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ABSTRACT. The identity of alanine tRNAs is dependent on a G:U base pair at the 3:70 position of the
acceptor helix. This system of molecular recognition is widely distributed from bacteria to human-cell
cytoplasm. In contrast, some mitochondrial alanine acceptor helices are markedly different and contain
nucleotides known to block aminoacylation by a nonmitochondrial enzyme. Thus, acceptor helix
recognition may differ in these systems and may not depend on G:U. Here we report an example of a
Caenorhabditis eleganmitochondrial system where the G:U pair is preserved but where proximal
nucleotides known to block charging by a nonmitochondrial enzyme are also present. We show that, as
expected, the mitochondrial substrate is not charged by the bacterial enzyme. In contrast, the cloned
mitochondrial enzyme charged both mitochondrial and bacterial microhelices. Strikingly, charging of
each required the G:U pair. Thus, G:U recognition persists even with an acceptor helix context that
inactivates nonmitochondrial systems. The results suggest strong selective pressure to use G:U in a variety
of contexts to mark an acceptor stem for alanine. Separate experiments also demonstrate that, at least for
the mitochondrial enzyme, helix instability or irregularity is not important for recognition of G:U.

The universal genetic code is established in a single bio- acceptor stem interactions have been preserved in widely
chemical reactionrthe aminoacylation of transfer RNAs. In  distributed species, ranging frofscherichia colito human
this reaction, catalyzed by aminoacyl tRNA synthetases, cytoplasm 2, 15-17). The acceptor stem of alanine and
amino acids are matched with anticodon nucleotide triplets other tRNAs is comprised of seven base pairs that end in
in the tRNAs. To achieve specific aminoacylation, synthe- the single-stranded sequence&3BICA®°H, where the 3
tases recognize information within the tRNA structure, and terminal A contains the amino acid attachment site. Position
in some cases, that information does not include the anti- 73 [in the standard tRNA nucleotide numbering system that
codon triplet {—4). In these instances, the relationship is based on 76 nucleotide$8)] contains the discriminator
between the amino acid and its nucleotide triplets is indirect. base which was proposed to be a recognition site used by
In other examples, the anticodon is important for amino- synthetases to sort tRNAs into four groud®)( In many
acylation efficiency and specificity, but tRNA molecules with instances, K has been found to be one of the critical
large deletions that remove the anticodon are still active for determinants of the operational RNA cod®9{-22).
specific aminoacylations11). In all of these examples The three terminal bases pairs of the acceptor stem (G1:
whether the synthetase does or does not contact the antiC72, G2:C71, and G3:U70) and the A73 “discriminator” base
codon—critical elements that determine aminoacylation ef- are conserved in all known tRN¥& sequences from prokary-
ficiency and specificity are located in the tRNA acceptor otes, archae, eukaryote cytoplasm, chloroplasts, and plant
stem. This stem is thought to be a critical part of the earliest mitochondria 23). Two highly conserved elements that are
form of the tRNA structure 2, 13. The relationship be-  critical for aminoacylation are a G3:U70 base pair and the
tween the sequences/structure of acceptor stem oligonucleA73 discriminator nucleotide. Alanine acceptance is con-
otides and the attached amino acid constitutes an operationaferred on other tRNA or minimalist RNA sequences by
RNA code for amino acids that may have preceded the introducing a G3:U70 base pai2,(24-26). The exocyclic
genetic codeX4). 2-amino group of G3 (in the G3:U70 base pair) is the major

Alanyl-tRNA synthetase is an example of a synthetase determinant 27, 2§. Other, proximal atomic groups,
where no contact is made with the anticodon and where including specific 20H groups are also important for
charging efficiency 29—32). This acceptor stem sequence
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one-half of the protein structure) is made up of the class Il A A
active site domain and an RNA recognition domain. This 8 8
core domain is sufficient for aminoacylation in tke coli G oA
system 83, 35, 3§. The core domain is highly conserved, G-C G-C
with 41% identity between thE. coli and human enzymes o Ga”
(16). UA iy
The functional conservation of AlaRS-acceptor stem ,YVa UA-u UCGCC UAG
recognition is demonstrated by the several examples of cross- ~ AA A U 0CCaguoa A %8G ,C
species recognitionE. coli AlaRS charges small RNA sub- UaaAdal ) A Ca g AGAGC Gogh GUG
strates based on acceptor stems of alanine tRNAs 8am XZG U-A
charomyces cetgsiae, Bombyx moriand human cytoplasm g:é g'_’é
(17, 37. More significantly, cross-species reactivity has also oUAy ACG Yy
been demonstratdad vivo. For example, expression of the Uuac? . Ysac
human alanine enzyme rescues a knockout alleles.of ] ) Ala ) Al
cerevisiae AlaRS (17) C. elegans mitochondrial tRNA E.coli tRNA_ .
Remarkably, conservation of the tRNAacceptor stem A A
terminus is not observed in sequences from animal mito- g g
chondria. Every animal mitochondrial tRNAthus far iden- A A
tified contains at least one sequence variation in the first 8:8_'072 88
three base pairs from the conserved prokaryote/eukaryote G 44_32_-33 69 sg:gvo
cytoplasm sequence noted abo#8)( Each of the se- U-A c-G
guences, however, also contains at least one of the elements it A
of the conserved prokaryote/eukaryote cytoplasm pattern. k’ CU }3 CU
Some of these mitochondrial tRNAs also diverge from the GgU Gel
canonical cloverleaf structure, differing in the lengths of . ..o Hitechondrial micro™® Ecoli micro™®

