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ABSTRACT: The genetic code is based on the aminoacylation of tRNA with amino acids catalyzed by the
aminoacyl-tRNA synthetases. The synthetases are construcied from discrete domains and all synthetases possess
a core catalytic domain that catalyzes amino acid activation, binds the acceptor stem of tRNA, and transfers the
amino acid to tRNA. Fused to the core domain are additional domains that mediate RNA interactions distal to the
acceptor stem. Several symnthetases catalyze the aminoacyldtion of RNA oligonucleotide substrates that recreate
only the tRNA acceptor stems. In one case, a relatively small catalytic domain catalyzes the aminoacylation of
these substrates independent of the rest of the protein. Thus, the active site domain may represent a primordial
synthetase in which polypeptide insertions that mediate RNA acceptor stem interactions are tightly integrated with
determinants for aminoacyl adenylate synthesis. The relationship between nucleotide sequences in small RNA
oligonucleotides and the specific amino acids that are attached to these oligonucleotides could constitute a second

genetic code.
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I. INTRODUCTION

The aminoacylation of transfer RNA is cata-
lyzed by the aminoacyl-tRNA synthetase family
of enzymes (for earlier reviews, see References
11, 58, 60, 81, 85, and 95). The fidelity of the
translation machinery is dependent on the inser-
tion of the correct amino acid in a growing
polypeptide chain. This is achieved in part through
precise base pairing between the mRNA codon
and tRNA anticodon. The tRNA synthetases, by
virtue of catalyzing the specific aminoacylation
of only their cognate tRNAs, provide the critical
link between amino acids and the anticodon tri-

nucleotide. The matching of tRNAs with amino

acids by synthetases biochemically establishes the

genetic code.

The synthetase-catalyzed aminoacylation of

tRNA is a two-step reaction:

Enzyme + ATP + amino acid===Enzyme(aminoacyl)-

AMP + PP, [Adenylate synthesis]

Enzyme(aminoacyl)-AMP + t(RNAT=— Aminoacyl-

tRNA + AMP + Enzyme [Aminoacylation]

In the first step, the amino acid is activated by
reaction with ATP to form the enzyme-bound
aminoacyl adenylate (adenylate synthesis). In the

"second step, the tRNA-dependent step, either the

2’- or 3’-hydroxyl group at the 3’-end of the tRNA
is esterified with the amino acid. With one or two
exceptions, adenylate synthesis does not require
the presence of the tRNA and can be assayed
separately. Thus, aminoacyl adenylate synthesis
is, to some degree, functionally independent from
transfer of the activated amino acid to tRNA.

There is generally only one synthetase for
each amino acid; however, because of the degen-
eracy of the genetic code, there can be several
tRINA isoacceptors for an amino acid. All tRNAs
adopt a similar L-shaped tertiary structure (Fig-
ure 1).4563767185 Two domains are present in
this structure: one consists of the acceptor-
TYC stem and loop and the other is comprised
of the D-anticodon stem and loop. Structural fea-
tures within these domains provide the basis for
discriminating a set of isoacceptors from
noncognate tRNAs.
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FIGURE 1. The L-shaped tertiary structure of trans-
fer RNA with two domains formed from the four stems
of the cloverleaf secondary structure. The domain com-
prising the acceptor stem and TWC stem and loop is
darkly shaded and is designated as the minihelix (see
Figure 2); the domain comprising the D-stem-loop and
anticodon stem loop is lightly shaded.

The anticodon is a logical choice for this
discrimination because, for all but tRNAS*, at
least one anticodon nucleotide is unique to the
isoacceptor tRNAs for each amino acid.®® There
are no anticodon nucleotides common to all five
tRNASe isoacceptors. In the complex with
tRNASer, serine tRNA synthetase (SerRS*) does
not contact the anticodon,!”% so that the relation-
ship between the amino acid and the six serine-
trinucleotide codons is indirect. The two tRNAA®
isoacceptors that read the four GCX codons for
alanine, however, share a unique GC anticodon
dinucleotide that distinguishes these tRNAs from
all others. In spite of the potential to discriminate
alanine from other tRNAs based on the GC di-
nucleotide, AlaRS does not contact the anticodon
of tRNAA= % Thus, the amino acid-trinucleotide
relationship for alanine also is not a direct one.
These observations and considerations suggest
that nucleotide sequence-amino acid relationships
different from the ones specified by the genetic
code may, in general, underlie the molecular rec-

*  The aminoacyl-tRNA synthetase for a particular amino
acid is abbreviated by the three letter abbreviation for
the amino acid followed by the letters RS, for example,
serine tRNA synthetase is abbreviated SerRS.
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ognition of tRNAs by aminoacyl-tRNA syn-
thetases. These relationships have been referred
to as the second genetic code,?0-5%83

The discernment of relatively weak, but sig-
nificant, sequence homologies between the syn-
thetases, together with detailed three-dimensional
structural information, is bringing clarification to
synthetase active site and domain organization.
We discuss here some of the implications of these
data for the aminoacylation of acceptor stem oli-
gonucleotides and the concept of a second genetic
code. In particular, our focus is on whether syn-
thetases evolved from primitive systems in which
core catalytic domains activated amino acids and
charged small RNA molecules that subsequently
became the acceptor stems of contemporary
tRNAs. In such systems, interactions with accep-
tor stem nucleotides would be integrated as part
of the active site and, as explained later, this
design appears to have been achieved in part by
the insertion of specific amino acid sequences
into the catalytic domain. As the synthetases and
tRNAs evolved, additional domains, perhaps id-
iosyncratic to each enzyme, were apparently added
to enable interactions with more distal parts of the
tRNA structure.

