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Aminoacyl-tRNA synthetases are modular proteins, with domains that have 
distinct roles in the aminoacylation reaction. The catalytic core is responsible for 
aminoacyl adenylate formation and transfer of the amino acid to the 3' end of the 
hound transfer RNA (tRNA). Appended and inserted domains contact portions of 
the tRNA outside the acceptor site and contribute to the efficiency and specificity 
of aminoacylation. Some aminoacyl-tRNA synthetases also have distinct editing 
activities that are localized to unique domains. Efficient aminoacylation and edit- 
ing require communication between RNA-binding and catalytic domains, and 
can be considered as a signal transduction system. Here, evidence for domain- 
domain communication in aminoacyl-tRNA synthetases is summarized, together 
with insights from structural analysis. © gOOl Academic Press. 
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I. Function and Domain Organization of AARSs 

Aminoacyl-tRNA synthetases (AARSs) catalyze attachment of amino acids 
to cognate tRNAs, thereby establishing the rules of the genetic code (1). The 
AARS-catalyzed aminoacylation reaction occurs by a two-step mechanism. In the 
first step, enzyme-bound amino acid (AA) is converted to an activated aminoacyl 
adenylate (AA-AMP) by condensation with ATP. The second step is a thermo- 
dynamically favored transesterification of the amino acid to the 3t-OH of the 
cognate tRNA's terminal adenosine. 

E + AA + ATP ~ E • (AA-AMP) + PPi 

E • (AA-AMP) + tRNA ~ AA-tRNA + E + AMP 

For most systems the first step is independent of tRNA binding. GlnRS, 
GluRS, and ArgRS are the exceptional cases and require the presence of cognate 
tRNA for adenylate formation (2). (Throughout this article, individual AARSs 
are abbreviated according to the three-letter code of their corresponding amino 
acid.) 

Because of their central role in translation, AARSs are thought to be among 
the earliest proteins to emerge from an RNA world (3--5). This family ofisofunc- 
tional enzymes can be partitioned into two classes based on sequence and struc- 
tural similarities of their catalytic domains (6-9). Class I AARSs have active sites 
built around a Rossmann nucleotide binding fold [first identified in dehydroge- 
nases (•0)]. Enzymes in class I contain (in their catalytic cores) an 11-amino acid 
signature sequence ending in HIGH (6, 7) and the pentapeptide KMSKS (11). 
The conserved residues stabilize the aminoacyl adenylate as it is formed in the 
active site. Class II AARSs have catalytic domains built around a seven-stranded 
antiparallel/~-sheet bundle with three a-helices (9, 12). Enzymes in class II lack 
the class I HIGH and KMSKS sequences, instead, they have highly degener- 
ate motifs 1, 2, and 3 that form a helix-loop--strand, strand-loop--strand, and 
strand-helix structure, respectively (8). Further structural and sequence simi- 
larities allow classification into subgroups (Table I). With a single exception the 
class distinctions have been conserved among all known AARSs (13). 

In addition to these class-defining catalytic domains, most AARSs have non- 
conserved domains either appended to their N or C termini or inserted into the 
catalytic cores. These idosyncratic domains typically contact the cognate tRNA, 
providing binding energy and increasing specificity through interactions with 
recognition elements. The class-defining catalytic domains are thought to be the 
early aminoacylation enzymes, perhaps binding minimal RNA substrates such as 
minihelices and microhelices which are aminoacylated by many extant AARSs 
(Fig. 1). As substrate recognition became an increasing challenge, it was imag- 
ined that appended domains are recruited to bind identity elements outside the 
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TABLE I 
DISTINCTIONS BETWEEN THE TWO CLASSES OF AMINOACRYL-tRNA SYNTHETASES 

319 

Class I Class II 

Conserved sequence KMSKS, HIGH Motif 1: ... P . . .  
motifs Motif2:. . .  FRxE ... 

Motif3: . . .  (Gx)aER 
Conserved catalytic Rossmann nucleotide Antiparallel fi-sheet 

domain structure binding fold 
(parallel fi-sheet) 

Site of A76 2'-OH 3'-OH a 
aminoacylation 

tRNA binding 
Acceptor stem 
Variable loop 

Minor groove side Major groove side 
Faces solvent Faces protein 

Class Ia Class Ib Class IIa Class IIb Class IIe 

Subclasses b MetRSa2 SerRSa2 
LeuRSa GlnRSa HisRS0t2 AspRSa2 PheRSu2/~2 
IleRSc~ GluRSot GlyRSot2 AsnRSa2 AlaRSt~4 
ValRSa TyrRSa2 ProRSa2 LysRSa2 GIyRS~2/~2 
CysRSc~ ThrRSa2 ThrRSa2 
ArgRSa 

aExcept for tRNA Phe. 
bThe subunit composition (a, az, ~4, or a2/~2) is shown for the E. coli enzymes. 
Adapted from Refs. 132 and 133. 

Anticodon 

Amino acid 
attachment A, cceptor 

stem --a.. j 
NCCA 3' A3'C 

i ~ l t l t l l l l l l l  5, N C 

Minihelix 

FIG. 1. The two-domain organization oftRNA. The cloverleaf structure oftRNA (left) folds in 
three dimensions into an L-shaped molecule (right). Many AARSs aminoacylate small RNA mimics 
of the tRNA acceptor arm (such as the minihelix). 
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Additions 

° °  o 0 
Class-defining 

domain 

Non-conserved 
domain 

FIG. 2. The domain organization of AARSs. The class-defining catalytic core is thought to be 
the primordial aminoacylating enzyme, with other protein domains added to increase efficiency and 
specificity of aminoacylation. Likewise, the minihelix arm of tRNA is a minimal RNA substrate for 
many AARSs. Adapted from Ref. 129. 

amino acid acceptor 3' terminus or to perform other functions such as editing 
(Fig. 2) (14, 15). 

II. Domain Functions Are Separable 

As a framework for developing the concept of functional domains of AARSs, 
the class II alanyl-tRNA synthetase (AlaRS) can be considered. AlaRS is the 
largest E. coli AARS, active in vivo as a tetramer of 875-aa monomers (16). Se- 
quential C-terminal deletions showed that the functions of AlaRS are 
contributed by domains organized in a linear fashion along the sequence (17) 
(Fig. 3). The canonical class II active site is contained in the N-terminal 242 
residues. This first segment, however, is not in itself sufficient for any MaRS 
function.Indeed, activation of alanine (the first step of the aminoacylation reac- 
tion) requires the first 368 residues of AlaRS (16, 17). 

The minimal protein construct that compensates for an AlaRS chromosomal 
deficiency is the N-terminal 461-aa fragment, designated 461N (17, 18). Bio- 
chemical studies determined that MaRS makes no contact with the anticodon of 
tRNA ~da, thus demonstrating an indirect relationship between the trinucleotides 
of the genetic code for alanine and the tRNA determinants for aminoacylation 
(19). Instead, a unique G3:U70 wobble base pair in the acceptor stem of AIaRS 
is necessary and sufficient for alanylation, whether in the context of full-length 
tRNA Ah or in small RNA mimics (minihelices, microhelices, and duplexes) of 
the acceptor stem (20-23). Chemical mutagenesis demonstrated that MaRS 
recognizes the exocyclic 2-amino group of G3 that is presented in the minor 
groove of the tRNA Ah acceptor helix (24). 
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Motil 
H2N" 

Class-defining core 242N 

Adenylate formation 368N 

Microhelix aminoacylation 461N 

.COOH 

tRNA ~Ja binding 699N 

Tetramer formation 808N 

Full-length AlaRS 875N 

FIG. 3. Linear arrangement of MaRS along the sequence, as predicted from sequence com- 
parisons and functional analysis (130). Adapted from Ref. 131. 