stems and the sizes of loo@3]. Among the most unusual
. . Ficure 1: C. elegansmitochondrial andE. coli tRNAAR (23).
mitochondrial tRNAs are those from the nematode worm Microhelix substrates based on the acceptor stems of the tRNAs

Caenorhabditis elegansAll mitochondrial tRNAs from this  are also shown. Mutations & elgansmitochondrial microheli&
organism lack either the D- or T-stem-lodg®( 40. These discussed in the text are indicated with arrows.

unusual RNAs can be folded into a truncated L-shaped, ) )
tRNA-like structure 41, 42. expresse€. elegansnitochondrial alanyl-tRNA synthetase

The sequence of. elegansmitochondrial tRNA® is and investigated microhelix oligonucleotides as substrates
compared with that fronE. coli in Figure 1. This 3/4  foraminoacylation. The results revealed that@helegans
molecule completely lacks thellC stem-loop and variable ~ Mitochondrial enzyme is a close homologue of other alanine
loops, which are replaced by a six nucleotide connector €nzymes, including the well-characteriz&d coli protein.
between the anticodon and acceptor stem sequences. Th&N€ enzyme is active on microhelix substrates, likegts
D-loop is shortened, consisting of only five nucleotides, as COli, yeast,B. mori and human counterparts. And yet, the
opposed to eight in the canonical tRNA secondary structure Mitochondrial C. elegansenzyme charges a microhelix
(18). The mitochondrial tRNA is also A:U-rich, with only substrate (based on .the acceptor stem of mltlochondrlal
two G:C base pairs in the entire secondary structure. elegangRNA*?) that is not charged by thi. coli enzyme.

The C. elegansmitochondrial tRNA® differs from the This result raised the p033|_blllty that thg mltochpndnal
consensus alanine acceptor stem sequence in that the accept§fiZyme was fundamentally different and did not utilize, for
helix ends in a G1:U72 wobble pair, compared with the €xample, the G3:U70 base pair. Subsequent experiments
consensus G:C pair. However, the presence of a G1:u72disproved this po§3|bll|ty and, instead, d.emonstrated a
base pair blocks charging I coli alanyl-tRNA synthetase remarkable selective pressure for the mitochond@al
(AlaRS) 32). Using base analogue substitutions at the 1:72 €/eégansalanyl-tRNA synthetase structural framework to
position, the 4-position carbonyl oxygen of the pyrimidine maintain G3:U70 recognition in the context of gcceptor_stem
ring of U72 was identified as a blocking element (for fhe sequences that block G3:U70-dependent aminoacylation by
coli enzyme) on the major groove side of the helix. its close homologue.