Il. RNA MINIHELICES

Nucleotide sequences that specify particular
amino acids are located in the tRNA acceptor
stems, proximal to the amino acid attachment
site. For alanine tRNAs, a single G3:U70 base
pair in the acceptor stem is a major determinant of
aminoacylation with alanine,**¢” and the adjacent
G2:C71 base pair and A73 “discriminator” nucle-
otide have strong influence on aminoacylation
efficiency.’>#:%0 The G3:U70 base pair is unique
to alanine tRNAs®* and, therefore, can provide
the basis for distinguishing tRNAA® from other
tRNAs.8 Transfer of this base pair into other
tRNA frameworks, including Escherichia coli
tRNACr 34 {(RNAFPRe 3451 and tRNADT35 confers
alanine acceptance.

The importance of the G3:U70 base pair in
the acceptor stem of tRNAA"2 suggested the con-
struction of small RNA helices incorporating only
the acceptor-TWC stem and loop of tRNAA® (Fig-
ure 2).248 This minihelix, as well as a 7-bp hair-
pin acceptor stem microhelix? and RNA duplexes
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FIGURE 2. Sequences of an RNA minihelix and
tetraioop that are based on the sequence of the accep-
tor stem of tRNA*2, The G3:U70 base pair that is
essential for aminoacylation with alanine is boxed and
shaded.

that comprise complementary single strands con-
taining only acceptor stem nucleotides,® is spe-
cifically aminoacylated with alanine, provided
it encodes the G3:U70 base pair. In an attempt to
obtain the minimal structure for aminoacylation,
the stabilizing RNA tetraloop motif found in ribo-
somal RNAs!® was incorporated into helices con-
sisting of only the first 4 bp of the acceptor stem
(Figure 2). These helices, which terminate at the
3’-end in the single-stranded ACCA, demonstrated
G3:U70-dependent aminoacylation with alanine.%

Activity for sequence-specific aminoacylation
of RNA acceptor stem oligonucleotides, in addi-
tion to E. coli AlaRS, has now been reported for
E. coli glycine,?® histidine,” methionine,*® and
yeast valine?’ tRNA synthetases; additional re-
ports are anticipated. For E. coli GlyRS, the
C2:G71 base pair and U73 are essential for
aminoacylation,? and these three nucleotides are
unique to E. coli glycine tRNAs.% Histidine tRNAs

have an extra nucleotide at the 5’-end that is unique,
and this nucleotide (a G in E. coli tRNAH®) js
essential for aminoacylation.?3263! In all of these
examples, aminoacylation of the full-length tRNA
is more efficient than that of the acceptor stem
model substrate but, at least for alanine, glycine,
and histidine aminoacylation, the acceptor stem
contributes more than the rest of the tRNA struc-
ture to the overall efficiency of aminoacylation.26:#
For methionine and valine tRNA synthetases, the
anticodon is an important determinant of
aminoacylation specificity.®® However, the se-
quence-specificity of aminoacylation of acceptor
stem substrates by these enzymes?-* demonstrates
that, even when anticodon interactions are impor-
tant for aminoacylation efficiency, there is still a
relationship between acceptor stem sequences and
specific amino acids.

Iil. SYNTHETASE CLASSIFICATION AND
DOMAIN STRUCTURE

The aminoacyl tRNA synthetases are widely
diverse in primary structure, oligomeric state, and
subunit size. Quaternary structures are o, 0., 00,3,
and o, and subunit sizes in E. coli rarige from
329 to 951 amino acids.’®8!85 Relatively little
sequence homology between the synthetases is
superficially apparent, but careful primary se-
quence comparisons have placed the synthetases
into two distinct classes of ten enzymes each.!®?!
This classification is based on relatively short
sequence motifs held in common by the members
of each class and by the assignment of these
motifs to specific secondary structures within the
enzymes. It has not been possible to locate re-
gions of similarity across the two classes, and
there is no example of a ““class-switch” in evolu-
tion. These observations indicate that the separa-
tion into two classes occurred early.