Fragment 461N of AlaRS aminoacylated an RNA microhelix or duplex sub- 
strate with the same efficiency as that of the full-length enzyme (25). This suffi- 
ciency for microhelix aminoacylation suggested that residues necessary for spe- 
cific G3:U70 recognition were contained within the 461N fragment. Indeed, 
crosslinking experiments localized the G3:U70-specific contacts to between 
Val 250 and Asp 461 (26). Mutational analysis and molecular modeling pre- 
dicted a two-helix pair within this region that may function as a novel RNA- 
binding motif (27). The predicted two-helix recognition motif spans Leu 280 
through Gly 320. 

In contrast to the motif predicted to recognize the G3:U70 pair oftRNA nh, 
a separate domain contributes to nonspecific tRNA binding (28). Although frag- 
ment 461N can be considered a minimal enzyme (because it aminoacylates a 
microhelix efficiently), it aminoacylated full-length tRNA nla with a catalytic ef- 
ficiency (kcat/KM) that is decreased about 1000-fold compared to the full-length 
enzyme. This result showed that, although AlaRS makes no contact with the 
anticodon, functional tRNA contacts are missing in 461N. Indeed, binding in- 
teractions are recovered upon extension of AlaRS through the first 699 amino 
acids (28). Operationally, then, the region from His 462 to Gly 699 is a domain 
that contains additional RNA-binding determinants. As explained below, this 
domain also communicates with the active site that is located in the N-terminal 
domain (29). 

A C-terminal domain is responsible for ohgomerization of AlaRS. Trun- 
cation of the enzyme after Gly 699 resulted in a monomeric protein, while 
N-terminal fragments longer than 808 residues were tetrameric (17). This lo- 
calized an oligomerization motif to the region between Gly 699 and Va1808. Al- 
though C-terminal truncation of AlaRS results in a functionally active monomer, 
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mutations in the dispensable region nonetheless affect kinetic parameters for 
aminoacylation (30). Thus, these early experiments with MaRS gave some of the 
first evidence for domain organization of AARSs and showed that the domains 
could communicate. 

The segregation of functions among the MaRS domains is consistent with 
the notion that early AARSs consisted of catalytic core domains to which RNA 
binding domains were added (14, 15). In the case of MARS, fragment 461N is 
the minimal protein able to efficiently aminoacylate a microhelix RNA. As other 
domains were added, functional communication was established between do- 
mains, thereby generating strong selective pressure to retain all domains of the 
protein. 

In addition to the experiments with deletion proteins described above for 
MARS, mutagenesis of other AARSs has demonstrated that domain functions 
are in general separable for this family of enzymes. For example, deletion of 11 
amino acids encompassing Trp 461, which is critical for anticodon recognition by 
Escherichia coli MetRS, dramatically reduced the efficiency of aminoacylation 
oftRNA Met (Table II) (31). Adenylate formation and microhelix aminoacylation 
were not affected by the deletion, thus demonstrating the integrity of the catalytic 
domain in the deleted protein. The converse analysis was also done. Arg 533 
in the C-terminal domain of MetRS is proposed to orient (either directly or 
through allosteric means) the acceptor stem oftRNA Met for aminoacylation. An 
alanine substitution at this position (Arg533 ---> Ma) significantly decreased the 
catalytic efficiency of tRNA Met and microhelix rMet aminoacylation (principally 
by affecting acceptor-stem binding) but did not affect binding of an isolated 

fMet anticodon stem-loop mimic of tRNA (32). 

TABLE II 
KINETIC CONSTANTS FOR AMINOACYLATION OF tRNA fMet BY E. coli MetRS VARIANTS 

Relative Aminoacylation Relative 
adenylation tRNA KM k c a t  aminoacylation Microhelix 

MetRS (kcat/KM) (lzM) (sec -1) (kcat/KM) aminoacylation Ref. 

Wild-type 1 1.2 + 0.2 3.2 -4- 0.2 1 
(547mer) 

Trp461Phe 0.38 75 4- 15 4.3 4- 0.6 0.02 
Trp461Ala 2.7 × 10 -5 
A11(Tyr454- 0.97 <3 × 10 -4 

Ala464) 
Arg533Ala 0.65 50 0.8 2.6 × 10 -2 
Arg395Gln 0.20 394-9 (4.74-0.6) × 10 -3 4 × 10 -5 
Arg395Ala 0.43 1134-31 (1.74-0.4) × 10 -2 6 × 10 -5 

As wild-type 

Greatly reduced 

134 

134 
41 
31 

32 
134 
134 
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CP1 

• o .  I 

49 629 

Anticodon recognition 

1 
COOH 

939 

FIC. 4. Domain organization ofE. coli IIeRS. Connective polypeptides i and 2 (CP1 and CP2) 
interrupt the class I-defining Rossmann nucleotide binding fold, where/~-strands are shown as 
arrows and helices as rectangles. Adapted from Ref. 33. 

The adenylation and aminoacylation steps of the monomeric 939-aa E. coli 
IleRS can also be functionally separated. Lys 732 in the C-terminal half of the en- 
zyme was proposed to play a role in IleRS similar to that of the anticodon-binding 
Trp 461 of MetRS. Substitution of Lys 732 resulted in variant enzymes severely 
defective in tRNA aminoacylation but fully functional for adenylate formation 
(33). Similar functional dissections have been done for the editing activity of 
IleRS that deacylates mischarged Val-tRNA Ile. Thus, mutations that affect the 
editing function of IleRS do not affect adenylate synthesis or aminoacylation 
functions. For example, substitutions at Thr 252 and Asn 250 in the editing 
domain known as CP1 (Fig. 4) resulted in mutant enzymes that poorly hy- 

Ile drolyze misacylated Val-tRNA but retain their capacity to form isoleucyl adeny- 
late (34). Similarly, mutations at His 401 and Tyr 403 (also in CP1) produced 
IleRS variants with enhanced tRNA-dependent amino acid discrimination but 
unaltered activation and aminoacylation activities (35). Conversely, a mutation 
in the catalytic core of the enzyme (Gly56 ~ Ala) significantly reduced the va- 
line versus isoleucine discrimination in the adenylate formation reaction without 
affecting deacylation of Val-tRNA Ile (36). 

Thus, the demonstration by biochemistry and genetics of separable domains 
with specific functions for various AARSs established a rationale for domain- 
domain communication that ties these functions together. 

III. Noncovalent Assembly of Aminoacylation Systems 
Demonstrating Capacity for Communication 

Domain-domain communication in the most general sense can be seen by 
the noncovalent assembly of aminoacylation systems. In these examples, separate 
polypeptides associate at an interface to create an active structure. Undoubtedly, 
this association causes a structural change in each of the associating proteins. 
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Insertion of a stop signal and restart sequence into a plasmid-borne pro- 
tein coding sequence results in the expression of isolated but cotranslationally 
produced polypeptides. Split proteins of E. coli MetRS have been constructed, 
and functional constructs have been produced, depending on the location of the 
split (37). For example, insertion of a stop-restart sequence after Arg 367 re- 
suited in complementation in vivo of a chromosomal MetRS defect. This location 
for the split approximately divides the catalytic site from the anticodon-binding 
domain. Furthermore, both the N- and C-terminal fragments were expressed 
in quantities that could be purified, indicating that the polypeptides were sta- 
bly produced. The fra~ma, ents were reconstituted in vitro and the split MetRS 
aminoacylated tRNA tMet with an efficiency only minimally reduced relative to 
wild-type enzyme. Similar stop--start sequences were inserted at various loca- 
tions in the region between the catalytic and anticodon-binding domains. MetRS 
constructs with splits after Arg 367, Ile 371, and Asn 374 complemented the 
chromosomal defect, while splits inserted after Ser 355, Tyr 358, and Lys 363 
resulted in inactive proteins (37). These results demonstrated that the interface 
region of MetRS is particularly sensitive to structural perturbations that affect 
noncovalent packing interactions between the two functional domains. 