The examination of th€. elegansmtochon_drlal glanylj MATERIALS AND METHODS
tRNA synthetase thus presents an opportunity to investigate
the recognition of specific identity elements in a different ~ Cloning of C. elegans Alanyl-tRNA Synthetases by an
RNA context and to explore the coadaptations in evolution Alignment-Guided ApproachA similar approach to that
of the alanine enzymes to accommodate changes in sequencased for cloning human cytoplasmic alanyl-tRNA synthetase
and structure of their substrates. T@eelegangnitochon- (16) was applied to cloning th€. elegansalanyl-tRNA
drial alanyl-tRNA synthetase must charge a substrate whichsynthetases. Degenerate primers were designed which
theE. coli[and presumably a large group of closely related correspond to two highly conserved regions of alanyl-tRNA
alanyl-tRNA synthetases (see above)] cannot acylate. Thesynthetases within the active-site domain, starting at codons
enzyme must either recognize conserved identity elements38 and 86, respectively, of tle colienzyme. These primers
in a different RNA context than its homologues, or utilize were KY-23 (TTYRCIAAYGCIGGIATGAAYCARTTY-
an entirely different set of RNA contacts to identify its AAR) and KY-25 (RTTICCCATCATYTCRAARAAIGTRT-
substrate. With these considerations in mind, we cloned andGRTG), where Y is pyrimidine, R is purine, and | is inosine.
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The primers were used for PCR amplification of the de- in 50 mM NgHPO, (pH 8.0), 300 mM NacCl, and 10%
sired sequences from@. eleganscDNA library that was glycerol. Elution was with a gradient of 200 mM
cloned into theAZAPII phagemid 43). Amplified prod- imidazole. Mitochondrial AlaRS obtained in this manner
ucts were ligated tdBanHI linkers and cloned into the  was~90% pure, with major contaminants being apparent
BanH]I site of pBluescript Il KS- (Stratagene, La Jolla, degradation products. In the case of Ehecoli protein, The
California) for sequencing. Two distinct sequences were Hiss-tagged enzyme was isolated as previously described
identified from the sequencing of nine clones. These se- (45). The AlaRS A enzyme was not pursued further for
guences could be translated into amino acid sequences thateasons described below.
bore similarity to known sequences for alanine tRNA syn-  Determination of Quaternary Structure of C. elegans
thetases. Internal primers based on these sequences werditochondrial Alanyl-tRNA SynthetaseThe quaternary
subsequently used, along with primers based on sequencestructure of the express€ll elegan®AlaRS B enzyme under
within the vector, to amplify 5 and 3-ends of each cDNA.  native conditions was determined using Superose 12 gel
The two cDNA sequences were obtained that contained operfiltration chromatography. A Superose 12 10/30 column
reading frames encoding polypeptides with 272 and 792 (Pharmacia, Piscataway, NJ) was equilibrated with 50 mM
amino acids that we denoted AlaRS A and AlaRS B, NaHPO, (pH 8.0), and 10% glycerol. All samples were
respectively. applied in 50uL. A standard curve was constructed by
Expression and Purification of AlaRS BTo simplify separate elution of ferritin (669 kDa), catalase (232 kDa),
purification of expressed protein, the AlaRS B sequence wasaldolase (158 kDa), and serum albumin (67 kDa). Elution
subcloned into the expression vector pET21b (Stratagene,positions of standard proteins and ©f elegansnitochon-
La Jolla, California), which utilizes a T7 promoter and drial alanyl-tRNA synthetase were determined by optical
introduces a His sequence at the C-terminal end of the density at 280 nM.
cloned polypeptide coding sequence. PCR was used to RNA Substrates and Aminoacylation Assalicrohelix
introduce appropriate restriction sites at theshd 3-termini RNA substrates were chemically synthesized on a Pharmacia
of the AlaRS B cDNA. For this purpose, primers TAGGGC- Gene Assembler synthesizer using published procedd@gs (
CATATGSGAATTGGCTCCA and TCTAGETCGAGTT- Products of the syntheses were purified on denaturing 20%
CTTCTGTTTCAGC (restriction sites in italics) were used polyacrylamide gels. Melting curves were constructed from
to amplify the AlaRS B sequence, introduciNgd and Xhd absorbance data obtained using a Cary 3E spectrophotometer
sites, respectively, at thé-and 3-ends. Subcloning of this  equipped with a temperature controller. Oligonucleotides
PCR product into plasmid pET21b resulted in the extension were annealed in 10 mM NAPO, (pH 7.0), 10 mM NacCl,
of the C-terminal end of the cDNA with the peptide coding and 0.1 mM EDTA. Absorbances were measured over a
sequence LEHHHHHH. range from 10 to 83C at a rate of 2C/minute with a data
Because products of proteolysis were observed in attemptsinterval of 1°C.
to express full-length AlaRS B, an expression vector which  Aminoacylation assays were carried out atZ5in 50
excluded the N-terminal 17 amino acids was designed. ThismM Hepes (pH 7.5), 2&M alanine, 4 mM ATP, 20 mM
N-terminal sequence precedes the beginning of the regionKCl, 10 mM MgChk, 20 mM -mercaptoethanol, and 0.1 mg/
of sequence similarity with alanyl-tRNA synthetases from mL bovine serum albumin, as previously describ4d(To
other organisms and thus was presumed to be a mitochondriaknsure proper base pairing, microhelices were heated to 65
targeting sequence. To minimize the possibility of carrying °C and cooled in the absence of magnesium before addition
over errors introduced by previous PCR manipulations, a to the aminoacylation reaction mixture. In comparative
unique cDNA clone encoding the AlaRS B sequence was assays, RNA was at a concentration of 4\, while enzyme
used as a template for PCR. EST yk43h10, generated agoncentrations were 45 nM. [All enzyme concentrations
part of theC. elegansgenome project, was a gift from were determined by active site titratio8].] Kinetic
Dr.Yuji Kohara (National Institute of Genetics, Mishima, parameters fo€C. elegansnitochondrial AlaRS and. coli
Japan). The'sand 3-sequences of this cDNA clone showed AlaRS were determined by direct fitting of data points to
that the clone contains the entire AlaRS B sequence obtainedhe Michaelis-Menten equation. Initial rates were deter-
by us. The sequence was amplified by PCR from phage mined at 25°C with RNA concentrations from 20 to 400
containing the EST yk43h10, using the primer GCGCGC- nM for the C. elegansmitochondrial microhelix and from
CATATGGGATTCTATCATTCAC and the primer de- 13 to 64uM for the E. coli microhelix. Enzyme concentra-
scribed above for the'derminus of AlaRS B cDNA. The  tions of 15 nM were used in both cases.
resulting PCR product again containéttld and Xhd
restriction sites at the'band 3-termini, with Gly19 of the RESULTS
protein sequence encoded directly after the ATG start codon Cloning of C. elegans Alanyl-tRNA Synthetas@snino-
that was included in thé&ldd site. The amplified product  acyl tRNA synthetases are divided into two classes of 10
was subcloned into the pET21b expression vector to give enzymes eacht9, 50. These classes are based on the par-
plasmid pD18-43h. This plasmid was transformed irfo ticular architecture of the active-site domain. Alanyl-tRNA
coli strain BL21(DE3) 44) for expression. synthetase is a class Il enzyme. Members of class Il have
Cells were grown in LB medium supplemented with 50 an active-site domain comprised of a seven strajfdsluc-
ug/mL ampicillin to ODyo of 0.6 and then inoculated with  ture with threex-helices. This class-defining structure incor-
IPTG to a final concentration of 0.4 mM. The cells were porates three highly degenerate sequence motifs that are
grown an additionia4 h and then harvested and lysed in a characteristic of the class Il enzymes. These motifs are de-
French press. The Higagged enzyme was purified on a signated as motifs 1, 2, and 3, and comprise a strand-loop-
Ni—NTA agarose (Qiagen, Santa Clarita, California) column helix, strand-loop-strand, and strand-helix, respectively.
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To clone theC. elegansenzymes, we used an approach glutamate residue at position 8, it otherwise follows the

