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ABSTRACT Detailed comparisons between the structures
of the tRNA-bound Eschenchia coli glutaminyl-tRNA (Gin-
tRNA) synthetase [L-glutamine:tRNAcE ligase (AMP-forming),
EC 6.1.1.18] and recently refined E. coli methionyl-tRNA
(Met-tRNA) synthetase [L-methionine:tRNAMe ligase (AMP-
forming), EC 6.1.1.101 reveal icant imilarities beyond the
anticipated correspondence of their respective dinudeotide-fold
domains. One similarity comprises a 23-amino acid a-helix-
turn-(,-strand motiffound in each enzyme within a domain that
is inserted between the two halves of the dinudeotide binding
fold. A second correspondence, which consists of two a-helices
connected by a large loop and 13-strand, is located in the
Gln-tRNA synthetase within a region that binds the inside corner
of the "L"-shaped tRNA molecule. This stutural motif con-
tains a long a-helix, which extends along the entire length of the
D and anticodon stems of the complexed tRNA. We suggest that
the positioning of this helix relative to the dinucleotide fold plays
a critical role in ensuring the proper global orientation of
tRNAGhn on the surface of the enzyme. The structural corre-
spondences suggest a similar overall orientation of binding of
tRNAMel and tRNAGID to their respective synthetases.

Aminoacyl-tRNA synthetases comprise a family of related
enzymes that function to specifically couple amino acids to
their respective transfer RNAs. Despite their common bio-
logical role, however, these enzymes exhibit a remarkable
variability in size and oligomeric structure (for a review, see
ref. 1). Alignment of primary sequences indicates that en-
zymes from different organisms that catalyze the acylation of
the same amino acid usually retain about 30-50% identity at
the amino acid level. However, sequence comparisons
among enzymes specific for different amino acid substrates
have revealed only limited sections of similarity. Nine of the
enzymes, those specific for the amino acids glutamine (2),
glutamate (3), tyrosine (4), tryptophan (5), methionine (6),
isoleucine (7), valine (8), leucine (9), and arginine (10),
possess two segments of primary sequence similarity. One
segment contains a His-Ile-Gly-His motif found within a
conserved stretch of 10-12 amino acids (7); the other may be
represented by the consensus sequence Lys-Met-Ser-Lys-
Ser (11). Further similarities, consisting of short blocks of
sequences dispersed throughout the length of the polypep-
tides, exist among the Escherichia coli methionine, isoleu-
cine, valine, and leucine enzymes (12).
The structures of the E. coli glutaminyl-tRNA (Gln-tRNA)

synthetase [L-glutamine:tRNAGln ligase (AMP-forming), EC

6.1.1.18] complexed with tRNAGilN and ATP (13) and ofa fully
active tryptic fragment of the E. coli methionyl-tRNA
(Met-tRNA) synthetase [L-methionine:tRNAMet ligase
(AMP-forming), EC 6.1.1.10] in the presence of ATP (14)
have been described recently. For each enzyme, compari-
sons with the refined structure of the Bacillus stearothermo-
philus tyrosyl-tRNA (Tyr-tRNA) synthetase (EC 6.1.1.1) (15)
have revealed the common presence of a structurally homol-
ogous dinucleotide, or Rossmann, fold in which the catalytic
sites reside. In all three enzymes, the fold is located at the
amino terminus and possesses an insertion between its two
symmetrically related halves. In Gln-tRNA synthetase, this
inserted domain plays a critical role in binding a distorted
conformation of the 3' acceptor strand of the tRNA (13). The
mode of binding of the adenosine monophosphate moieties of
ATP to Gln-tRNA synthetase and tyrosyl adenylate to Tyr-
tRNA synthetase were seen to be similar (13). However, a
comparison of the Tyr-tRNA and Met-tRNA synthetases
indicated that, despite the overall structural similarity of the
a-carbon backbones in the active-site region, ATP neverthe-
less was bound in a quite different orientation to the Met-
tRNA synthetase (14). The carboxyl-terminal domains of all
three enzymes are structurally disparate.
Although there are no detailed structural data available for