- C O O H  

461N • 
< 249N > -." 212C > 

e c / [ I V  

c G 
u A 
A U 

U C 
A G C U 

A P - M i c r o  ~ 

FIG. 5. Recognition oftRNA Ah localized to a specific region of AIaRS. An AIaRS split protein 
construct of the 461N fragment reconstituted microheli~ aminoaeylation activity. An azidophenyl- 
derivatized (AP) ~erohelk containing the identity determinant G3:U70 was photocrosslinked to 
the 212c fragment (26). 
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The 461N fragment of AlaRS was also investigated using a split-protein con- 
struct (26). This functional core was expressed with a stop codon and restart 
sequence between His 249 and Val 250, to produce fragments 249N and 212C 
(Fig. 5). The fragments associated in vitro to aminoacylate the microhelix ~ sub- 
strate in a manner that depended on the presence of the G3:U70 determinant. A 
photolabile derivative of microhelix nla crosslinked exclusively to the 212C frag- 
ment, and this crosslink was also G3:U70-dependent, indicating that residues Val 
250 to Asp 461 of AlaRS are responsible for recognition of the tRNA nla acceptor 
stem. Indeed, it is within this domain of AlaRS that the putative two-helix RNA 
recognition motif was located by mutagenesis and modeling studies (27). 

In the case of E. coli IleRS, more than 20 split-protein constructs have 
been created (38, 39). Most of these constructions generated active enzymes, 
including those involving three-piece assemblies (39). These results demonstrate 
the capacity of proteins like IleRS to combine as noncovalent pieces and induce 
active structures. This finding supports the idea that conformational flexiblity is 
inherent, and suggests the possibility that such flexibility can be incorporated 
into signaling mechanisms of native structures. 

IV. Examples of Domain-Domain Communication 
Revealed by Functional Analysis 

of Aminoacylalion Efficiency 
In many cases, contributions to aminoacylation efficiency can be directly at- 

tributed to the amino acid transfer step (in isolation from tRNA binding and 
adenylate formation). Indeed, although some domains of AARSs contribute 
to tRNA binding (either nonspecific or sequence-dependent), these interac- 
tions are relatively weak, with dissociation constants at pH 7.5 on the order of 
1 lzM (1, 40, 41). This likely reflects the need for rapid release of aminoacylated 
tRNA for protein synthesis, and demonstrates the limited tRNA discrimination 
that can be achieved by binding alone. Numerous mutagenesis studies have es- 
tablished that substrate specificity is largely determined by kinetic rather than 
binding effects (42). Moreover, these kinetic effects result from domain-domain 
communication. 

In particular, single-nucleotide substitutions in the alaS gene gave rise to two 
alleles, alaS4 and alaS5. These alleles code for Gly 674 --~ Asp and Gly 677 -+ Asp 
substitutions, respectively. As might be expected from their locations near the 
AlaRS oligomerization domain, the products of these genes are monomeric 
(30, 43). Both mutant enzymes catalyze the synthesis of alanyl adenylate with 
essentially the same activity as that of wild-type enzyme. Thus, the catalytic site 
for adenylate formation is undisturbed by the mutations. In contrast, the rate 
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of aminoacylation of tRNA Ala is reduced (30). The primary defect is at the tran- 
sition state for aminoacylation, with keat reduced 20-fold for the alaS4 mutant 
protein and 10-fold for the alaS5 mutant protein (relative to wild-type MARS). 
Therefore, although the mutations are in a dispensable region, this part commu- 
nicates with the active center (30). To further prove this point, inactive MaRS 
deletion constructs lacking essential portions of the catalytic site were shown to 
compensate for the aminoacylation defect in the alaS5 protein (43). With the 
C-terminal (oligomerization) domain of the inactive deletion construct hy- 
bridized to the catalytic domain of the alaS5 protein, activity was regenerated 
(Fig. 6). This demonstrates that the domain-domain communication function 
can come from isolated polypeptides. (Other examples of such "piecewise func- 
tional assembly" are presented below.) 

At this writing, there is no crystal structure for MARS. It could be argued 
that the "communication" from the region involving Gly 674 and Gly 677 was, in 
fact, due to a direct contribution of this part of the structure to the mechanism 
of the aminoacyl transfer step (but not to adenylate formation). This possibility 
is unlikely, because the other experiments showed that kcat for aminoacylation is 
essentially all determined by residues in fragment 461N (25). 

In the case of MaRS, where the key identity element (the G3:U70 base pair) 
is located in the acceptor stem, discrimination occurs both in the binding step 
and at the transition state. The relative contributions can be partitioned depend- 
ing on pH (23). For example, at pH 7.5, tRNA Ala variants containing A3:U70, 
G3:U70, or U3:G70 substitutions were not aminoacylated by MaRS (at either 
catalytic or substrate levels of enzyme). Furthermore, even high concentrations 

alaS5 protein 
Monomeric 

Reduced activity 

H2h 

Active site truncated 
Insufficient for cell growth 

H2NI 

H2Nm 

H2N 

Internal deletions 

461 699 808 875 

461 

~ COOH 

Gly677--~-Asp Heterologous tetramers 
with in vivo and in vitro activity 

699 808 875 
[]coo. 
mCOOH 

:_  ==COOs 

FIG. 6. Complementation of the alaS5 chromosomal defect by AlaRS active site deletions. The 
alaS5 protein is unable to sustain cell growth owing to a substitution in the AIaRS oligomerization 
domain. Constructs producing deletions in the catalytic core of AlaRS, such as those shown here, are 
themselves inactive, but are able to compensate for the alaS5 defect and restore cell growth (43). 
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of the A3:U70 variant did not inhibit aminoacylation of wild-type tRNA ~aa, in- 
dicating that the variant was not bound specifically by MARS. Therefore, under 
physiological conditions, the lack of aminoacylation ofA3:UT0 tRNA ~aa is at least 
in part due to an increase in the Michaelis constant (KM). Interactions between 
AARSs and their cognate tRNAs are much stronger at lower pH values (1). This 
was verified in the case of tRNA~a:AIaRS complex formation (23). Binding of 
A3:U70 or G3:U70 tRNA nla to MaRS at pH 5.5 was only 3-5-fold weaker than 
binding of wild-type tRNA. However, although wild-type tRNA ala was aminoa- 
cylated, alanylation of these tRNAs was not detected (23). Under these con- 
ditions, therefore, the effect on the catalytic rate constant (keat) dominates the 
discrimination between cognate and noncognate substrates. As explained above, 
keat is significantly affected by communication of the active site with a region 
dispensable for aminoacylation (30). 

Discrimination at the transition state of catalysis was observed for several 
other AARSs as well. This discrimination involves specific protein-tRNA con- 
tacts at some distance from the catalytic active site. In the MetRS-catalyzed 
reaction, the anticodon of tRNA Met is a strong determinant for aminoacyla- 
tion. Discrimination is achieved at the transition state with functional coupling 
between anticodon-binding and catalytic domains. Such coupling is evident 
in the aminoacylation kinetics of some tRNA and MetRS variants (Table II). 
In most cases, substitutions within the anticodon-binding domain of MetRS 
and the anticodon of tRNA Met significantly affected the Michaelis constant of 
the aminoacylation reaction, indicating that productive tRNA binding is im- 
paired (41, 44, 45). However, substitution of the tRNA Met CAU anticodon with 
CCG did not significantly affect KM, but reduced the kcat for aminoacylation by 
4 orders of magnitude (46). Similarly, mutations at Arg 395, which is within 
one of the or-helical peptides critical for binding the anticodon, reduced kcat by 
3 orders of magnitude (47). In contrast, KM values were increased roughly 
30-fold. It is likely that such changes reflect an induced-fit mechanism oftRNA 
recognition in this system (48-50). 

Isoleucyl-tRNA synthetase (IleRS) recognizes a widely distributed set of 
identity elements for its isoaccepting tRNAs, including the anticodon (51-53). 
The major isoacceptor contains a GAU anticodon. Substitutions at the first 
position resulted in signficant decreases in kcat for aminoacylation with mini- 
mal effects on KM (53). Modified bases also play a role in the specificity of 
IleRS-catalyzed aminoacylation. An (unmodified) in vitro transcript of the major 
isoacceptor was aminoacylated with a kcat that is reduced 400-fold relative to the 
mature tRNA. This was attributed primarily to a hypermodified carbamoylthreo- 

6 Ile., nine at position 37 (t A37) (53). The minor tRNA 2 isoacceptor contains an LAU 
anticodon, where L is lysidine (54). Just as with the major isoacceptor, amino- 
acylation (with IleRS) of an unmodified tRNA~ le was significantly impaired at the 
level of the transition state (51). These nucleotide determinants in the anticodon 
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loop likely affect the flexibility of tRNA ue. Indeed, chemical protection studies 
showed that binding by IleRS induced a conformational change in tRNA Ile (55). 
Given the long-range effects observed at the transition state of aminoacylation, 
a conformational change presumably presents the 3' end oftRNA Ile in the active 
site for catalysis. 