similar to that used for cloning human cytoplasmic alanyl- pattern of a mitochondrial protein. For example, five of the
tRNA synthetasel(6). Degenerate primers were designed first 16 residues are either serine or lysine, and residuds’7
to correspond to well-conserved regions of the enzyme. are predicted to form an amphiphilic-helix.
Sequence alignment of 18 complete and partial alanyl-tRNA  Second, assignment of AlaRS B as a mitochondrial
synthetase sequences showed that sequences in motif 1 anghzyme was supported by an additional signature in its
motif 2 are among the most conserved regions in the enzyme.sequence. In particular, eukaryote cytoplasmic alanyl-tRNA
We therefore used the same degenerate primers to clone theynthetases contain a four residue insert immediately prior
cDNAs for theC. eleganssynthetases as were used for the to motif 2 of the active-site domain (between residues 58
cDNA of the human enzyme. and 59 of theE. coli enzyme’s sequence). While the

The PCR products that were amplified fronCaelegans predicted AlaRS A sequence contains this insert, the AlaRS
cDNA library were cloned into pBluescript Il k& and B sequence does not, and in this aspect, AlaRS B is
sequenced. Two distinct sequences of less than 200 bas@rokaryote-like, as are many mitochondrial enzymes.
pairs were identified. These were used to design primers Third, phylogenetic analysis utilizing parsimony methods
for the amplification of 5 and 3-sequences from the cDNA. and bootstrapping5@) (Figure 3) showed that AlaRS A
Full-length amplified products were then cloned and se- groups withB. mori and human cytoplasmic alanyl-tRNA
guenced. Two distinct AlaRS open reading frames were thussynthetases, while AlaRS B does not group strongly with
identified. AlaRS A encodes a 272 amino acid predicted either eukaryote or prokaryote enzymes. Comparison of
polypeptide, while AlaRS B encodes a predicted protein of sequence identities of the tv@ elegangroteins with known
792 amino acids. alanyl-tRNA synthetases underscored this result. AlaRS A