A. Class | Synthetases

Class I enzymes (ArgRS, CysRS, GIluRS,
GInRS, TleRS, LeuRS, MetRS, TyrRS, TrpRS,
and ValRS) are principally monomeric, appear to
catalyze the attachment of the amino acid to the
2’-hydroxyl at the 3’-end of the tRNA,?! and share
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both an 11 amino acid signature sequence that
ends in the HIGH tetrapeptide*®!1% and a con-
served KMSKS pentapeptide.!!” Both sequence
motifs are found within the N-terminal region,
and the HIGH signature sequence always pre-
cedes the KMSKS pentapeptide in the se-
quence. 160

Crystal structures of three class I enzymes
have been determined: TyrRS,” GInRS,” and a
large, active N-terminal tryptic fragment of
MetRS. 2 In each of these structures, the active site
is in the N-terminal region that contains the class
I sequence motifs and a topologically conserved
domain built around a classic Rossmann nucle-
otide-binding fold with alternating o-helices and
B-structure that forms a five-stranded parallel
B-sheet. The HIGH signature sequence is located
in a loop that follows the first B-strand of the
dinucleotide fold. The conserved histidines in this
motif make contact with the phosphates of bound
ATP?” and the aminoacyl adenylate intermedi-
ate.’> The KMSKS motif is in a loop following a
[B-strand in the second half of the nucleotide fold.
The second invariant lysine of this motif has been
proposed to be involved in stabilization of the
transition state leading to the aminoacyl adeny-
late intermediate.”*”® The importance of active
site residues in discriminating between amino acids
has been evaluated for TyrRS.>??

The class I enzymes can be divided into three
subclasses.!! All of the class I synthetases contain
an insertion of variable size (connective polypep-
tide 1 (CP1)) between the two halves of the nucle-
otide-binding fold. In GInRS, this insertion (amino
acids 100 to 210) occurs at a break between the
o,B; and o,P, halves of the nucleotide-binding
fold. Sequence-specific contacts with the accep-
tor stem of bound tRNAC"in the GInRS-tRNAGH
complex are mediated by this insertion (see the
following).” The MetRS subclass (MetRS, LeuRS,
HeRS, ValRS, and CysRS) contains a second
connective polypeptide (CP2) after the first
B-strand of the second half of the nucleotide-
binding fold.!! In the GInRS subclass (GInRS,
GIuRS, and TrpRS), CP2 is found between the
second and third B-strands of the second half of
the active site fold, and in the TyrRS subclass
(TyrRS and ArgRS), CP2 is not present. In the
TyrRS subclass, amino acids at the N-terminal
end of the active site domain form the outermost
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B-strand of the second half of the nucleotide-
binding fold.!! In the two other subclasses, the
outermost B-strand of the fold is contributed by
the sequence at the C-terminal end of the fold.

B. Class Il Synthetases

The class II synthetases (AlaRS, AsnRS,
AspRS, GIlyRS, HisRS, LysRS, PheRS, ProRS,
SerRS, and ThrRS) have greater variability in
size and quaternary structure than the class I en-
zymes. They appear to catalyze aminoacylation at
the 3’-hydroxyl and are characterized by three
highly degenerate sequence motifs (Figure 3).!9%!
In the dimeric class II enzymes, motif 1 is in-
volved in formation of the dimer interface and
consists of an a-helix followed by a short
B-strand.®® The o-helix of one subunit makes
contact with the corresponding helix in the other
subunit. A comparable motif in the tetrameric
glycine, alanine, and phenylalanine enzymes has

Non-conserved Insertion

To Amino Terminus

Motif 1

Motif 2

Variable Loop

Non-conserved Insertion

FIGURE 3. Schematic representation of the seven-
strand antiparallel B-sheet motif as found in the active
site domains of class |l yeast AspRS® and E. coli
SerRS.'® Dark arrows indicate B-strands, and the ap-
proximate positions of three helices are indicated by
heavy lines. The locations of the conserved class i
sequence motifs are boxed and shaded. The three
B-strands and the o-helix of the polypeptide insertion
between motifs 2 and 3, which are topologically con-
served in AspRS and SerRS, are enclosed by dotted
lines, and the locations of two topologically non-
conserved regions within this insertion also are indi-
cated. In addition, the variable loop between the two
B-strands of motif 2 that contacts the acceptor stem in
the AspRS-tRNAA* complex is labeled.
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not yet been identified. Motifs 2 and 3 are located
in the C-terminal region of the class II enzymes
(with the exception of GlyRS and AlaRS, where
they are in the N-terminal domain), and motif 2 is
always on the N-terminal side of motif 3.

In the crystal structures of AspRS?* and
SerRS,!® the active site is formed by a seven-
stranded antiparallel B-sheet structure that is
flanked by three a-helices (Figure 3). This active
site architecture is conserved among the class II
synthetases. Motif 2 contributes two of the active-
site antiparallel B-strands, whereas motif 3 con-
tributes a B-strand and an o-helix. The conserved
arginine of motif 2 contacts bound ATP.!7 A vari-
able loop of 10 to 18 amino acids located between
the two B-strands of motif 2 makes sequence-

“specific contacts with the acceptor stem of bound

tRNAA* in the AspRS-tRNAA® complex (see the
following).5%8¢ Additional insertions that are of
varying size are found between motifs 1 and 2 and
between motifs 2 and 3 (Figure 3).