The archaebacterial Methanococcusjannaschii TyrRS differs from its bac- 
terial counterpart by the absence of an anticodon-binding domain (Fig. 7) (56). 
Consistent with this observation was the determination that changes in the cen- 
tral nucleotide of the tRNA Ty' anticodon had only minimal effects on aminoacyl- 
ation (57). The same substitutions substantially affect charging by the bacterial 
enzyme (58). A minihelix substrate based on the acceptor stem of M. jannaschii 
t R N A ~  was specifically aminoacylated by the cognate TyrRS (57). Aminoacyl- 
ation of the minihelix substrate, however, was diminished relative to amino- 
acylation of the full-length tRNA. This result suggested that contacts outside the 
minihelix arm were essential for efficient catalysis, despite the lack of a canonical 
anticodon-binding domain. Indeed, alanine substitutions at conserved residues 
(Asp 286 or Lys 288) within the shortened C-terminal domain significantly de- 
creased the rate of tRNA Ty~ aminoacylation (59). However, the catalytic core 
was not perturbed, as adenylate formation and minihelix aminoacylation were 
unaffected in the mutant enzymes compared to wild-type TyrRS. The defect 
in tRNA aminoacylation for the Asp286 --+ Ala substitution was entirely due to 
a 10-fold decrease in kcat for aminoacylation, showing that communication oc- 
curs between even the shortened C-terminal domain and the catalytic site of 
M. jannaschii TyrRS (59). 

Several viral RNAs fold into structures resembling tRNAs and are amino- 
acylated by AARSs (60, 61). Turnip yellow mosaic virus (TYMV), an example 
of a tRNA-like viral RNA, is aminoacylated by ValRS. Substitution studies 

E. co/i 

Antlcodon 
binding 

HIGH CP1 KMSKS 
l 1 l , 1 ,424 

S. cerevisiae 

M. jannaschfi ~ 

D286 K288 

3 9 4  

FIC. 7. Methanococcusjannaschii TyrRS lacks a typical anticodon-binding domain. Alanine 
substitutions at D286 and 1(288 demonstrated that domain--domain eommunieation is necessary for 
effieient tRNA'PYr aminoacylation (59). 
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FIG. 8. Kinetic parameters for TYMV aminoacylation. The 3' end of TYMV resembles tRNA, 
and aminoaeylation by yeast ValRS is dependent on nucleotide identity within the acceptor-stem 
and anticodon mimics of the RNA (62). 

demonstrated that nucleotides at the presumed anticodon, acceptor stem, and 
discriminator mimics were critical for valylation (Fig. 8). As shown for aminoacyl- 
ation of tRNAs, specificity is determined by kinetic rather than binding effects. 
For example, substitutions at the central position of the anticodon mimic re- 
sulted in RNAs that were aminoacylated at a negligible rate (62). The variant 
RNAs nevertheless bound yeast ValRS with apparent Kas nearly identical to 
that of the wild-type transcript. Furthermore, the anticodon-substituted vari- 
ants were competitive inhibitors of the valylation of tRNA val and of wild-type 
TYMV RNA by ValRS (62). Thus, the substitutions did not affect the enzyme- 
RNA interaction. In addition to substitutions at the antieodon, mutations in the 
variable loop region and at the discriminator position also had greater effects at 
the transition state than on binding. These observations, like the many examples 
of tRNA aminoacylation, point to a mechanism of long-range communication 
between catalytic and appended domains. 
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V. Understanding Communication Based 
on Structural Analysis 

In contrast to the majority of synthetases, class I GInRS, GluRS, and ArgRS 
require cognate tRNA for aminoacyl adenylate formation (2). Thus, the catalytic 
site for adenylate formation is not properly formed in the absence of tRNA, and 
tRNA binding triggers a rearrangement of the active site. Of the three enzymes, 
a crystal structure of the E. coli tRNACln:GlnRS complex has been solved to 
2.5 A resolution (63). The structure revealed numerous contacts between 
tRNA cln and GlnRS, and changes in the conformation of tRNA cln when com- 
pared to the structures of free tRNAs (64, 65). Specifically, the anticodon stem is 
extended by two noncanonical base pairs, and the remaining three bases in the 
anticodon are splayed out to bind in three corresponding pockets of the enzyme 
(66). Furthermore, the acceptor stem is distorted from an A-form RNA helix, 
such that the first base pair (1:72) is unpaired, and the 3' terminus bends back 
toward the stem to form a hairpin structure (Fig. 9). 

These distortions at acceptor-stem and anticodon portions of tRNA c1~ are 
stabilized (if not directly promoted) by protein domains outside the class I- 
defining Rossmann fold. The C-terminal half of GlnRS folds into two subdomains 
that together form a six-stranded antiparallel fl-barrel (63). Residues at the 
junction of these subdomains form pockets responsible for discrimination of 
nucleotides in the tRNA cl" anticodon, located roughly 75 A from the active site. 
In particular, U35 is held snugly by contacts with the side chains of five amino 

Gin acids (66). At the other end of tRNA , a protein domain inserted between the 

Acceptor stem 

tRNA ~ I 

",,. J 
Anticodon 

FIG. 9. Comparison of structures of free tRNA Fhe (64) to enzyme-bound tRNA ch  (63). GlnRS 
binding produces distortions in the antieodon and aceeptor stem of tRNA cln. 



D O M A I N - D O M A I N  C O M M U N I C A T I O N  331 

two halves of the nucleotide binding fold stabilizes the hairpin conformation of 
the acceptor stem (63). This recognition domain is a five-stranded antiparallel 
t-sheet flanked by three helices. The distorted conformation is stabilized by 
insertion of a t-loop between the 3' and 5' ends of tRNA Cln, preventing re- 
formation of the 1:72 base pair (63). 

Determination of the cocrystal structure confirmed the importance for glu- 
tamine identity of nucleotides in the acceptor stem and anticodon. Substitution 
of these nucleotides affects primarily the kcat for aminoacylation (67), show- 
ing that these contacts are necessary to present the 3' end of the tRNA in the 
transition state. That substitutions at the anticodon have such large effects on 
kcat argues for long-range communication between the anticodon-binding and 
catalytic domains (Table III). 

In GlnRS (as well as GluRS and ArgRS), tRNA discrimination and adenyl- 
ate formation are linked at the first step of aminoacylation. Therefore, domain- 
domain communication is manifested not only in the dependence of kcat for 
aminoacylation, but also in the KM for glutamine. For example, a C35 ---> G sub- 
stitution in the anticodon resulted in a 30-fold decrease in kcat and a 20-fold 
increase in KM for glutamine (68). Likewise, an Arg341 -~ Ala substitution (in 
the anticodon-binding region of the protein) resulted in a nearly fourfold in- 
crease in the KM for glutamine, with no effect on kcat (68). The structural basis 
for this functional link was proposed to be a long two-stranded t-ribbon that ex- 
tends from the two t-barrels of the anticodon-binding domain that packs against 
the active-site KMSKS motif (66). In the presence of cognate tRNA Cln, this rib- 
bon may transmit a signal to the active site domain, resulting in a productive 
conformation for catalysis. 