While this work was in progress, portions of tBeelegans has 55% identity with human cytoplasmic AlaRS, but only
genome containing both of these sequences became availabl86% identity with theE. coli enzyme. On the other hand,
(51). These genomic sequences include both introns andAlaRS B has comparable identities of 31 and 27% with the
exons. Coding sequences were predicted using the splicehuman anckE. coli enzymes, respectively. Thus, sequence
site prediction algorithm Genefinder. AlaRS A corresponds comparisons and phylogenetic analysis are most consistent
to a fragment of a predicted coding sequence of 967 aminowith the conclusion that AlaRS B encodes the mitochondrial
acids contained in Genbank locus CELF28H1, while AlaRS synthetase, while AlaRS A encodes the cytoplasmic protein.
B is highly similar to a predicted coding sequence in  Expression of C. elegans Mitochondrial alanyl-tRNA
Genbank CEW02B12. The predicted sequence of AlaRS B Synthetase in E. coliTo expedite purification of the mito-
available in the database differs from the cDNA sequence chondrial enzyme, an expression system based on the T7
reported here in that the predicted sequence fails to ex-RNA polymerase promoter was constructed. AgHisding
clude a 331 nucleotide intron from position 1624 to 1954 of sequence was appended to the C-terminus of the protein
the genomic sequence. Analysis with a different splice sequence. [Attachment of a Hitag to the C-terminus of
site prediction program, FGENENZ), which has param-  theE. coliprotein does not interfere with activit¢¥).] Initial
eters specifically for nematode genomes, predicted anattempts to express full-length AlaRS BHn coli using this
expressed sequence matching that obtained from the cDNAsystem vyielded overexpression of a polypeptide with a
for AlaRS B. molecular mass 0f48 kDa, as judged by SBDFPAGE. This

In prokaryotes, there is most commonly only one syn- peptide is presumably the product of proteolysis of the full-
thetase for each amino acid. In the case of eukaryotes, therédength AlaRS B.
typically are two enzymes for each amino acal cytoplas- Because mitochondrial targeting peptides are generally
mic and a mitochondrial synthetase, both of which are removed by proteolysis from nuclear-encoded mitochondrial
nuclear encoded. Therefore, we imagined that the two proteins after translocation to the organe88)( we hypoth-
sequences we obtained corresponded to a cytoplasmic an@sized that the targeting peptide may act as a proteolysis
mitochondrial form of alanyl-tRNA synthetase. By having signal in theE. coli cytoplasm. Thus, an expression system
cloned and sequenced part or all of both instead of onewas generated (by PCR) in which the N-terminal 18 amino
enzyme, we were able to make an assignment (mitochondrialacids of the His-tagged AlaRS B were removed. (Sequence
or cytoplasmic) for each, without fear that a missing sequencesimilarity between thé. coli enzyme and AlaRS B begins
could change our conclusions. at Gly19 of theC. eleganssequence.) Using this system,

Assignment of AlaRS B as the mitochondrial synthetase expression of full-length protein was obtained, though at
was made on the basis of three criteria. First, sequencerelatively low levels. The expressed protein was isolated to
alignment of the 792 amino acid AlaRS B product with ~90% purity by affinity chromatography on NNTA
known sequences of alanyl-tRNA synthetases revealed anagarose. Proteolytic products were the major contaminants,
N-terminal extension of between 12 and 18 amino acids in suggesting that removal of the N-terminal sequence results
the sequence of AlaRS B (Figure 2). This extension was in only a partial stabilization of the mitochondrial protein in
not present in the 967 amino acid sequence predicted foranE. coli background. Western blot analysis (with aBti-
AlaRS A. Nuclear-encoded mitochondrial proteins generally coli AlaRS antibodies) of the purified mitochondrial protein
have an N-terminal targeting peptide, which directs their resolved by SDSPAGE revealed no detectable contamina-
translocation to the mitochondriébd). These peptides tion with E. coli AlaRS (data not shown).
usually lack acidic amino acids and are rich in positively  Determination of Quaternary Structure of C. elegans
charged and hydroxyl group side chains. Many of these Mitochondrial Enzyme. One of the major differences
peptides fold into amphiphilia-helical or3-sheet structures.  between alanyl-tRNA synthetases in prokaryotes and eu-
Although the N-terminal sequence of AlaRS B contains a karyotes is in their quaternary structures. Prokaryote en-
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Ficure 2: Multiple sequence alignment of alanyl-tRNA synthetases. The CLUSTAL-W program was used to align alanyl-tRNA synthetases
from E. coli (Ec), Homo sapiengHs), S. cereisae(Sc),A. thaliana(At), andC. elegansnitochondria (Ce-m). Residues conserved among

the five sequences are shaded. Numbering at top corresponds@o ¢fegansmitochondrial enzyme, at bottom to tlie coli sequence.
Predicted secondary structure elements in the core region d&.theli enzyme are indicated by barg-fielices) and arrowss¢strands)

(45). The functional core region of tHe. coli enzyme is indicated, and the location of the oligomerization region found in the prokaryote
enzymes is also shown.