The class IT synthetases have been divided
further into two subclasses whose members are
more closely related in primary sequence to each
other than to the enzymes of the other subclass.!*5°
Subclass 2a contains the enzymes for serine, threo-
nine, proline, and histidine. These enzymes are
likely to be structurally most closely related to
SerRS.? Subclass 2b, composed of the aspartic
acid, asparagine, and lysine enzymes, is repre-
sented by the structure of yeast AspRS. Sequence
similarities between the members of each sub-
class extend beyond the conserved motifs and
include insertions within, as well as extensions
on, both the N- and C-terminal sides of the active
site domain. These insertions may be related to
similar modes of tRNA binding.!® The tetrameric
class II enzymes do not fall cleanly into either
subclass. They include AlaRS (o.,), which is sug-
gested to be more related to subclass 2a than to
2b, and the o3, PheRS and GlyRS, which are
suggested as likely members of subclass 2b."

In addition to the core active site domain,
synthetases in each class contain discrete domains
that bear little or no structural similarity to each
other. For example, following the nucleotide-bind-
ing fold domain of class I GInRS, a helical
subdomain and then a large B-barrel domain oc-
cur in the C-terminal region of the enzyme.” The
B-barrel domain makes sequence-specific con-

tacts with the tRNASR® anticodon.” In class I
MetRS, however, an o-helical domain on the
C-terminal side of the active site domain interacts
with the anticodon.®28559 Similar examples can
be found in the class II synthetases: yeast AspRS
has an N-terminal B-barrel-like domain,®® but
SerRS has an unusual antiparallel coiled-coil fused
to the active site domain.!® These additional do-
mains contribute to protein-tRNA interactions at
sites removed from the acceptor stem.7.60:80

IV. BIOCHEMICAL EVIDENCE FOR
DISCRETE DOMAINS

In addition to structural data, there also are
biochemical results that demonstrate discrete syn-
thetase domains. These results can be interpreted
in the context of the class-defining sequence motifs
and the overall domain organization of the syn-
thetases.

Proteolysis of the class I £. coli alanine tRNA
synthetase (an o, tetramer of 875 amino acid sub-
units) results in a monomeric amino terminal 368
amino acid fragment (368N).” This fragment has
full adenylate synthesis activity but does not cata-
lyze aminoacylation of either an acceptor stem
minihelix or full-length tRNA.%727375 Subse-
quently, a series of N-terminal fragments of the
enzyme were expressed from plasmids with trun-
cated recombinant genes.*! All fragments of 699
or fewer amino acids were monomeric, whereas
those with 808 amino acids or more were tet-
rameric, suggesting that the oligomerization do-
main lies between Gly699 and Glu808.#"-’> Amino-
terminal fragments larger than fragment 368N
catalyze aminoacyl adenylate synthesis as effi-
ciently as the native enzyme, implying that the
domain for amino acid activation is on the
N-terminal side of Arg368. In between these
extremes are sequences that are critical for tRNA
binding and aminoacylation. For example, exten-
sion of the 368 amino acid N-terminal proteolytic
fragment by 17 amino acids gives fragment 385N,
which binds tRNA, although with an affinity re-
duced compared with the wild-type protein. Frag-

ment 385N has no aminoacylation activity. Fu-
sion of an additional 76 amino acids to the
C-terminus of fragment 385N gives fragment
461N, which is active for aminoacylation.3341.7
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These results suggest a linear arrangement of
functional domains along the AlaRS polypeptide
sequence.*!7382 The N-terminal domain contain-
ing the active site for aminoacyl adenylate syn-
thesis extends to Arg368 and contains both motif
2 (Thr62 to His104) and motif 3 (Pro230 to
Val266). Following the active site domain in the
sequence, a region occurs (Thr368 to Asp461)
that is essential for tRNA and minihelix
aminoacylation (see the following). A sepa-
rate oligomerization domain is at the extreme
C-terminus (Gly699 to GIu808).

In an analogous manner, mild proteolysis of
the homodimeric class I E. coli methionine tRNA
synthetase (an o, dimer of 676 amino acid sub-
units) results in a stable N-terminal fragment.!346
Proteolysis occurs at Lys551 and results in the
loss of the oligomerization domain. This frag-
ment (551 amino acids) is monomeric and has
slightly decreased adenylate synthesis and
aminoacylation activity compared with the full-
length enzyme.>*133° In the 2.5-A resolution crys-
tal structure of the tryptic fragment of MetRS,
two domains are evident.”® The N-terminal do-
main, which extends to Thr360, contains the con-
served class I motifs and the intact active site. The
C-terminal domain (Thr360 to Pro526) is respon-
sible for contacting the tRNAMet anticodon. Two
fragments of MetRS, where the protein has been
“split” at the interface of these two domains, can
be expressed separately from recombinant plas-
mids and can associate into enzymatically active
species both in vivo and in vitro.'