the interactions of Tyr-tRNA and Met-tRNA with their
respective synthetases, a number of genetic and biochemical
approaches have produced evidence regarding specific re-
gions of the proteins and RNAs important to recognition (16,
17). In the case of the Met-tRNA synthetase-tRNAMet inter-
action, chemical cross-linking studies have identified enzyme
residues Lys-61 and Lys-335 as being adjacent to the 3' end
of the bound tRNA (17), and site-directed mutagenesis has
demonstrated that Lys-335 plays a crucial role in amino acid
activation (18). Cross-linking and site-directed mutagenesis
studies have also been used to identify residues Trp-461 and
Lys-465 as being located near the anticodon of the tRNA
(19-21). These data thus establish two widely separated
regions of each macromolecule that lie in close proximity to
the structural interface that forms upon binding. The role of
the anticodon bases in specifying tRNAMet identity has been
well established (e.g., ref. 22).

Presented here are the results of a detailed structural com-
parison between Met-tRNA synthetase and the tRNA-bound
conformation of Gln-tRNA synthetase. We find significant
structural similarities outside the respective dinucleotide-fold
domains ofthe two enzymes. Together with the aforementioned
solution data, this comparative analysis suggests the possibility
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that a similar overall topology oftRNA interaction exists in both
the methionine and glutamine systems.

RESULTS AND DISCUSSION
The structural similarities between the dinucleotide-fold do-
mains ofGln-tRNA synthetase and Met-tRNA synthetase are
summarized in Table 1. It is clear that the similarity extends
over the entire domain. The structural correspondence is
limited to the secondary structure elements, with large vari-
ability in the sizes and conformations of the loops bridging
these elements. The folds of each enzyme are divided into
two halves that are related by a pseudo-dyad axis of sym-
metry. In the case of the Gln-tRNA synthetase, the two
halves are interrupted by the insertion of the 110-amino acid
acceptor-binding domain [residues 100-210 (13)], which
serves to bind the hairpin conformation adopted by the
acceptor strand of the complexed tRNAGIn molecule. The
Met-tRNA synthetase fold is interrupted by two insertions,
one of which is similarly located between the two symmet-
rically related halves and the other ofwhich is inserted within
the second half (residues 100-193 and 233-303, respectively)
(ref. 14; Fig. 1). These two insertions pack against each other
to form a single large domain. Interestingly, despite the high
degree of structural correspondence within the a-helices and
p-strands of the fold, no significant primary sequence simi-

Table 1. Superposition of a-carbon atoms in Gln-tRNA
synthetase (reference structure) and Met-tRNA synthetase
(trial structure)

Trial structure Reference structure

20 20 No. of rms D,
Residues structuret Residues structuret residues A

7-11 (3 A* 27-31 (3-1 5 2.26
13-38 loop, a-HA* 32-57 loop, a-B 26 1.29
45-54 I3-B* 59-68 83-2 10 2.43
72-78 a-HB* 77-83 a-C 7 2.30
94-97 ,8-C* 95-98 (8-3 4 3.00
102-124 a-H1, 3-Si 102-124 a-D, -4 23 1.66
227-231 (3-D* 226-230 (3-9 5 1.40
303-314 a-HD* 238-249 a-H 12 1.54
319-326 (3-E* 254-261 ,3-10 8 2.39
340-349 a-HE* 302-311 a-K 10 1.56

Overall equivalence
Nucleotide fold only 77 1.73
All superimposed a carbons 110 1.89