zymes are in generaby tetramers, while those from Prokaryote alanyl-tRNA synthetases contain a C-terminal
eukaryotes are monomers. The quaternary structure of thedomain which forms a coiled-coil that is needed for formation
expressedC. elegansenzyme under native conditions was of a tetrameric structure88, 55-57). Removal of this do-
determined by gel filtration chromatography on Superose 12. main from theE. coli enzyme results in a functional mono-
Ferritin (669 kDa), catalase (232 kDa), aldolase (158 kDa), mer (33, 56, 58. In the eukaryote alanyl-tRNA synthetases,
and serum albumin (67 kDa) were used as standards. Anthe sequences of the C-terminal region corresponding to the
empirical molecular mass of 85.8 kDa was determined for coiled-coil found in the prokaryote enzymes are completely
AlaRS B (data not shown). This molecular mass comparesdifferent (16). This difference in sequence correlates with
well with the value of 87.7 kDa that is predicted from the these eukaryote enzymes being monomeri®. elegans
sequence. These data show that@helegansnitochondrial mitochondrial alanyl-tRNA synthetase is roughly 100 amino
enzyme is a monomer. acids shorter than available prokaryote or cytoplasmic
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Ficure 3: Evolutionary relationship of alanyl-tRNA synthetase sequences. Unrooted tree prepared using the parsimony method [PROTPARS
from the PHYLIP phylogeny packag&%3)] with bootstrapping. Numbers at branches are bootstrap percentages with 100 replicates.

eukaryote alanine enzyme sequences, and it lacks sequencemperature of 38C was determined for the mitochondrial
similarity with either set of enzymes in the C-terminal region microhelix substrate, as compared tda of 72 °C for a
(Figure 2). microhelix based on the acceptor stemEfcoli tRNAAR

Many class Il tRNA synthetases are dimers; dimerization (data not shown). (These melting temperatures were not
is facilitated through an interface that includes the region of concentration dependent.) All aminoacylation assays were
the conserved motif 1. In the casel®f coli AlaRS, motif therefore carried out at 28C to ensure proper helix
1 cooperates with the C-terminal coiled-coil domain to create formation by the RNA substrates.
the tetrameric quaternary structurg7). For the alanine All alanyl-tRNA synthetases tested to date are active on
enzymes, a clear delineation of prokaryote multimers and microhelix substrates, but none of these substrates have the
eukaryote monomers coincides with the identity of a single G1:U72 base pair that is detrimental to tke coli and
amino acid in motif 1. An aspartate is found in position 48 probably other alanine enzymes. However, Gheclegans
(using the sequence &. coli AlaRS for numbering) in the  mitochondrial microheli%® was charged by the mitochon-
prokaryotes, while in eukaryotes this position is a proline. drial enzyme (Figure 4). The value &f/Kn, (3.5 x 1P
In the case of th&. eleganamitochondrial AlaRS investi-  M™! s71) is about 30-fold higher than that of tHe. coli
gated here, a proline is found at this position (Figure 2), enzyme on its substrate, under the same experimental
consistent with the enzyme’s observed monomeric structure.conditions of pH 7.5, 23C (data not shown).

Mitochondrial Enzyme Aminoacylates RNA Substrates We also tested a microhelix based on the acceptor stem
Based on Acceptor Stems of Alanine tRNA from C. elegansof E. coli tRNA”2, which differs at the important 1:72
Mitochondria or E. coli. In these studies, we focused on position and also at the 4:69, 5:68, and 7:66 positions (Figure
acceptor helix interactions and for that reason used micro-1). This microhelix was also efficiently charged by the
helix RNA substrates. We prepared (by chemical synthesis) mitochondrial enzyme, with about the same efficiency as that
microhelix substrates that reconstructed the seven base paidirected toward the&€. eleganamicrohelix!® substrate.
acceptor stem dof. elegansnitochondrial tRNA2, Because Finally, the same two substrates were tested withBhe
the mitochondrial microhelix contains three mismatched basecoli enzyme. We were interested to see whether the lower
pairs [G1:U72, G3:U70, and U7:U66 (Figure 1)], we were helix stability and substitutions at the 4:69, 4:68, and 7:66
concerned that the oligonucleotide would not form the positions of theC. eleganamicrohelix could compensate
desired hairpin structure in aminoacylation assays. A melting for the deleterious G1:U72 base pair. [Musier-Forsyth and
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co-workers $9) showed that a C72U replacement results in
a 4100-fold decrease in aminoacylation efficiency of tRRA
transcripts. Because mdstcolitRNAs have a G1:C72 base
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Ficure 5: Importance of the G3:U70 base pair. Aminoacylation
of C. elegansnitochondrial microheli%2 containing a G3:U70 or
G3:C70 base pair.

charging by theE. coli protein, selective pressure overrides
these differences to maintain G3:U70 as critical for acceptor
helix recognition.