A stable N-terminal fragment of B. stearo-
thermophilus tyrosine tRNA synthetase (an o,
dimer of 419 amino acid subunits) has been ex-
pressed from a recombinant plasmid.'% This frag-
ment of 319 amino acids is missing a C-terminal
domain (amino acids 320 to 419) that is disor-
dered in the structure of the native enzyme.? It
remains dimeric and has wild-type adenylate syn-
thesis activity but is unable to either catalyze the
aminoacylation of or bind to tRNAT7.102 The
2.5-A resolution crystal structure of this trunca-
tion mutant has been solved.® The stable N-termi-
nal domain contains the conserved motifs and the
active site. Mutagenesis! and analysis of
heterodimers of the truncated and native TyrRS!?
suggest an explanation for the loss of tRNA bind-
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ing in the fragment: tRNAT" binds across the
subunit interface with residues in the disordered
domain contacting the anticodon region.

The genes for the tRNA synthetases in
Sacchromyces cerevisiae and higher eukaryotes
generally encode proteins that are significantly
larger than their E. coli counterparts by virtue of
an N-terminal extension.!4885 In certain cases, it
is possible to remove these extensions without
affecting catalytic activity (reviewed in Refer-
ences 49 and 58). For example, the monomeric
MetRS from S. cerevisiae lacks the C-terminal
oligomerization domain found in the E. coli en-
zyme but has an N-terminal extension of ~200
amino acids.221® Up to 185 amino acids of this
extension can be removed without a significant
effect on enzymatic activity; however, further
deletions result in diminished adenylate synthesis
and aminoacylation activity.'%! A 204 amino acid
N-terminal extension of S. cerevisiae GInRS can
be removed with only small increases in the K s
for ATP and glutamine and no significant effect
on either the K, for tRNA or the k, for
aminoacylation. Moreover, a monoclonal antibody
directed against the N-terminal extension has little
effect on aminoacylation activity.*’ The specific
biological functions of the N-terminal extensions
are not known, but they may be involved in the
association of some of the eukaryotic enzymes
into high-molecular-weight complexes (see Ref-
erence 58 and references therein).

V. MOTIFS FOR ACCEPTOR STEM
INTERACTIONS AND MINIHELIX
AMINOACYLATION

Structural and biochemical results suggest a
common global organization of both class I and
class II synthetases. A model of this organization
is presented in Figure 4. In this model, the syn-
thetases comprise at least two discrete domains.
One of these domains contains the active site for
adenylate synthesis and polypeptide insertions that
are needed for acceptor stem binding. This active
site domain represents the core synthetase wherein
amino acid activation and acceptor stem

" aminoacylation activities are tightly associated.

The overall arrangement of this domain is con-
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Acceptor-TVC Stem-Loop Domain

Conserved Class-Delining
Sequence Motifs

Anticodon-D
Stem-BiL.oop

Domain .
Domain

Non-conserved
Domain

FIGURE 4. Model of the structure of an aminoacyl-
tRNA synthetase-tRNA complex. The synthetase is
shown as two discrete domains that interact with the
two tRNA structural domains. The active site domain
containing the conserved sequence motifs that define
each class of synthetases contacts the 3’-end and the
acceptor helix of the tRNA. The nonconserved domain
is not conserved among synthetases in the same class
and may (dotted line) or may not contact the anticodon.

served within each synthetase class, but the
polypeptide insertions are variable in size and
sequence. In at least two cases (AlaRS and MetRS,
see the following), the core domain is function-
ally independent of an intact C-terminal domain
for the aminoacylation of acceptor stem helices.
This type of architecture, in which polypeptide
insertions into a conserved core domain perform
enzyme-specific roles (such as acceptor stem in-
teractions), is a common theme in both the class
I and class II synthetases.

The structure of the second domain is more
unique to each synthetase. This domain interacts
with regions of the tRNA substrate that are re-
moved from the acceptor stem. This would in-
clude protein-anticodon interactions in those en-
zymes that recognize the tRNA anticodon. Ex-
amples of this arrangement for the class I and
class II enzymes are discussed in the following
section.

A. Class | Synthetases

An insertion of variable size (CP1) is located
between the two halves of the nucleotide-binding
fold in the class I synthetases. In the GInRS-
tRNAC® complex, this 110 amino acid insertion
binds a distorted conformation of the tRNA ac-

Aclive Site

ceptor stem and has been termed the acceptor-
binding domain.” Distortion of the acceptor helix
of tRNAC enables specific protein-tRNA con-
tacts between the G2:C71 and G3:C70 base pairs
in the acceptor stem and residues within the ac-
tive site domain. For example, Pro181 in the ac-
ceptor-binding domain makes a backbone hydro-
gen bond to the exocyclic N2 of G2, and the side
chain carboxyl of Asp235 in the second half of
the nucleotide fold makes a hydrogen bond to the
exocyclic N2 of G3. These acceptor stem base
pairs are identity elements of tRNASI 478 and
mutation of Asp235 results in enzymes that
mischarge tRNA.” Analogous insertions are
present in both MetRS and TyrRS, where they
may play a comparable role in acceptor stem
interactions.®