TABLE I I I  
KINETIC CONSTANTS FOR AMINOACYLATION OF tRNA~ In 

VARIANTS BY E. coli GlnRS 

tRNA 

Relative 

KM kca t aminoacylat ion 

(/zM) (sec -1) (kcat/KM) 

U1 (wild-type) 0.15 0.2 0.95 

G1 a 0.66 0.92 1.0 

-U73 8.0 6.8 × 10 -3 6.0 x 10 -4 

-G38 3.0 6.0 x 10 - z  1.4 × 10 -2 

-U37 1.0 9.3 × 10 -3 6.6 x 10 -3 

-A36 6.0 5.0 × 10 -3 5.9 × 10 -4 

-C35 6.7 3.4 × 10 -4 3.6 × 10 -5 

-A34 2.5 6.5 × 10 -4 1.9 × 10 -4 

aGuanine substitution at the first position was a consequence of in vitro 
tRNA transcription using T7 RNA polymerase. 

From Ref. 67. 



332 REBECCA W. ALEXANDER AND PAUL SCHIMMEL 

Functional determinants for aminoacylation of yeast tRNA Asp by AspRS are 
located principally at the discriminator base (G73) and the anticodon (GUC) 
(69). The structure of the yeast tRNAASp:AspRS complex was determined (12, 70) 
and revealed that specific contacts are made between tRNA identity elements 
and AspRS. Nucleotide substitutions at the discriminator base and at the con- 
served core oftRNA ~p affected the KM of aminoacylation, likely due to removal 
of these required contacts. In contrast, substitutions at the anticodon were dom- 
inated by kinetic effects (69). For example, a G34C anticodon replacement 
increased KM only 4-fold while decreasing kcat 100-fold. Similar effects were 
observed at other anticodon positions (69). Clearly, nucleotides at the anticodon 
affect the orientation of the 3 t end of tRNA Asp and its presentation in the active 
site of the enzyme. 

The cocrystal structure indeed revealed conformational changes in the tRNA 
upon enzyme binding (12). The acceptor end of tRNA Asp maintained a regu- 
lar helical orientation (in contrast to the hairpin conformation of GlnRS-bound 
tRNACln), although a modest change was observed at the three terminal base 
pairs. More significant was a distortion of the anticodon loop upon AspRS bind- 
ing. The complexed tRNA ~p structure deviated from the free structure (71) 
beginning at base pair G30:U40, which seemed to act as a "hinge" point within 
the anticodon stem. In addition, the anticodon bases were unstacked upon com- 
plex formation. Recognition of these bases (three of the five identity elements 
within tRNA ~p) is provided by seven amino acids within the N-terminal domain 
of AspRS (70, 72). Further mutational data supported the notion of functional 
coupling between tRNA determinants, with substitutions at the discriminator 
and anticodon (G35/A73 tRNA Asp) resulting in cooperative losses in aminoacyl- 
ation efficiency (Fig. 10) (73). 

Several crystal structures of Thermus thervrurphilus SerRS have been deter- 
mined, in isolation and with various substrates or analogs. This dimeric class II 
enzyme has several novel features. For example, SerRS does not contact the 
anticodon oftRNA set. Instead, it recognizes the elongated variable arm though 
interaction with a helical motif at the enzyme's N terminus (74). Deletion of the 
N-terminal helical arm reduced the efficiency of aminoacylation 4 orders of mag- 
nitude relative to the full-length enzyme (75). Substitution of the long variable 
arm of type II tRNA set with a shorter type I tRNA loop reduced aminoacyla- 
tion 3 orders of magnitude (76). A comparison of the uncomplexed synthetase 
with the SerRS:tRNA se~ complex (which also contained a nonhydrolyzable seryl 
adenylate analog) demonstrated that the helical arm is more flexible in the ab- 
sence of cognate tRNA (77). Upon tRNA binding, this helical motif maximizes 
contacts with the variable arm and directs the acceptor stem into the active site 
for aminoacylation. 

The most dramatic structural change in SerRS upon tRNA s~r binding is a 
switch in the conformation of the motif 2 loop. Because SerRS binds only one 
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tor stem and U35 in the anticodon result in cooperative effects (69, 73). 

molecule of tRNA across the dimer interface, only one monomer has tRNA ser 
entering the active site, allowing direct comparisons between the tRNA-bound 
and unbound conformations. In the presence of ATP, or of the nonhydrolyzable 
adenylate analog, the loop adopts the previously observed "A conformation" 
(78), while tRNA binding induces a change to the "T conformation." These two 
orientations are mutually exclusive, stabilized by different interactions with the 
same set of conserved residues (77). In the absence of substrates, the motif 2 
loop is disordered (79), demonstrating that different enzyme conformations are 
sampled as the aminoacylation reaction proceeds. 

Indeed, other structural studies also identified conformational changes in 
AARSs, particularlyin the active site, at various stages in the aminoacylation reac- 
tion. As further examples, conformational changes in either tRNA or protein have 
been documented in complexes between T thermophilus LysRS and E. coli or 
T thermophilus RNA Lys (80), E. coli ThrRS and tRNA Th" (81), and E. coli AspRS 
and tRNA A~p (82); among others. Conformational changes were also predicted 
to occur upon adenylate formation in Bacillus stearothermophilus TrpRS (83). 
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The distortion of tRNA GIn upon E. coli GlnRS binding, which has already 
been discussed (63, 66), was the model for a general evaluation of the confor- 
mational dynamics of complexes between tRNAs and AARSs (84). This study 
used a Gaussian network model (GNM) to predict flexibility and cooperative 
motions of both tRNA and AARS. In agreement with crystallographic data, 
GNM predictions identified the anticodon and acceptor stems exhibiting the 
highest structural flexibility. Nucleotides in the D and T arms and variable 
loops were determined to play crucial roles in global hinge-bending motions 
(84). Furthermore, invariant nucleotides were most highly restricted, as were 
conserved protein residues of GlnRS. Regions of the enzyme that demon- 
strated significant mobility, in contrast, were involved in the recognition of 
substrates (84). 

Vh Communication by Conformational Changes 
in IRNA Studied in Solution 

Given the abundance of structural data amassed in recent years, there should 
be evidence in solution for conformational changes that occur within cognate 
complexes. Indeed structural and kinetic studies raised the possibility that, in 
many cases, tRNA bound to its cognate AARS adopts a conformation distinct 
from that of tRNA in isolation. In this connection, early temperature-jump ex- 
periments investigating the tRNASer-induced quenching of yeast SerRS fluores- 
cence showed at least two relaxation processes. The results were consistent with a 
bimolecular reaction between the cognate partners and a conformational change 
of the complex (85). Fast kinetic studies extended these observations, comparing 
cognate and noncognate interactions for E. coli TyrRS, yeast SerRS, and E. coli 
and yeast PheRS (86, 87). Together, the results led to the suggestion that tRNA 
discrimination occurs in two steps. In the first step, an AARS scans through 
many possible protein-tRNA interactions, transiently binding even noncognate 
tRNAs. This scanning occurs at diffusion-limited rates. In the second step, spe- 
cific contacts with the cognate tRNA result in conformational changes within 
the complex that trigger selective aminoacylation. A simplified view of this pro- 
posed mechanism would attribute KM contributions to the first step and keat 
contributions to the second, as these two parameters account for the specificity 
of aminoacylation (42). 

The conformational flexibility of tRNA A~p was evident in I2-footprinting 
experiments in the presence and absence of AspRS (88). Substitution of de- 
terminant nucleotides within the anticodon reduced protections within and 
outside of the anticodon loop, emphasizing the interdependence of contacts 
within the protein-RNA complex (88). This interdependence may correlate with 
long-range communication between anticodon and acceptor arms of tRNA A~P, 
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particularly considering that substitutions in the anticodon affect primarily the 
kcat parameter of aminoacylation (69). 

Although a cocrystal structure is not available for the MetRS system, com- 
parison of an early E. coli MetRS structure with the GInRS structure predicted 
that tRNA Met would adopt a conformation similar to that of tRNA Gin when in 
complex with its cognate enzyme (89). Thus, as the observed hairpin confor- 
mation of the tRNA Cln acceptor stem was necessary for the 3' end to reach the 
catalytic site for aminoacylation, such a distortion could be expected for tRNA Met 
as well. 

