentoxygen with respect to the DNF core. The Arg260 side

chain is disordered in the unliganded enzyme but makes parts of the tRNA converge to influence the structure
and interactions in the ATP binding site.direct and solvent-mediated contacts to ATP in the ter-

nary GlnRS-tRNA-ATP complex. tRNA binding also re- An unexpected feature of the unliganded structure is
the presence of a disulfide bond linking Cys48 of thecruits Glu232 to form an ion pair with Arg260, helping

to stabilize its position over the adenine ring. Similarly, DNF to Cys310 of the helical subdomain. These two
sulfurs are positioned 3.6 Å apart in the tRNA-boundthe Leu261 main chain carbonyl oxygen accepts a hy-

drogen bond from the exocyclic 6 NH2 moiety of adenine, enzyme and are brought into proximity for covalent bond
formation by a 1–2 Å relative movement of the �B andhelping to provide specificity for ATP. Thus, the move-

ment of �10 creates a key complementary portion of �K backbones. In both unliganded models the electron
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Figure 6. Long-Range Communication in the GlnRS-tRNA Complex

(A) Superposition of the complexed and unliganded GlnRS structures based on atoms of the DNF and showing conformational changes in
the C-terminal portion of the enzyme. Unliganded enzyme, blue; complexed enzyme, color-coded as in Figure 1. Anticodon nucleotides, dark
blue. The movement of the large connecting loop in the proximal � barrel domain (magenta) tracks with movements of portions of the helical
subdomain (orange).
(B) Stereo view of enzyme conformational changes in the active site. Color-coding of unliganded and complexed enzymes is as in previous
figures. Dotted red lines indicate hydrogen bonds observed in the GlnRS-tRNA-ATP complex. The superposition is on atoms of the DNF
domain.

density demonstrating the covalent bond is strong and sisting of interspersed rigid and flexible segments,
which, together, facilitate the conformational transitionsunambiguous, while tRNA cocrystal structures deter-

mined concurrently from the same enzyme preparation required to bind and properly juxtapose reactive moie-
ties of the three substrates. The two halves of the DNFstored in the presence of DTT consistently show re-

duced cysteines, as expected for intracellular E. coli maintain their relationship during ligand binding, but
proteins and as also observed in all previous GlnRS- flexibility within this domain is built in at the interface
tRNAGln crystals. Cys48 and Cys310 are conserved in of helices �G and �H with the parallel � sheet core
five of nine bacterial GlnRS species for which sequences (Figure 3B). At this interface, small movements spread
are available but are not present in any eukaryotic en- over a large contact area divide these two helices from
zyme. GlnRS activity in vitro was unaffected by incuba- the remainder of the DNF, allowing them to move in
tion with oxidized glutathione in the presence of a molar concert with the ABD. Four surface peptide segments
excess of the redox protein DsbA, conditions which are within the large DNF and ABD/�G�H domains (amino
strongly oxidizing (data not shown). Thus, the functional acids Pro32–Pro35, Arg64–Glu76, Thr135–Gly140, and
significance of this disulfide bond, if any, is unknown. Phe195–Lys204) then reorient independently of the

larger motions, generating portions of the complemen-
tary interfaces with the tRNA acceptor end and withDiscussion
glutamine. The C-terminal � barrels preserve their struc-
tural relationship with each other and rotate slightly out-GlnRS Architecture and Structure-Function
ward as a single unit to accommodate the tRNA antico-Relationships
don (Figure 6A). The large loop connecting strands �20The comparison of tRNA-bound and unliganded GlnRS

structures reveals a complex protein architecture, con- and �21 of the proximal barrel reorients separately from
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the C-terminal domains, moving instead with peptides merous mutational studies, which implicated specific
amino acids and peptide segments in communicationfrom the central helical subdomain, on which it packs.

The origin of the movements in the helical subdomain pathways between the active site and distal regions of
the complex. In particular, the structure supports theappears to be reorientation of the ICL upon binding

the inner corner of the tRNA. The extensive backbone hypothesis, made on the basis of genetic data, that ICL
binding at the inner corner of the tRNA is involved incontacts in this region may help drive this rearrange-

ment, which produces improved interdomain packing signal transduction [31]. The apparent propagation of
structural changes from the ICL to the directly adjacentwith the DNF and further positioning of side chains,

which bind ATP (Figure 6B). Thus, it appears that the ATP binding site indeed suggests that binding at this
position is coupled to active site assembly. This alsoATP and glutamine binding sites are assembled as a

consequence of structural rearrangements converging provides an explanation for how tRNA mutations in the
globular core region (adjacent to the inner corner) canfrom the acceptor end and the inner corner of the L

shape, each toward the centrally positioned active site have strong effects on kcat [28, 29]. However, the long
�L helix connecting the ICL to the anticodon maintains(Figures 5 and 6B).