Additional Functional Differences between the Two Alanyl-
tRNA Synthetase Homologue$o characterize further the

pair, this base pair does not serve a role in differentiating functional differences between the two alanyl-tRNA syn-
between tRNAs but rather establishes a particular contextthetase homologues, nucleotides from Ehecoli tRNAAR
and structure for the other portions of the acceptor stem.] acceptor stem were introduced into RNA microhelices that

However, theE. coli enzyme is inactive on mitochondrial

were based on the acceptor stem of Gieelegansmito-

microhelix2, probably because the unique sequence contextchondrial tRNA', These substitutions were done in a

of C. elegansnicrohelix*® does not compensate for the G1:
U72 base pair.

Thus, recognition by th€. elegansnitochondrial enzyme
differs in a fundamental way from that of tike coli protein.

stepwise manner. With respect to tie coli enzyme,
substitutions at the 1:72 and 4:69 positions were required to
convert theC. elegansubstrate into one that was equivalent
to the E. coli microhelixX*? (Figure 6). For example, no

This difference raised our interest in the question of whether charging was detected for any of the substrates containing a

the G3:U70 base pair was critical for the mitochondrial

protein as it is for other prokaryote and eukaryote cytoplas-

mic alanyl-tRNA synthetases.
G3:U70 Base Pair Is a Determinant for Charging by C.
elegans Mitochondrial AlaRSFor E. coli alanyl-tRNA

U72 nucleotide, as was expected. When U72 in the
mitochondrial sequence is replaced by C, the microhelix is
charged at a rate within 4-fold of that observed for Ehe
coli sequence. The additional replacement of the A4:U69
with the G:C found inE. coli tRNA*2 leads to charging at

synthetase, replacement of U70 with C in alanine-accepting@ rate comparable to that for tHe. coli microhelix‘s.
substrates results in a drop in aminoacylation efficiency by However, this 4:69 change alone does not induce charging
several-hundred- to several-thousand-fold, depending on theby E. coli AlaRS, because of the presence of the G1:U72

RNA context 60). Substrates with substitutions at 3:70, such
as A:U, U:G, and I:U among others, are also inactiveifor

base pair.
Charging of microhelix substrates ly. elegansmito-

vitro aminoacylation. In the present studies, we found that chondrial AlaRS is completely unaffected by the change at

a C70 substitution inte&C. elegangnitochondrial microhe-
lixA'2 caused a sharp drop in charging by e elegans

position 72 or at the 4:69 base pair (Figure 6). All of the
mutant mitochondrial microhelices are charged at identical

mitochondrial enzyme (about 40-fold reduced, Figure 5). rates by the mitochondrial enzyme. Therefore, changes in
Although this aminoacylation rate difference between G3: the sequence and shape of the acceptor helix which have a
U70 and G3:C70 substrates is less dramatic than thatsignificant effect on RNA recognition fdt. colialanyl-tRNA
observed forE. coli AlaRS, the G3:U70 pair nonetheless synthetase are of no relevance for theelegansnitochon-
significantly determines recognition by the mitochondrial drial synthetase. The insensitivity of the mitochondrial
synthetase. Therefore, while the mitochondrial enzyme is enzyme to the base pairs at the 1:72 and 4:69 positions further
not sensitive to the nature of the 1:72 base pair and canemphasizes the significance of the sensitivity of the enzyme
accommodate at this position base pair variants that blockto the presence of the G3:U70 base pair.
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details of these interactions have yet to be determined.
However, the mitochondrial enzyme’s sequence is similar
to both prokaryote and eukaryote AlaRS sequences in the
N-terminal core domain (Figure 2). Although “missing”
portions outside of the N-terminal core might be thought to
be those involved in interactions with parts of the tRNA
structure outside of the acceptor stem, we have no evidence
for this possibility. In particular, RNA footprint analysis of
the complex betweek. coli alanyl-tRNA synthetase and
Ce-m micro** G4:C69 tRNAA2 (15) showed that little of the region that is deleted

Y o from the mitochondrial tRNA2 makes contact with the
4 ' ' . . ' bound enzyme.
Ce-m AlaRS The presence of a nucleotide (U72) known to block

C72, G4:C69 1 charging byE. coli alanyl-tRNA synthetase in the. elegans
= mitochondrial tRNA sequence seemed initially to be analo-