An evaluation oftRNAMa-derived microhelices determined that engineered 
destabilization at the first position of the acceptor stem resulted in enhanced 
aminoacylation by MetRS (90). A microhelix lacking the 5'-terminal nucleotide 
was aminoacylated at a rate 16-fold higher than the wild-type microhelix Met sub- 
strate. This enhancement corresponded to a reduction of 1.6 kcal/mol in the 
apparent free-energy barrier for transition-state formation. An enhancement 
of aminoacylation by IleRS was also observed for the 5'-truncated minihelix II~ 
construct (90). Although the engineered destabilization of the acceptor stem 

Met Ile increased the rate of aminoacylation of both the microhelix and minihelix 
substrates, addition of an anticodon stem-loop construct did not further en- 
hance aminoacylation. If a distortion at the 31 end of some tRNAs is a conse- 
quence of domain--domain communication, continuity of the tRNA backbone is 
essential. 

VII. Communication in Aminoacylation That Requires 
Covalent Continuity of Ihe tRNA Demonstrated 

by Functional Analysis 

A well-studied example is the aminoacylation by MetRS of RNAs that reca- 
pitulate the acceptor stem of elongator and initiator tRNAs Met. E. coli MetRS 
aminoacylates minihelices, microhelices, and duplexes with a catalytic efficiency 
that is reduced ~6 orders of magnitude relative to full-length tRNA Met (91, 92). 
Such aminoacylation is sequence-specific, with substitutions in the acceptor stem 
decreasing aminoacylation in ways quantitatively similar to the reductions seen 
in the full-length substrate (91). The decrease in catalytic efficiency (kcat/KM) 
is not primarily due to a binding defect (Fig. 11). Gel-electrophoresis bind- 
ing studies (93) determined that the apparent dissociation constant (Ka) for 
the MetRS:microhelix ~et interaction was decreased only ~20-fold compared to 

fMet fMet that for tRNA . Other microhelix constructs (either microhelix variants or 
microhelix nla substrates) bound with similar (or higher) affinities but were not 
methionylated by MetRS (48). Discrimination of the microhelix fMet substrate by 
MetRS therefore occurs in the transition state of catalysis. 
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Binding of an isolated anticodon stem-loop hairpin to MetRS was also ob- 
served by affinity coelectrophoresis, with a Kd only 2-fold weaker than that of 
the microhelix (48). The anticodon stem-loop mimic bound MetRS in a manner 
similar to its binding in the context of the full tRNA fMet, such that it was a com- 
petitive inhibitor of the tRNA ~et aminoacylation reaction (94). As stated earlier, 
addition of this anticodon stem-loop to the microhelix fMet aminoacylation reac- 
tion did not increase the efficiency of microhelix fMet charging (90). In some cases 
a slight increase in the rate of minihelix aminoacylation has been reported upon 
the addition of an anticodon fragment (55, 95), although the efficiency remained 
well below that of the corresponding full-length tRNA. Together, these results 
further suggested that efficient aminoacylation requires, at a minimum, com- 
munication that depends on covalent continuity between the acceptor stem and 
anticodon portions of tRNA. 

VIII. Domain Communication in Editing 

The ability of an AARS to discriminate between cognate and noncognate 
amino acids is limited primarily to binding interactions, and is more difficult 
when two substrates have similar structures. For example, valine differs from 
isoleucine by a single methylene group, while threonine and valine are isos- 
teric. IleRS and ValRS, respectively, differentiate these noncognate from cognate 
amino acids using editing functions that are distinct from their aminoacylation 
activities. A "double-sieve" mechanism is thought to ensure amino acid selec- 
tivity (96). In the first sieve, amino acids larger than the cognate substrate are 
excluded from the catalytic active site, while smaller noncognate amino acids 
bind and are then hydrolyzed at a second active site for editing. This hydroly- 
sis occurs either before (pretransfer) or after (posttransfer) attachment of the 
noncognate amino acid to tRNA (97). In the case ofE. coli IleRS, misactivation 
of valine occurs at a rate approximately 1/180 that of isoleucine activation (36), 
but the tRNAne-dependent editing reaction ensures that misincorporation of 
valine at isoleucine codons occurs with a frequency of less than i in 3000 (98). 

IleRS • (Val-AMP) + tRNA Ile ~ IIeRS • (Val-AMP). tRNA TM ~ IleRS • (Val-tRNA Ile) + AMP 

$ Pretransfer editing $ Posttransfer editing 

IleRS + Val + AMP + tRNA Ile IIeRS + Val + AMP + tRNA Ile 

Biochemical and genetic studies showed that aminoacylation and editing 
functions of IIeRS are contributed by distinct domains (35, 36, 99). A sin- 
gle mutation (Gly56 ~ Ala) in the IleRS catalytic site decreased discrimina- 
tion for isoleucine over valine in the amino acid activation step (36). However, 
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posttransfer editing of Val-tRNA Ile was unaffected by this mutation within the 
catalytic core. The location of the editing activity was identified by crosslinking 
a reactive analog of valine-misacylated tRNA ne (N-bromoacetyl-Val-tRNA Ile) 
to IleRS (35). The misacylated analog crosslinked to connective polypeptide 1 
(CP1, Fig. 4), an insertion that splits the catalytic domain between the third 
and fourth/~-strands of the Rossmann fold (35, 100). In contrast, the reactive 
Ile-tRNA Ile analog crosslinked only to the active site. The structural and func- 
tional independence of the editing site was demonstrated by expression of the 

Ile isolated CP1 domain, which efficiently deacylated Val-tRNA (99). Mutation 
or deletion of conserved residues within the CP1 domain severely diminished 
the editing activity of IleRS (34, 101-103). 

High-resolution crystal structures of IleRS from T. thermophilus (101) and 
Staphylococcus aureus (104) demonstrated that the structural domains are phys- 
ically separate. The structure of T. thermophilus IIeRS showed isoleucine bound 
to the conserved active site domain within the Rossmann fold. Valine bound 
to both the active site (for aminoacylation) and a second site within CP1. The 
editing and aminoacylation active sites are at least 25 A apart (101,104), neces- 
sitating long-range communication between the active site and editing domains 
for efficient amino acid discrimination. 

In parallel with the distinct domains responsible for aminoacylation and 
editing activities of IleRS, RNA determinants for the two functions are sepa- 

Ile rate. The anticodon of tRNA is a major identity element for aminoacylation 
by IleRS (51, 53). Small RNA substrates (minihelices and microhelices) of 

Ile tRNA are aminoacylated (albeit inefficiently) in a sequence-specific manner. 
Thus, determinants for isoleucinylation are also contained in the acceptor stem 
(55, 90). In contrast, nucleotides in the D loop of tRNA Ile trigger the editing 
reaction of IIeRS (Fig. 12) (105-107). Replacement of G16, D20, and G21 with 
their tRNA wl counterparts abolished the editing response in the presence ofva- 
line and tRNA he. However, these substitutions had no effect on aminoacylation 
with isoleucine (105). Each of the three nucleotides contributed to the editing 
response, because any substitution at these positions adversely affected the edit- 
ing activity (106). 

Substitutions in the D loop of tRNA ne that affect editing do not decrease 
binding to IleRS, as determined by gel retardation assays (106). Indeed, the 
D loop is thought not to make contact with IleRS, as nucleotides essential for 
editing are not protected from chemical modification in the presence of the 
enzyme (53). A conformational change in tRNA n~, mediated by nucleotides in 
the D loop, may be responsible for inducing editing by IleRS. Furthermore, this 
conformational change must involve a form of domain-domain communication. 
For example, when a minihelix is mixed with the D loop-containing domain of 
tRNA he, no editing of misactivated adenylate occurs. Thus, covalent continuity 
of the tRNA is required for the domain-domain communication. 
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acylation by IleRS are circled (53), while those required for IleRS editing activity are boxed (105). 