E. coli MetRS will catalyze the specific
aminoacylation of a 7-bp microhelix that recre-
ates only the acceptor stem sequence of tRNAMe.50
Residues in the N-terminal active site domain of
MetRS also mediate interactions with nucleotides
in the acceptor stem of tRNAM. Cross-linking of
periodate-oxidized tRNAM¢ to MetRS has identi-
fied Lys335, Lys61, Lys142,Lys147, and Lys149
as near the 3’-end of the bound tRNA 36385455
These lysines are within the active site domain
and include the second lysine of the KMSKS
pentapeptide (Lys335). Comparison of the struc-
tures of MetRS and GInRS suggests that both
enzymes bind tRNA in a similar orientation.%® In
particular, a conserved a-helix-turn-B-strand motif
at the beginning of the acceptor-binding insertion
in GInRS and the corresponding domain in MetRS
(Asn102 to Ile124) is proposed to maintain the
correct conformation of the insertion and enable
interactions with the acceptor stem of the bound
tRNA. Thus, acceptor stem interactions are closely
integrated with determinants for amino acid acti-
vation.

The MetRS-catalyzed aminoacylation of
microhelices has defined further the functional
relationship between the domains of MetRS. The
C-terminal o-helical region of MetRS (amino acids
360 to 526) binds the anticodon of tRNAMe %
Within this domain, Trp461 is essential for anti-
codon recognition.?®5% Following the C-terminal
domain is a peptide (Phe527 to Lys551) that has
been proposed to “guide” the acceptor stem of
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tRNAMet toward the active site and coordinate
events occurring in the anticodon-binding do-
main with those in the active site domain.%3456
Kim and Schimmel* created a series of MetRS
mutants in which Trp461 and amino acids on
either side of it were deleted. Deletions of 4 to
11 amino acids encompassing Trp461 were
stable and had adenylate synthesis activity com-
parable to the wild-type enzyme. One of the 11
amino acid deletion mutants that was charac-
terized further had low in vitro aminoacylation
activity with tRNA™Met a5 the substrate, but cata-
lyzed the specific aminoacylation with methion-
ine of a 7-bp microhelix based on the acceptor
stem of tRNA™et at a rate indistinguishable
from the wild-type enzyme. Thus, despite dele-
tion of an essential region of the anticodon-
binding domain, amino acid activation and ac-
ceptor stem aminoacylation are not affected,
implying that these activities are functionally
independent from an intact anticodon-binding
domain.

Related to these studies are results reported
by Khoda et al.*’ Four stable domains can be
isolated after proteolysis of Thermus thermo-
philus MetRS (an o, dimer of 616 amino acid
subunits).4’ The two N-terminal domains (Met1
to Lys503) correspond to the two domains of
the N-terminal 551 amino acid tryptic fragment
of E. coli MetRS.4765 The 503 amino acid frag-
ment of the T. thermophilus enzyme is fully
active for both adenylate synthesis and
aminoacylation. The second in sequence of the
two domains (Thr301 to Lys503) is not cata-
lytically active by itself and, presumably, is the
domain that binds the anticodon of tRNAMe,
This isolated domain can be cross-linked to
tRNAMet in the absence of the other domain.*’
The domain at the extreme N-terminus (Metl
to Lys300) contains the class I sequence mo-
tifs, is fully active for adenylate synthesis, and,
significantly, catalyzes the aminoacylation of
E. coli tRNA™et independent of the anticodon-
binding domain. These observations support the
idea that the catalytic domain of MetRS can
function without the remainder of the enzyme
and, furthermore, suggest that the anticodon-
binding domain is able to bind tRNA whether
or not the active site domain is present.
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B. Class ll Synthetases

In the class II enzymes, a loop of 10 to 18
amino acids is situated between the two 3-strands
of motif 2 (Figure 3). This loop is comprised of
11 to 18 amino acids in subclass 2a and of 10 to
12 amino acids in subclass 2b.!° Sequence-spe-
cific contacts with the G73 discriminator base
and the U1:A72 first base pair in the acceptor
stem of tRNAAS are made by this loop in the
AspRS-tRNAA® complex.?® The discriminator
base G73 is an identity element of both yeast and
E. coli tRNAAs 27 This loop probably makes
acceptor stem contacts in other class II en-
zymes.50%0 Polypeptide insertions of variable size
also are located between motifs 1 and 2 and
between motifs 2 and 3. Most of the insertion
between motifs 1 and 2 in AspRS and SerRS is
topologically conserved.®® A portion of the in-
sertion between motifs 2 and 3 corresponding to
three B-strands and an o-helix of the active site
fold is topologically conserved (Figure 3), but
the remaining portion is not conserved and may
be associated with specific recognition of tRNA
acceptor stem nucleotides. As with the class I
enzymes, these insertions into the catalytic do-
main appear to mediate synthetase-specific func-
tions. :

Bound AlaRS affords extensive protection of
the acceptor stem of tRNAA=% These acceptor
stem contacts are made by the N-terminal active
site domain because fragment 461N gives a simi-
lar pattern of nuclease protection.’ Also, motifs 2
(Thr62 to His104) and 3 (Pro230 to Val266) are
both located in the N-terminal domain and
periodate-oxidized tRNAA® cross-links to lysine73
within motif 2.3° Within the polypeptide insertion
between motifs 2 and 3 of E. coli AlaRS, a puta-
tive metal-binding domain occurs (Cys178-X,-
Cys-X4-His-X,-His). This region has been sug-
gested by spectroscopic studies on a Co(II)-sub-
stituted enzyme®’ to be important for acceptor
stem interactions.