The a-carbon backbone atoms were superimposed by using the
computer program OVRLAP, which implements the algorithm of
Rossmann and Argos (23). Manual superposition of the structures by
utilizing the computer program FRODO identified the structural
equivalence of six residues in the region of the His-Ile-Gly-His motif
(Gln-tRNA synthetase residues 40-45; Met-tRNA synthetase resi-
dues 21-26), which were then utilized as a starting point for deter-
mination of the full set of equivalencies using OVRLAP. Input coor-
dinate files consisted of all a-carbon atoms of both Gln-tRNA
synthetase and Met-tRNA synthetase. Secondary structure desig-
nations follow those of Rould et al. (13) and Brunie et al. (14).
Additional structural correspondences exist between a-helices G of
Gln-tRNA synthetase (residues 212-222) and C* of Met-tRNA syn-
thetase (residues 195-205); however, these structural elements of the
dinucleotide fold were removed from the superposition calculation
because of the much larger discrepancy in their relative positions.
Underlined correspondences represent structural equivalencies
found to be outside of the dinucleotide binding fold domain. rms D,
root mean square deviation in the position of the superimposed
a-carbon atoms.
t20 structure refers to secondary structure elements. Asterisks refer
to the elements of the trial structure (Met-tRNA synthetase). (,
(-strand; a, a-helix; nomenclature of strands and helices is accord-
ing to refs. 13 and 14.
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FIG. 1. Structural homologies between Gln-tRNA synthetase
and Met-tRNA synthetase. Regions of tertiary structure homology
between the two enzymes are indicated by filled boxes: 0, First half
of the dinucleotide fold; 0, second half of the dinucleotide fold; m,
a-helix-turn-.-strand motif within the inserted domain between the
two halves of the dinucleotide folds; a, a-helix-turn-,8-strand-a-
helix motiffound at the inside corner ofthe L-shaped tRNA molecule
in the Gln-tRNA synthetase-tRNAGln complex.

larity in equivalent residues exists beyond the His-Ile-Gly-
His motif.
The superposition of a carbons in the dinucleotide-fold

domains of the enzymes revealed in addition an unexpected
segment of structural correspondence between amino acids
102 and 124 of both Gln-tRNA synthetase and Met-tRNA
synthetase (Figs. 2 and 3). This stretch of 23 residues adopts
a common a-helix-turn-p-strand motif in the two enzymes.
The structural similarity is extremely good; a superposition of
a-carbon atoms of these residues alone gave a rms deviation
of 0.6 A for residues 102-118, with a small divergence in the
orientation of the final 6 residues of the p-strand. In each
enzyme, these residues follow directly the last P-strand of the
first half of the dinucleotide fold and form a solvent-exposed
structure that wraps around the back side of the inserted
domains (Fig. 1). In Gln-tRNA synthetase, the inserted
domain has been termed the acceptor-binding domain (13)
because of its function in providing a structure that is
complementary to the hairpin conformation of the acceptor
strand ofthe tRNA. However, none of the amino acids in this
conserved motif interact directly with the tRNA. Therefore,
it seems likely that the motif plays a structural role in
stabilizing the overall fold ofthis domain, which in Gln-tRNA
synthetase consists in total of a five-stranded antiparallel
pB-sheet structure flanked by three a-helices. The conserva-
tion of structure between Gln-tRNA synthetase and Met-
tRNA synthetase in this region may indicate a common need
of the two enzymes to stabilize their inserted domains for
interaction with the respective tRNA substrates. Comparison
of the primary sequences of the two enzymes in this region
reveals no overall similarity; however, a glycine residue is
found to be located in each motif at the tight turn connecting
the a-helix and p-strand.
Examination of all a-carbon atoms of both enzymes after

superimposing the dinucleotide folds resulted in the identi-
fication of another region of structural similarity (Table 1 and
Figs. 1, 2, and 3). This region consists of an a-helix-turn-p-
strand-a-helix motif, which in the Gln-tRNA synthetase-
tRNAGIn cocrystal structure is seen to interact with the tRNA
at the extreme inside corner of its L-shaped structure. The
p-strand element of the motif (residues 317-322 of Gln-tRNA
synthetase and 354-359 of Met-tRNA synthetase) is located
adjacent to the dinucleotide fold and potentially could be
considered as a sixth parallel strand of this domain. In the
case of both enzymes, however, the crossover connection
from the neighboring strand (X3-10 of Gln-tRNA synthetase,
P-E* of Met-tRNA synthetase; see Table 1 for meaning of
structural notations) is left-handed (14).