The crystal structure of S. aureus IIeRS with bound tRNA Ile (and the an- 
tibiotic mupirocin) revealed an editing complex structurally distinct from the 
expected catalytic conformation. Although the 3 p end oftRNA ne was disordered, 
the remaining structure dictated that the acceptor terminus be an A-form helix 
that makes a direct path into the editing active site (104). In contrast, compar- 
ison of the structures of uncomplexed IleRS (101) and a tRNACln:GlnRS com- 
plex (63) predicted that the 3' end of tRNA II~ must be distorted to access the 
catalytic active site for aminoacylation (Fig. 13). Other tRNAne:IleRS contacts 
were different from those predicted to occur in the catalytic complex. For ex- 
ample, within the class I-conserved K595MSKS peptide, the backbone amide of 
Lys 595 and the backbone carbonyl of Gly 593 bound to the tRNA backbone, 
stabilizing the extended conformation of the 3' end (104). The KMSKS sequence 
of the ligand-free IleRS was in a different conformation, suggesting that tRNA 
binding induced the structural change. 

Other evidence suggested a tRNA-induced conformational change in 
IleRS leading to editing. A DNA aptamer able to trigger hydrolysis of VaI-AMP 
demonstrated that editing could be achieved independently of aminoacylation 
(108). The DNA aptamer lacked the terminal 2'-OH necessary for aminoacyla- 
tion by IIeRS and previously thought to be required as a "tentative acceptor" in 
the editing reaction (109, 110). The aptamer could not be folded into a tRNA- 
like structure and bore no particular sequence similarity to tRNA II~ (108). A 
reactive aptamer crosslinked to the CP1 region of IleRS (111). 
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FIG. 13. Translocation between catalytic and editing sites in two systems. The 3 t end of DNA 
lies in the polymerase active site for replication and shifts to the exonuclease site for removal of 
misincorporated nueleotides. Similarly, the 3 r end of tRNA translocates between the IIeRS catlytic 
and editing sites. However, it is not clear whether this mechanism can explain pretransfer editing, 
where the misactivated adenylate shuttles from the active site to the editing site. Reprinted with 
permission from Ref. 104. Copyright 1999 American Association for the Advancement of Science. 

Editing of  misactivated amino acid (whether isolated or attached to tRNA) 
requires two steps: translocation to the editing site and chemical hydrolysis. En-  
ergy transfer experiments using a fluorescent analog of  ATP demonstrated that 
translocation is the rate-limiting step for editing (103). Furthermore,  D-loop 
nucleotides G16, D20, and D21 are important  for translocation. Substitution 

A Ile ' n e 1 1 o f  these nucleotides within the context o f  tRN did ot affect th hydro ys's 
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of misacylated Val-tRNA ne (106). A minihelix ne (which lacked the D-loop de- 
terminants for editing) was misacylated with valine because of a defect in the 
translocation step (107). The efficiency of the DNA aptamer described above 
may lie, therefore, in its ability to trigger the translocation step of pretransfer 
editing and properly position the adenylate for enzyme-catalyzed hydrolysis. 

IX. Role of Induced Fit 

Together, the confomational changes observed in both AARS and tRNA com- 
ponents of the aminoacylation and editing reactions suggest that domain-domain 
communication proceeds through an induced-fit mechanism. As proposed by 
Koshland (112, 113), induced fit occurs when binding of a substrate causes a 
conformational change in the enzyme to align the catalytic groups properly. In 
RNA-protein complexes, structural changes are often seen in both protein and 
RNA components upon binding (114). For example, the U1A protein regulates 
its polyadenylation by binding a loop in the 3'-untranslated region (UTR) of 
its mRNA. Upon binding, the C-terminal helix of U1A swings away from the 
face of the protein to allow close contacts with the mRNA loop. The RNA loop 
also shows altered nucleotide stacking interactions, demonstrating the mutually 
induced fit of the complex (115). Ribosomal proteins also have been shown to 
bind RNA (either rRNA or their own mRNA) through a mutually induced fit 
mechanism (114). 

Similarly, most conformational changes observed upon AARS:tRNA com- 
plex formation occur in both protein and RNA components. In addition to the 
examples cited above, several additional cases can be cited. These include exam- 
pies from structural analysis as well as investigations in solutions. A comparison 
of the tRNAer°-bound ProRS (from T. thermophilus) with its unbound coun- 
terpart indicated conformational flexibility in the isolated enzyme (116). Most 
significant was a hinge movement of the anticodon-binding domain in relation 
to the catalytic domain. Also, several loops near the active site were less tightly 
constrained in the absence of small substrates (either prolyl adenylate or a non- 
hydrolyzable analog). In contrast, the/%sheet making up the catalytic core of the 
enzyme was rigid even in the isolated enzyme, as was the C-terminal zinc-binding 
domain (116). 

The tRNA Pr° in complex with ProRS was bound in a noncatalytic orienta- 
tion, as the acceptor end was disordered and not in the enzyme active site (116). 
The only enzyme-tRNA contact was at the anticodon, which was distorted rela- 
tive to the structure of uncomplexed tRNA Pae. An active ProRS:tRNA Pr° com- 
plex was modeled based on the crystal structure of the closely related class 
IIa ThrRS:tRNA ~ complex from E. coli (81). In order for the acceptor stem 
of tRNA P~° to reach the ProRS active site, a significant change in the tRNA 
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tRNA pr° 

FIG. 14. Structural comparison of tRNA TM and tRNA rr° in enzyme-bound conformations. 
Top: tRNA TM superimposed on Thermus thermophilus ProRS:tRNArr°:ProAMS ternary complex 
(116). The two monomers of ProRS are outlined in gray and black, and the tRNA l'r° backbone 
is black. ProAMS, a nonhydrolyzable prolyl adenylate analog, is located in the enzyme active site. 
The position of tRNA TM (gray) is that from its complex with E. coli ThrRS (81), with the catalytic 
domains of ThrRS (not shown) and ProRS aligned. The ThrRS:tRNA TM complex is in a catalytically 
productive conformation, while the 3 ~ end of tRNA l'r° (black) is disordered and would require a 
significant conformational change to reach the enzyme active site. Bottom: The overall conformations 
of enzyme-bound tRNA TM and tRNA l'r° are similar, except at the anticodon loops. Figure kindly 
provided by Dr. Stephen Cusack. 

conformation was demonstrated to be necessary (Fig. 14). This may be the re- 
sult of a reorientation of the anticodon-binding domain relative to the catalytic 

Pro domain or of other protein-induced changes in the tRNA structure, perhalps 
upon adenylate formation (116). Thus the catalytically active ProRS:tRNA r~° 
complex differs structurally from its isolated components. 

The recent structure of the ternary yeast ArgRS:tRNAarg:L-arginine complex 
provides further insight into conformational changes leading to domain-domain 
communication (117). Comparison with the "tRNA-free" yeast ArgRS structure 
(118) revealed significant distortions in the anticodon loop and acceptor end 
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of tRNA n~g, as has been seen for other enzyme-bound tRNAs (63, 81,116). 
Recognition of the anticodon loop by ArgRS involves formation of a bulge at 
A38, intercalation of A37 into the last base pair of the anticodon stem, and 
the splaying out of anticodon bases U33, 134, and C35. Conserved residues in 
the ArgRS anticodon-binding domain stabilize this conformation of the loop. 
For example, all ArgRS sequences end in methionine, which is Met 607 in the 
yeast enzyme. This methionine interacts with G36 and A38 in the distorted 
conformation of the loop. 

The 3' end of tRNA nrg forms a hairpin structure to access the catalytic site 
of the enzyme, similar to that previously observed for enzyme-bound tRNA Gin 
(63). However, the molecular mechanisms used are different in each case. The 
terminal base pair (qJ 1:A72) of tRNA xrg remains paired, and the hairpin is sta- 
bilized by enzyme interactions with C74 and A76. 

Communication between the anticodon-binding and catalytic domains of 
yeast ArgRS is mediated through conformational changes in two helices (H15 
and H6) that link together the domains. A helix (H15) encompassing Phe 417 to 
Lys 435 forms one side of the pocket recognizing G36 and G38, and is confor- 
mationally altered upon tRNA binding. Structural changes in helix H15 induce 
changes in the class I HIGH and KMSKS signature peptides (in yeast ArgRS the 
corresponding residues are H159AHG and M408STR). Thus, upon tRNA binding, 
the MSTR loop flips and the helix (H6) containing HAHG moves to produce a 
more open active site. This may be the structural basis for ArgRS's requirement 
for tRNA nrg binding prior to aminoacyl adenylate formation. 