The monomeric 461 amino acid N-terminal
fragment of E. coli AlaRS is fully active for ade-
nylate synthesis and has significant, but reduced
(compared with native AlaRS), activity for
aminoacylation of tRNAA® (see earlier discus-
sion).*! In contrast, the fragment specifically

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

T
e
e
®

Minihela

Enzyme-RNA Complex

FIGURE 5. Relative aminoacylation activity of AlaRS
and fragment 461N with full-length tRNAA2 and
minihelixA'a as substrates at 30°C. Activity is expressed
on the ordinate as the incremental lowering of the free
energy of activation for aminoacylation (AAG®¥) pro-
vided by interactions with the specified substrate vs.
the CCA trinucleotide common to the 3-end of all
tRNAs.268 The value of —AAG®* for the full-length-
tRNA compared with the CCA trinucleotide is greater
than 14 keal/mol at 37°C, but the exact value at either
37 or 30°C is not known because, despite extensive
efforts with the native enzyme, aminoacylation of CCA
could not be detected.? It is likely that the aminoacyiation
rate of CCA by fragment 461N is not greater than that
of the full-length enzyme. The uncertainties in the ab-
solute values of —AAG°* are indicated by breaks at the
bottom of each bar.

aminoacylates with alanine a 12-bp RNA minihelix
that recreates the acceptor-TWC stem-loop of
tRNAAR and the rate of aminoacylation is as
efficient as that catalyzed by the native enzyme
(Figure 5).° A 4-bp RNA tetraloop substrate based
solely on the acceptor stem sequence of tRNAA®R
also is aminoacylated by the fragment at a rate
comparable to that of native enzyme. Further-
more, the 461 amino acid fragment aminoacylates
intact tRNAAR the minihelix, and the tetraloop
with comparable efficiencies. These results imply
that the active site domain that is responsible for
the specific recognition of the G3:U70 base pair
is entirely within the N-terminal domain that con-
tains the class-defining sequence motifs. Amino
acids outside the N-terminal domain (His462 to
GIn875) make neither a direct nor an indirect
contribution to the aminoacylation efficiency of
the acceptor stem of tRNAAR

Only in the case of E. coli AlaRS has it been
possible to isolate a relatively small domain (com-
pared with the native protein) for the amino-
acylation of acceptor stem substrates. Fragment
461N is slightly over half the size of the intact
AlaRS subunit (875 amino acids) and demon-
strates that a large portion of the synthetase is
dispensable for activity. The results with MetRS
show that for it too the domain for amino acid
activation and acceptor helix interactions is func-
tionally independent of an intact structure for the
part of the protein required for tRNA contacts
distal to the acceptor stem. These two examples
may turn out to be representative of many of the
other synthetases.

VI. SYNTHETASE EVOLUTION AND A
SECOND GENETIC CODE

The concept of a second genetic code is based
on the premise that there are specific interactions
between the acceptor stem nucleotides of tRNAs
and aminoacyl-tRNA synthetases that specify,
through the aminoacylation reaction, an amino
acid/nucleotide sequence relationship distinct from
the classical code. The demonstration of sequence-
specific aminoacylation of acceptor stem oligo-
nucleotides devoid of the anticodon supports this
concept. Because the part of contemporary syn-
thetases associated with the class-defining motifs
and active site contains the domains responsible
for these interactions, it is likely that these do-
mains represent the oldest portion of the protein
and were responsible for the second genetic code.

The aminoacyl-tRNA synthetases are con-
structed from discrete structural/functional do-
mains and subdomains that may have originally
been associated in noncovalent complexes. At a
later stage, the noncovalently associated domains
may have been covalently linked and evolved
into the multidomain modem synthetases.