25k i gous to the species-specific recognition exhibited by other
synthetases. For example, glycyl-tRNA synthetases ffom
c72 A coli and from human cytoplasm are unable to cross-acylate,
1.5 ~ . respectively, human ari. coli tRNASY (62). Switching a
1L $ «<Ce-m micro™* i single nucleotide (the N73 discriminator base: A in humans
and U in bacteria) in minihelix RNA substrates reversed the
specificity of the enzymes2¢).
T BT Tyrosyl-tRNA synthetases provide another example of
species-specific acceptor stem recognition. As in the glycine
case, tyrosyl-tRNA synthetases from prokaryotes and eu-
karyotes cannot cross-acylate the respective tyrosine tRNAs
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Ficure 6: RNA determinants for microhelix aminoacylation. (a)
Aminoacylation of microhelix RNAs byE. coli AlaRS. (b)

Aminoacylation of microhelix RNAs by. elegansnitochondrial (10, 63. The basis for this discrimination is the 1:72 base
AlaRS. The effects of nucleotide substitutions in the Ce-m palr. In prokaryotes, a G:C pair common to most tRNAs is
microhelix are shown. found in this position while, in eukaryotes, it is a C:G pair.

Switching this single base pair is sufficient to switch substrate
DISCUSSION specificity of tyrosyl-tRNA synthetases both for full-length
To examine the differences in RNA recognition which tRNA (63) and for microhelix RNA substrated@. The
compensate for differences in acceptor stem sequencesl:72 base pair appears to interact with an insertion that splits
between alanine tRNAs from animal mitochondria and those the active-site domains of class | synthetases, of which TyrRS
from other sources, we set out to clone and express a mito-is an example. A subpart of this insertion, which is
chondrial alanyl-tRNA synthetase. The choicéofelegans comprised of just 39 amino acids, is sufficient to switch
as the first target was attractive because of the difference inspecies-specific acylation. The switch was accomplished by
acceptor stem sequence (a G:U wobble pair in the 1:72transplanting the peptide from a human TyrRS i&tocoli
position) that prevents charging by a prokaryotic homologue TyrRS and, reciprocally, by transplanting the analogous
and because of the possibility that the unique 3/4-molecule peptide from theE. coli synthetase into the human enzyme
nature of mitochondrial tRNAs from nematode worms would (64).
manifest itself in a novel mitochondrial tRNA synthetase.  The differences in substrate recognition betwé&ercoli
The success of homology-based PCR for cloning the mito- and C. elegananitochondrial alanyl-tRNA synthetases are
chondrial enzyme, as well as the overall sequence similarity distinct from the species-specific recognition described above
(22—32% identity) to alanyl-tRNA synthetases cloned from in that the inability to cross-acylate substrates from a different
a wide variety of organisms, showed that many features of species is not reciprocal. White. coli AlaRS is unable to
AlaRS are conserved despite the changes in the RNAcharge RNAs derived from the mitochondrial tRNA, the
substrate. mitochondrial synthetase is able to charge both its own
We thought that the small size of the mitochondrial substrate and to cross-acylate a substrate based on the
enzyme (774 amino acids if the mitochondrial targeting acceptor stem oE. coli tRNAA2, E. coli AlaRS fails to
peptide is removed) relative to AlaRS sequences from charge theC. elegansmitochondrial RNA because of the
prokaryotes and eukaryote cell cytoplasm (8868 amino presence of a specifinegatve determinant. Charging is
acids) might correlate with the reduced size of its 3/4-tRNA blocked by the presence in the major groove of the 4-keto
substrate. The N-terminal half of the alanyl-tRNA syn- oxygen of U72 82). Adaptations which allowC. elegans
thetases consists of the class-defining active-site domainmitochondrial AlaRS to charge the mitochondrial tRNA
followed by domains which have been implicated in acceptor make the enzyme insensitive to the presence of the 4-keto
stem sequence recognition. Truncation of theoli AlaRS oxygen that specifically blocks tHe. colienzyme. Interest-
after these domains results in a decrease in chargingingly, this insensitivity does not simultaneously introduce a
efficiency for full-length tRNA but has no effect on charging specificity in the mitochondrial enzyme for G1:U72.
of mini- or microhelix substrate${). These data suggested Cocrystal structures solved thus far show that class Il
that the C-terminal half of the enzyme interacted with enzymes approach the acceptor stem from the major groove
portions of the tRNA other than the acceptor helix. The side g5, 6. In particular, the cocrystal structure of the
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class Il yeast aspartyl-tRNA synthetase with tRiR¥showed tRNAA2 and that based on th€. elegansmitochondrial

specific contacts between the enzyme and the 1:72 base paitRNA] with virtually identical efficiency. Therefore, at least

in the major groove. These contacts involved residues in for the mitochondrial enzyme, helix stability and distortion

the flexible loop of motif 2 67). probably play little or no role in the discrimination of the
If the loop of motif 2 in alanyl-tRNA synthetases makes RNA substrate.

contact with the 1:72 base pair in a manner which is
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