These rearrangements in GlnRS upon ligand binding its orientation with respect to the DNF. Therefore, it
appears that recognition of anticodon identity nucleo-are consistent with fluorescence and neutron scattering

experiments, which revealed the presence of conforma- tides U35 and G36 [26, 27], as well as coupling between
anticodon recognition and glutamine binding [27, 29],tional changes in solution [23–25]. In particular, the neu-

tron scattering data showed that the overall dimensions may instead be communicated through the large loop
spanning �20 and �21 of the proximal barrel. The impor-of the enzyme are largely maintained, as significant dif-

ferences were observed mainly in the high-angle re- tance of this large loop has also been suggested on
the basis of genetic data [32]. Anticodon binding doesgion—indicative of local rearrangements, but not large-

scale changes [23]. generate a small movement inward of the two � barrels,
which might trigger the reorientation of the large loop.The structural changes also explain the requirement

for tRNA binding prior to catalysis of glutaminyl adenyl- Alternatively or additionally, this reorientation might
arise by structural transmission from the ICL. Furtherate formation [41], a feature shared with GluRS, ArgRS,

and class I LysRS [30]. In GlnRS, it is clear that neither well-designed mutational experiments, coupled to struc-
tural analysis, should be helpful in further elucidatingthe ATP nor the glutamine binding sites are fully formed

in the unliganded enzyme. Because rearrangements oc- the importance of the two pathways.
Although the large proximal barrel loop does reorientcur throughout the structure, it seems highly likely that

they are specifically generated by tRNA binding. Indeed, upon tRNA binding, the precise manner by which this
might be triggered by recognition of identity anticodona requirement for global tRNA-enzyme interaction to

induce active site formation was also suggested by ki- nucleotides (U/C34, U35, and G36) is not evident. Com-
parison of the tRNA-bound and unliganded structuresnetic studies on human GlnRS [42]. The observation that

enzyme-tRNA complexes bound to ATP, AMP, QSI, or does not show specific, clear rearrangements in re-
sponse to binding of the bases. Instead, numerous pep-AMPCPP/amino acid each adopt identical quaternary

conformations also suggests the primary role of the tide segments adjacent to the anticodon are quite flexi-
ble (as revealed by high thermal factors and significanttRNA [6, 20, 21, 34]. However, the absence of binary

GlnRS-tRNA or GlnRS-ATP structures for direct compar- deviation between the two unliganded models) or fully
disordered in both states. It is not clear why the presenceison leaves some ambiguity in this respect. Moreover,

other experiments suggest that intermediate ligand- of a noncognate anticodon nucleotide, for example,
could not be accommodated by local rearrangementsinduced conformational states may exist. For example,

fluorescence titrations suggest that either ATP or tRNA while preserving the small inward movement of the two
domains and the proximal barrel loop movement (Figurebinding alone can induce an enzyme conformational

change [24]. Further, crystals of the GlnRS-tRNA com- 6A). This ambiguity is in contrast to the much clearer
interpretations that can be offered for tRNA acceptor-plex do not grow in the absence of the smaller ligands,

suggesting that these are required for part of the in- end binding, where the ABD/�G�H rotation is clearly
coupled to specific recognition of bases and to stabiliza-duced fit. Additionally, diffraction of the unliganded

crystals deteriorates severely when glutamine is soaked tion of the otherwise unfavorable hairpin (Figure 3B). In
in, and the crystals do not form if glutamine is included that case it is evident that the unliganded enzyme does
in the mother liquor. While the latter observation sug- not adopt the required conformation, which is a function
gests a binding interaction between glutamine and the of both DNF and ABD sequences and requires their
unliganded enzyme, the kinetic order (or randomness) precise ligand-induced juxtaposition.
of substrate addition in the steady-state pathway has
not yet been established. Thus, we suggest that the

Induced-Fit Rearrangements in Classunliganded and the ternary/quaternary complexes com-
I tRNA Synthetasespared herein likely represent the two extreme structural
The conformational changes described for GlnRS onstates of GlnRS and that complexes with fewer bound
the path from the unliganded enzyme toward the tRNAsubstrates may adopt intermediate conformations.
complex are a clear example of induced fit in protein-Clearly, additional kinetic and crystallographic analyses
RNA interactions. Although induced fit necessarily in-are required for a full description of the induced-fit
curs an entropic penalty compared with a preformedpathway.

These structural comparisons also help interpret nu- and rigid enzyme, the built-in flexibility may nonetheless
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increase the kinetic association rate, thus lowering the At this time, comparison of the mechanisms used by
free-energy barrier for complex formation [43, 44]. A those class I tRNA synthetases that require tRNA for
mechanism for this could be that the fraction of produc- aminoacyl adenylate formation—GlnRS, GluRS, ArgRS,
tive initial enzyme-substrate contacts increases when and class I LysRS—is still premature, because the sets
a capacity for rearrangement of the initial “encounter of structures available in each system do not correspond
complex” exists in one or both partners. In a different to the same liganded states. Although significant insight
sense, induced fit also represents an underlying mecha- into this question is now in hand for GlnRS and ArgRS
nism that provides specificity for the amino acid or tRNA [14], further structures and kinetic data are clearly
[45]. In a noncognate complex with either substrate, the needed in both cases. The requirement for a full set of
induced conformational changes may differ or else may structures together with knowledge of the steady-state
represent only a subset of those that occur when gluta- kinetic pathway highlights the complex nature of the
mine or tRNAGln binds. As a consequence, the catalytic mechanisms used to maintain fidelity of information
groups of noncognate substrates in the final quaternary transfer by this ancient family of enzymes.
complex could be misaligned with respect to each other,
resulting in decreased rates for the chemical steps of Biological Implications
aminoacyl adenylate and aminoacyl-tRNA formation.