GlyRS may be a natural example of this model
of synthetase evolution. E. coli GlyRS is an a,,
tetramer with an o-subunit size of 303 amino
acids and a B-subunit size of 689 amino acids.
Neither subunit is active by itself for either amino
acid activation or aminoacylation.367 The class
1 conserved sequence motifs are found in the
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o-subunit!® and a point mutation in this subunit
affects adenylate synthesis but has little effect on
tRNA binding.”® Conversely, mutagenesis and
chemical modification of residues in the B-sub-
unit decrease activity for aminoacylation but not
for amino acid activation.*>71-% GlyRS catalyzes
the aminoacylation of tRNASY-based acceptor
stem microhelices?, and mutations in a region of
the B-subunit involved in tRNA binding have a
selective effect on the aminoacylation of full-
length tRNA vs. a glycine microhelix.?? These
observations suggest that the a- and B-subunits
represent functional domains. The a-subunit cor-
responds to the core catalytic domain and con-
tains the active site for adenylate synthesis and
acceptor stem aminoacylation, whereas the B-sub-
unit is largely responsible for RNA interactions
removed from the acceptor stem. The B-subunit
alone can bind tRNA, possibly via f-subunit-
anticodon interactions.>%

The two noncovalently associated subunits of
E. coli GlyRS may correspond to the two co-
valently linked domains of most other synthetases.
These two subunits are encoded on the genome in
tandem with only nine nucleotides separating the
carboxy terminus of the o-subunit from the amino
terminus of the B-subunit.> This arrangement is
suggestive of a single polypeptide, and fusion of
the carboxy terminus of the oi-subunit to the amino
terminus of the B-subunit through short peptide
linkers gives active GlyRS homo-oligomers.?67
Thus, it is not obligatory for catalytic activity that
the two subunits of GlyRS be separate polypep-
tide chains. Yeast GlyRS is an o, dimer in which
presumably, the corresponding o~ and B-subunits
are covalently linked.*?

The functional equivalent of the anticodon-
binding domain found in some synthetases may
be encoded as a separate polypeptide (the B-sub-
unit) in E. coli GlyRS. This subunit could have
been recruited into a complex with the active site-
acceptor helix-binding domain to provide addi-
tional RNA discrimination based on anticodon
recognition. A similar explanation may hold for
the polypeptide insertions into the active site do-
mains of class I and class II synthetases: these
insertions were recruited initially as separate
polypeptides for specific interactions with accep-
tor stem nucleotides.
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The possibility of constructing an active syn-
thetase from fragments in this manner has been
explored with MetRS (see earlier discussion) and
with E. coli 1leRS. The active site domain in E.
coli TleRS (a monomer of 939 amino acids) is
located in the N-terminal region,!** and the anti-
codon recognition site is in the C-terminal do-
main.?’ Approximately 145 of the 370 amino ac-
ids of the CP1 insertion in IleRS are dispensable
for catalytic activity.’* Thus, the insertions may
occur at natural breaks in the secondary structure
that makes up the nucleotide-binding fold. Shiba
and Schimmel®! placed breaks in IleRS at 18 lo-
cations, including within CP1 and CP2. No frag-
ments were active in vivo when expressed alone,
but 11 of 18 fragment pairs were active when
coexpressed and active bipartite complexes were
demonstrated in vitro. In an extension of this
work, the tripartite assembly of IleRS from spe-
cific fragments was demonstrated.”? One tripartite
structure was comprised of an N-terminal piece
extending to Gly330 (within CP1), a middle piece
from Gly330 to Lys583 in the second half of the
nucleotide fold, and a C-terminal fragment ex-
tending from Lys583 to the carboxy terminus.
These results demonstrate the feasibility of gener-
ating multichain, noncovalently associated com-
plexes with aminoacylation activity and raise the
possibility that these were intermediates in the
evolution of contemporary single-chain syn-
thetases.

Related to these considerations are the loca-
tions of the multiple introns in the gene for IleRS
from Tetrahymena thermophila.'s Most of these
introns occur between exons that encode for dis-
crete secondary structural elements.®* In particu-
lar, there are introns on each side of CP1 and at
the boundary of the nucleotide-binding fold and
the C-terminal anticodon-binding domain. Possi-
bly, polypeptide insertions (such as CP1) were
encoded by distinct exons that were recruited into
the nucleotide-binding fold to provide a frame-
work for recognition of RNA oligonucleotides,
which subsequently became the acceptor stems of
modemn RNAs.# In a similar manner, recruitment
of the exon encoding the anticodon-binding do-
main to the C-terminal side of the nucleotide-
binding fold may have enabled RNA interactions
distal to the acceptor stem.
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Determinants for the aminoacylation effi-
ciency of tRNA by the synthetases are found in
the acceptor stems of tRNAs and have been pro-
posed to constitute a second genetic code.?038
Specific recognition of acceptor stem nucleotides
is mediated both by residues in the class-defining
active site domain and by residues located in
polypeptide insertions into this domain. Although
there are examples where the catalytic domain for
aminoacylation of RNA acceptor stem helices is
functionally independent of the integrity of the
remainder of the protein, an acceptor stem-bind-
ing subdomain independent of the amino acid
activation domain has not yet been isolated. De-
terminants for amino acid activation and acceptor
stem aminoacylation are closely integrated within
the catalytic domain and may be difficult to sepa-
rate. This core synthetase may represent the pri-
mordial enzyme in which RNA interactions that
did not extend further than 10 to 20 A beyond the
amino acid attachment site at the 3’-end of a
bound RNA substrate provided all of the determi-
nants for aminoacylation efficiency. These nucle-
otide-specific interactions defined a second ge-
netic code.
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