In Gln-tRNA synthetase this motif possesses a structure
that is complementary to the tRNAGI, substrate in the region
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FIG. 2. Superposition of structurally similar regions of Gln-tRNA synthetase and Met-tRNA synthetase. Stereoview of the conserved
structural elements in Gln-tRNA synthetase and Met-tRNA synthetase shown in Fig. 1. (Nonconserved loops between secondary structural
elements have been omitted for clarity.) The view is oriented along the pseudo-dyad axis ofthe dinucleotide binding folds ofGln-tRNA synthetase
(blue a-carbon trace) and Met-tRNA synthetase (green a-carbon trace). The a-helix-turn-,-strand (residues 102-124 of both Met-tRNA
synthetase and Gln-tRNA synthetase, top portion) and a-helix-turn--strand-a-helix (residues 340-378 of Met-tRNA synthetase and 302-337
of Gln-tRNA synthetase, bottom portion) motifs, which superimpose together with the dinucleotide folds, are also shown. The phosphate
backbone oftRNAGin as seen in the cocrystal structure with Gln-tRNA synthetase is in orange; the backbone oftRNAGin docked onto the surface
of Met-tRNA synthetase is shown in purple. No attempt has been made to model the conformation of the 3' acceptor strand of tRNAGin onto
the surface of Met-tRNA synthetase.

of the bottom part of the acceptor stem, the D stem, and the
anticodon stem. The loop and ,-strand that connect the two
helices present a flat surface onto which is juxtaposed the
extreme inside corner of the "L" of the tRNA. Proper
orientation of the inside corner of tRNAGln onto the protein
structural surface formed by the loop, 8-strand, and second
a-helix of this motif then necessarily results in directing the
acceptor stem and 3'-terminal CCA end toward the enzyme
active site. The long second a-helix further orients the
anticodon stem and loop of the tRNA adjacent to the p-barrel
domains.

Superposition of the dinucleotide-fold domains of the en-
zymes results as well in a superposition of the first a-helix of
the helix-turn-strand-helix motif, and therefore this helix has
the same orientation in each enzyme (Table 1). However,
inspection of Fig. 2 reveals that there is a divergence in the
sizes of the intervening loop and strand structures and in the
orientations of the long second helix (helix a-L of Gln-tRNA
synthetase; helix a-H1 of Met-tRNA synthetase) relative to
the superimposed dinucleotide folds. Despite this divergence,
the striking overall similarity in the structure of the motif
suggests that it might serve a common function in properly
orienting the respective tRNA substrates. Superposition ofthe
two dinucleotide-binding-fold motifs and subsequent adjust-
ment of the position of the tRNAGIn molecule so that it
interacts with the helix-turn-strand-helix motif of Met-tRNA
synthetase in a manner analogous to its interaction with this
motif in Gln-tRNA synthetase produces a preliminary model
for the cognate Met-tRNA synthetase-tRNAMet interaction in
which the anticodon of the tRNA is located directly adjacent
to the C-terminal domain ofMet-tRNA synthetase. This model
suggests that the orientation of the second helix ofthe motif in
each case determines the global positioning of the anticodon
and D stems of the cognate tRNA.
We propose that in the Met-tRNA synthetase-tRNAMeI

complex the conserved a-helix-turn---strand-a-helix motif
of Met-tRNA synthetase is similarly located at the inside