Furthermore, comparison of the binary complex (lacking arginine) with the 
ternary complex revealed that amino acid binding triggers the proper orienta- 
tion of the tRNA CCA end. When arginine is bound, the conserved Tyr 347 
interacts with both the amino acid and the adenine ring of A76, continuing the 
stacking interaction of A76 and C75 in the hairpin conformation. In the absence 
of arginine, Tyr 347 is hydrogen-bonded to the carbonyl of Trp192 and does 
not contact A76. In the binary complex, therefore, the tRNA CCA end is dis- 
ordered, and the position of G73 suggests that the acceptor stem maintains its 
helical conformation rather than forming the productive hairpin structure. Thus, 
both tRNA arg and arginine binding induce conformational changes that result in 
a catalytically competent conformation of ArgRS. These changes are mediated 
by the long helix H15 that serves as a structural link between anticodon-binding 
and active-site domains, and by conserved residues in the active site that are 
conformationally flexible (117). 

Experimental evidence suggests that some substrate binding energy may be 
used to disrupt the AARS and/or tRNA conformation, as predicted by 
Fersht (97). For example, comparison of the crystal structures of ligand-free 
B. stearothermophilus TyrRS and its tyrosyl adenylate complex revealed a con- 
formational change in the enzyme active site upon adenylate formation (119). 
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Kinetic studies of TyrRS mutants evaluated the energy levels of the reaction in- 
termediates to predict how particular residues interact with components of the 
activation step (tyrosine, ATP, the transition state, adenylate-PPi, and adenylate) 
(120). This analysis revealed that Lys 82, Arg 86, Lys 230, and Lys 233 interacted 
with the transition state of activation, despite their distance from the active site 
in the crystal structure of the free enzyme. Indeed, these residues were localized 
to two flexible loops in the catalytic domain (119). In an induced-fit mechanism, 
the loops were proposed to wrap around the pyrophosphate portion of ATP upon 
tyrosine binding, then open again once the adenylate was formed (120). 

Binding energies for the acceptor helix and anticodon arms of tRNA fMet in 
complex with MetRS have been determined based on affinity coelectrophoresis 
analysis (93). The sum of free energies of binding for the two arms was much 
higher (by 7 kcal/mol) than for the full-length tRNA fMet. Much of this difference 
may be the cost associated with distorting the tRNA upon binding to MetRS. 
Furthermore, binding and activation energies were compared for microhelix fMet 
and tRNA fMet. Whereas the difference in apparent free energy of activation was 
calculated to be 9.2 kcal/mol, binding differed by only 1.9 kcaYmol (48). For 
the more active tRNA substrate, then, some or all of the energy cost associ- 
ated with strain of the tRNA upon binding may result in a conformation of the 
enzyme:tRNA complex that more closely resembles the transition state of catal- 
ysis. This may be manifest in the elevated keat for aminoacylation of tRNA fM~t 
(compared to the microhelix) because of the reduced activation energy barrier 
(48). A portion of this reduction was achieved by engineering a destabilization 
in the acceptor stem of microhelix fM~t (90). 

Additionally, mutations of MetRS in two of the helices known to be involved 
in anticodon binding showed that induced fit of tRNA fMet could be interrupted 
without affecting adenylate formation, microhelix aminoacylation, or anticodon 
binding (50). Alanine substitutions at Asn 387 and Asn 452 resulted in a variant 
enzyme with significantly decreased binding and aminoacylation of tRNA fMet. 
Yet the microhelix and anticodon arms in isolation bound the double mutant with 
affinities approximately equivalent to those with the wild-type enzyme, as evi- 
denced by identical microhelix aminoacylation rates and inhibition of tRNA fMet 
aminoacylation by anticodon stem-loop helices, respectively (50). Amino acids 
in a domain distinct from the catalytic core reduced aminoacylation because the 
binding energies of the individual tRNA arms could not be converted into the 
conformational change necessary to produce the active AARS:tRNA complex. 

As described above, residues in the C-terminal half of E. coli MetRS are 
responsible for recognition of the CAU anticodon of tRNAs Met. A genetic study 
showed that several residues in the anticodon-recognizing helix-loop peptide 
(Lys 439 to Gly 468) could be substituted with little effect on enzyme activity, 
while a small number of residues (Asn 452, Arg 453, Pro 460, Trp 461, and 
Lys 465) were invariant (121, 122). Molecular dynamics simulations carried out 
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on both active and inactive variants of the peptide demonstrated that inactivity 
correlated with increased flexibility of the peptide (49). This result suggested that 
the difference between inactive and active variants of the enzyme (in some cases 
differing by a single residue) was the result of the increased energy required to 
constrain the RNA-binding region of the protein. If indeed induced fit is utilized 
in AARS:tRNA complex formation, fixation of the residues at the tRNA binding 
site may reduce the entropic cost of the induced-fit mechanism. 

Induced fit has been demonstrated for other tRNA-binding enzymes. Methi- 
onyl-tRNA formyltransferase (MTF) is essential for generating the formylated 

fMet version of Met-tRNA recognized as the initiator tRNA in bacterial and 
organellar protein synthesis (123). The crystal structure of E. coli MTF re- 
vealed its domain organization, with an N-terminal domain highly homologous 
to glycinamide ribonuclotide formyltransferase, another formylating enzyme. 
The C-terminal domain of MTF was proposed to make nonspecific contacts 
with tRNA ~et. As with some AARSs, the two domains of MTF are linked by 
a peptide loop (124). The peptide was flexible enough to be disordered in the 
crystal structure, and was susceptible to protease cleavage in the absence of 
tRNA. In contrast, formation of an active complex between MTF and tRNA fMet 
protected the peptide loop from cleavage (125). Protection did not occur when 
the complex contained mutations (in either MTF or tRNA ~et) known to in- 
hibit formylation. Apparent dissociation constants of the variant MTF:tRNA fMet 
complexes were largely unchanged relative to interaction between wild-type 
components, demonstrating again that specificity is achieved at the catalytic 
(rather than binding) step. A cocrystal structure of the complex between MTF 
and fMet-tRNA fMet revealed that tRNA binding did indeed cause a conforma- 
tional change in the peptide linker (126). In the case of MTF, therefore, catalysis 
is achieved through an induced-fit mechanism in which tRNA is the activating 
substrate. Binding of AA-tRNA has also been proposed to trigger a conforma- 
tional change in the decoding center of 16S ribosomal RNA, in an induced-fit 
mechanism for substrate selection at the ribosome (127). 

X. Conclusion 

One oft_he key early questions in the investigation of the aminoacylation re- 
action was the tRNA identity elements recognized by individual AARSs. Much 
has been worked out in this area through genetic, chemical, and kinetic studies 
(45, 128). Strides have also been made in structure determinations, such that 
comparisons of ligand-free and liganded AARSs can be compared, as can iso- 
functional enzymes from different organisms. One outstanding challenge is a 
detailed description of the molecular mechanism of aminoacylation and editing. 
This will require further structural studies, including descriptions of enzymes 
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in the presence o f  substrates, transition-state analogs, and inhibitors. But it is 
important  also to revisit some of  the early kinetic work that sought to understand 
tRNA discrimination on a fast t ime scale (85-87) .  With the tools and techniques 
now available, comparisons of  structural changes occurring in the presence of  
cognate, noncognate,  and near-cognate tRNAs (including tRNA pieces) may fur- 
ther  enlighten the basis for domain--domain communicat ion in AARSs. Finally, 
because these enzymes are intimately linked to the origin of  life, the evolution 
o f  tRNA synthetase structure remains an important  problem for the future. 
This evolution is inseparable from consideration of  the evolution of  tRNA and 
the full development  of  the universal genetic code. During this long evolution, 
domain--domain communicat ion played an essential role. 
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