It is of interest to examine the alignment of GlnRS Specificity in expression of the universal genetic code
sequences with respect to the structural transitions and is largely determined by the ability of aminoacyl-tRNA
tRNA interactions (Figure 4). This shows that the DNF, synthetases to accurately discriminate among amino
ABD, and helical subdomains are much better con- acids and tRNAs. The structural mechanisms by which
served than the C-terminal � barrels. While many of the this specificity arises are thus of fundamental signifi-
amino acids directly recognizing the anticodon nucleo- cance to understanding information transfer processes
tides are well conserved, less conservation is evident in all organisms. Here, we describe a set of structural
in residues making or facilitating specific contacts at transitions in Escherichia coli GlnRS, which show how
the acceptor end, such as Asp235, Pro181, or Leu136

ligand binding is coupled to assembly of a catalytically
(Figure 3B). This suggests an evolutionary divergence

proficient active site. Strong sequence similarities
in the importance or nature of the tRNA identity nucleo-

among GlnRS enzymes in the prokaryotic and eukary-tides at positions 73, 1–72, 2–71, or 3–70 [26]. With re-
otic domains indicate that findings are general acrossspect to the induced-fit transitions, many of the amino
nature (Figure 4). Recent data showing the involvementacids involved in the new intramolecular ABD-DNF con-
of tRNA synthetases in RNA splicing, amino acid biosyn-tacts or 3�-end backbone contacts when tRNA binds
thesis, and cellular apoptosis underscore the impor-are well conserved (Figure 5), as are the intersubunit
tance of this enzyme family in processes previouslyinteractions between the helical subdomain and DNF
thought to be unrelated to translation [18].(Figure 6B). However, neither the ICL sequence nor that

E. coli GlnRS has long served as a model systemof the central portion of the proximal � barrel hairpin
for the investigation of themes in complex RNA-protein(which packs directly on the helical subdomain) is con-
interactions [6, 22, 36, 46]. This unliganded structureserved. These observations suggest that most local ac-
can thus be compared with the previously determinedtive site rearrangements may have been retained
tRNA-bound complexes, and the deduced induced-fitthrough evolutionary time but that at least some aspects
rearrangements can then be integrated with a wealth ofof the long-distance pathways for communication from
genetic and biochemical information. For example, thethe tRNA core region and the anticodon stem loop have
long-established requirement of tRNA binding for syn-instead diverged.
thesis of glutaminyl adenylate is now seen to arise be-All class I tRNA synthetases retain the Rossman active
cause flexible active site peptides are improperly juxta-site fold as well as a similar global tertiary relationship
posed in the absence of ligands. Pathways by whichamong the DNF, ABD, and helical subdomains. How-
information in the tRNA core and anticodon is signaledever, within this common tertiary organization there is
to the catalytic center are shown to involve rearrange-considerable divergence in the detailed structures of the
ment of a key surface loop previously implicated bydomains, including the presence of sizable insertions in
genetic selections, which binds at the inner corner ofsome enzymes. Despite this, a common feature emerg-
the tRNA L shape. Finally, the comparison of unligandeding from comparisons of tRNA-bound and unbound
and tRNA-bound structures shows how the constructionstates in GlnRS, GluRS, ArgRS, and TyrRS is that the
of tRNA and amino acid binding sites are mutually inter-domain reorientations are consistently small, on the or-

der of those described here for GlnRS [14, 15, 17]. By dependent. This finding suggests that reengineering of
contrast, a large 47� rotation of the ABD with respect GlnRS for expansion of the genetic code repertoire will
to the DNF accompanies tRNA binding to IleRS [7]. Thus, likely require amino acid replacements far from the ac-
large reorientations may be a unique feature of the edit- tive site.
ing class I tRNA synthetases (IleRS, ValRS, and LeuRS).

Experimental ProceduresOther, more detailed features of the conformational
changes are likely to be idiosyncratic to each system.

Glutaminyl-tRNA synthetase was purified and stored at 20–25 mg/mlFor example, the DNF in TrpRS also alters its internal
as described [46, 47]. Enzyme was dialyzed into a solution con-

structure upon ligand binding [16], but the structural taining 10 mM PIPES (pH 7.5) and 10 mM �-mercaptoethanol, and
split occurs between the most N-terminal � helix and the ATP analog AMPCPP was added to a concentration of 5 mM.
the remainder of the fold, rather than within the second Some crystals were grown in the presence of 5 mM ATP in place

of AMPCPP. The concentration of enzyme was 100 �M. The GlnRS-half of the fold as in GlnRS (Figure 3B).
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production and purification of Escherichia coli tRNAGln and itsfor specificity. Protein Sci. 7, 1046–1051.
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