corner of tRNAMet (Figs. 2 and 3). While no significant
primary sequence similarity between Gln-tRNA synthetase
and Met-tRNA synthetase can be discerned within this motif,
in both enzymes the second helix possesses a strong net
negative charge despite its location adjacent to the highly
negatively charged phosphate backbone of the tRNA. In the
Met-tRNA synthetase-tRNAMet model this helix lies along
the entire length of the inside of the tRNA from the D stem
to the anticodon stem, as is observed in the Gln-tRNA
synthetase-tRNA01I complex. Interestingly, in Gln-tRNA
synthetase there are very few direct polar contacts made
between the helix and the tRNA despite their relatively close
proximity; however, a number of water-mediated interac-
tions do occur. Residues 316-319 of Gln-tRNA synthetase
form the sequence Thr-Lys-Gln-Asp and are located at the
extreme inside corner of the "L" of the tRNA, making a
number of side-chain hydrogen bonding interactions with the
sugar-phosphate backbone. The region ofMet-tRNA synthe-
tase located at this position in the model (residues 356-360)
forms the sequence Arg-Tyr-Tyr-Tyr-Thr and is thus simi-
larly capable of polar interaction with the tRNA. This se-
quence is well-conserved in Met-tRNA synthetase enzymes
from other organisms (25, 26).

In this model of the Met-tRNA synthetase-tRNAMe com-
plex two protein "fingers" located adjacent to the major
groove of the tRNA at the approximate location of the
junction between the acceptor and T stems are seen. These
fingers represent loops that are located in the insertion within
the second half of the dinucleotide fold. Because the major
groove of the A helix in RNA is very deep and narrow, these
fingers probably cannot penetrate sufficiently far to allow
direct recognition of base pairs in this region; all contact may
thus be with the sugar-phosphate backbone. Recognition of
functional groups of bases in double-stranded regions of
tRNAGOn by Gln-tRNA synthetase is via protein contact in the
minor groove of the acceptor stem, which is quite shallow
allowing easy penetration of protein structural elements (13).

Biochemistry: Perona et al.
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FIG. 3. (A) Stereoview of the Gln-tRNA synthetase-tRNAGIn complex as seen in the cocrystal structure. The dinucleotide-fold domain is
in dark gray and the two additional conserved motifs are shown in black. (B) Docking of tRNAGIn on the surface of Met-tRNA synthetase.
Proposed interaction of Met-tRNA synthetase along the entire inside of the L-shaped structure of tRNAGIn, showing a similar overall topology
of interaction as is seen for the Gln-tRNA synthetase-tRNAGin complex. The orientation of the acceptor stem relative to the dinucleotide fold
is very similar to the orientation seen in the crystal structure of the Gln-tRNA synthetase-tRNAGin complex and is based on the structural
homology between the respective dinucleotide-fold domains. The orientation of the anticodon stem is determined on the basis of the structural
similarity between the two enzymes in the a-helix-turn-,3-strand-a-helix motif (also see text), which in the Gln-tRNA synthetase-tRNAGIn
complex clearly serves to globally orient the tRNA onto the surface of the enzyme. This conserved motif at the inside corner of the tRNA is
highlighted in black. Lysine and tryptophan residues of Met-tRNA synthetase that have been shown by biochemical means (19, 21, 24) to be
in proximity to the anticodon and D loop are indicated by black dots. Two loops (closer loop residues 261-267, farther loop 235-237) of the
Met-tRNA synthetase enzyme project into the major groove near the junction of the acceptor and T stems.

The lack of direct interaction of Met-tRNA synthetase in the
minor groove of the acceptor stem oftRNAMCI predicted here
is in accord with biochemical data that suggest that these base
pairs can be altered with little effect on tRNA discrimination
(27). No attempt has been made to model the conformation
ofthe acceptor strand ofthe tRNA when bound to Met-tRNA
synthetase. However, it appears likely that the single-
stranded CCA end will form a hairpin-like structure in order
to position the ribose moiety of the adenosine at position 76
in the active site. Bending of the 3'-terminal acceptor arm of
tRNAfMeC towards the inside of the L-shaped tRNA has
previously been suggested on the basis of singlet-singlet

energy transfer experiments utilizing fluorescent-labeled
forms of this tRNA (28).

In the proposed Met-tRNA synthetase-tRNAMet model, the
anticodon of the tRNA is positioned directly adjacent to an
a-helix that is located in the C-terminal domain and contains
amino acids previously implicated in recognition. Chemical
cross-linking studies suggest that Lys-465 on this helix is within
14 A of the anticodon of the tRNA (21), and site-directed
mutagenesis data have further implied a role in binding for
residue Trp461 (19, 20). Lys-402 and Lys439, located as well
in the carboxyl-terminal helical domain, also have been im-
plicated by chemical cross-linking (24). While in our model
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Lys-439 is positioned within the 14-A length ofthe cross-linker
to the anticodon stem of the tRNA, Lys-402 is found on the
opposite side of the enzyme. It is possible, however, that the
cross-link to this residue occurred as a result of nonspecific
interaction between different complexes that have the potential
to form in solution. In this context we also note that mutation
of this residue does not affect the ability of the enzyme to bind
tRNAMet (L. Schulman, personal communication).

Several additional experiments are consistent with the overall
orientation oftRNA on Met-tRNA synthetase that is proposed.
Amino acids Lys-61 and Lys-335, identified by affinity-labeling
studies utilizing 3' end-modified forms of tRNAMet (17), are
located near the proposed 3' end of the tRNA model. Addi-
tionally, a number of peptide insertions into the domain that
spans the two halves of the dinucleotide fold yielded modified
enzymes that retain nearly full Met-tRNA synthetase activity
(29). All of these insertions are located on surfaces of the
enzyme located well away from the proposed area of tRNA
interaction, consistent with the model. In contrast, insertion of
amino acids into the loop (residues 149-160) that is located
adjacent to the proposed binding site of the 3' acceptor strand
of the tRNA inactivates the enzyme (29).
We suggest that the similar mode of tRNA binding pro-

posed for Gln-tRNA synthetase and Met-tRNA synthetase
may also be observed in some other aminoacyl-tRNA syn-
thetase RNA complexes. The occurrence of a structurally
similar dinucleotide-fold domain among three (Gln-tRNA,
Met-tRNA, and Tyr-tRNA synthetases) of the nine syn-
thetases possessing both the His-Ile-Gly-His and Lys-Met-
Ser-Lys-Ser motifs suggests the possibility that this structure
is found among the other enzymes in the subclass as well.
Eight of these enzymes (Gln-tRNA, Met-tRNA, Trp-tRNA,
Glu-tRNA, Ile-tRNA, Val-tRNA, Leu-tRNA, and Arg-tRNA
synthetases) bind one tRNA per enzyme subunit; the latter
six may thus also possess the a-helix-turn-,8-strand-a-helix
motif and form tRNA complexes similar in overall topology
to that observed in the Gln-tRNA synthetase-tRNAGin crys-
tal structure and proposed here for the Met-tRNA synthe-
tase-tRNAMet interaction. The Tyr-tRNA synthetase en-
zyme, whose structure does not exhibit either of the two new
motifs described here, is a dimeric synthetase that binds only
a single tRNA molecule (30). The tRNA binding site spans the
enzyme subunits (31), strongly suggesting that the overall
orientation of binding will not resemble that described here.
The discovery of sequence similarities among many of the
synthetases that lack the His-Ile-Gly-His and Lys-Met-Ser-
Lys-Ser motifs (32) and the novel structure of Ser-tRNA
synthetase (33) indicate the existence of a second subclass of
these enzymes that is organized along quite different struc-
tural principles than those described here.
The proposed interaction between Met-tRNA synthetase

and tRNAMet is consistent with most of the available bio-
chemical and genetic data and makes additional predictions
that may be experimentally tested. Ultimately, crystal struc-
tures of this and other synthetase-tRNA complexes will be
necessary to fully ascertain the general structural principles
governing recognition of and discrimination between tRNAs
by aminoacyl-tRNA synthetases.
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