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Threonyl-tRNA synthetase (ThrRS) participates in protein synthesis
quality control by selectively editing the misacylated species Ser-
tRNATh", In bacteria and eukaryotes the editing function of ThrRS
resides in a highly conserved N-terminal domain distant from the
active site. Most archaeal ThrRS proteins are devoid of this editing
domain, suggesting evolutionary divergence of quality-control
mechanisms. Here we show that archaeal editing of Ser-tRNAT"" is
catalyzed by a domain unrelated to, and absent from, bacterial and
eukaryotic ThrRSs. Despite the lack of sequence homology, the
archaeal and bacterial editing domains are both reliant on a pair of
essential histidine residues suggestive of a common catalytic mech-
anism. Whereas the archaeal editing module is most commonly
part of full-length ThrRS, several crenarchaeal species contain
individual genes encoding the catalytic (ThrRS-cat) and editing
domains (ThrRS-ed). Sulfolobus solfataricus ThrRS-cat was shown
to synthesize both Thr-tRNA™" and Ser-tRNA™" and to lack editing
activity against Ser-tRNAT", In contrast, ThrRS-ed lacks aminoacy-
lation activity but can act as an autonomous protein in trans to
hydrolyze specifically Ser-tRNAT", or it can be fused to ThrRS-cat
to provide the same function in cis. Deletion analyses indicate that
ThrRS-ed is dispensable for growth of S. solfataricus under stan-
dard conditions but is required for normal growth in media with
elevated serine levels. The growth phenotype of the ThrRS-ed
deletion strain suggests that retention of the discontinuous ThrRS
quaternary structure relates to specific physiological requirements
still evident in certain Archaea.

To ensure accurate translation of the genetic code, aminoacyl-
tRNA synthetases (aaRS) display a remarkable precision in
pairing tRNAs to their cognate amino acids. They catalyze a
two-step reaction, first by activating the amino acid in the form
of adenylate and subsequently by transferring it to the 3'-end of
the tRNA molecule (1). These enzymes reject most noncognate
amino acid substrates at the level of activation, based on steric
or chemical incompatibilities with their active-site architecture.
However, because discrimination of isosteric and chemically
related amino acids is difficult and may consequently result in the
formation of misactivated and mischarged products, some aaRSs
have evolved editing mechanisms. The incorrect products are
usually translocated and hydrolyzed at specific sites (editing
sites), either as adenylates (pretransfer) or aminoacylated
tRNAs (posttransfer editing) (2). Perhaps the best-studied ed-
iting mechanisms are those of the class I enzymes isoleucyl-
(3-5), leucyl- (6), and valyl-tRNA synthetase (7), all of which are
supported by extensive functional and structural investigations.
Among class II synthetases, prolyl-tRNA synthetase (8), alanyl-
tRNA synthetase (9, 10) and, most recently, threonyl-tRNA
synthetase (ThrRS) (11) have been reported to possess post-
transfer editing activities.

The crystal structure of ThrRS from Escherichia coli allowed
delineation of the mechanisms this enzyme employs to ensure
the fidelity of Thr-tRNATP" synthesis (11, 12). The active site
efficiently discerns between threonine and the isosteric valine by
using a zinc ion as a cofactor; the zinc coordinates both the amino
group and the side-chain hydroxyl group of threonine, whereas
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it rejects valine because of steric hindrance with one of its methyl
groups. However, serine cannot be discriminated at the activa-
tion step; instead, incorrectly formed Ser-tRNAT!" is hydrolyzed
at the editing site, which is located in the N-terminal domain of
the enzyme (11). Mutational studies located the editing site as
a cleft in the N-terminal domain; in particular, two histidines
(His-73 and His-77) and an aspartate (Asp-180) proved critical
for the editing activity (11).

Although the editing domain described for E. coli ThrRS is
always found in ThrRS proteins from all bacteria and eu-
karyotes, a homologous domain could not be identified in most
archaeal ThrRSs (12). However, a recent report indicated that a
distinct N-terminal domain present in the majority of archaeal
ThrRSs performs the analogous function (13). In addition, it was
suggested that homologous domains encoded in some Crenar-
chaea such as Sulfolobus solfataricus might perform the same
function. Here we analyze biochemical properties of the Meth-
anocaldococcus jannaschii and S. solfataricus ThrRSs, and dem-
onstrate that the archaeal ThrRS editing domains specifically
and efficiently deacylate Ser-tRNAT, both in cis and trans.
Furthermore, using a S. solfataricus genetic system, we provide
direct evidence that the hydrolytic activity furnished by the
ThrRS editing domain is critical for protein synthesis quality
control in vivo.

Materials and Methods

Cloning of thrS Genes and Preparation of ThrRS Enzymes. DNA and
predicted amino acid sequences were obtained from publicly
available databases. S. solfataricus DNA was purchased from
American Type Culture Collection bioproducts (ATCC
35092D), and M. jannaschii DNA was prepared by standard
methods from cells (a gift from K. O. Stetter and M. Thomm,
Regensburg University, Regensburg, Germany). The thrS gene
from M. jannaschii (MJthrS) (with the primer pair 5'-
GAATCTTCATATGAGGGATAATATGAAGATGC-3" and
5'-GTAATCACTCGAGATGGAACTTTGGCTG-3") and the
two S. solfataricus genes, the ThrRS-ed gene (thrS-ed) (ORF
SS00384) (5'-GAATCTTCATATGATAATACTATTTAT-
TCACG-3' and 5'-GTAATCACTCGAGCAATAAAAAT-
ACGG-3") and the ThrRS-cat gene (thrS-cat) (ORF SS0O2486)
(5'-GAATCTTCATATGGAAAGTTATAAACCAG-3" and
5'-GTAATCACTCGAGTTTTAACGCTTTTACTGTAG-3'),
were PCR amplified and cloned into pET20b (Novagen). A
chimeric S. solfataricus thrS gene (encoding SSThrRS-ed/
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ThrRS-cat) consisting of the 5’ end of thrS-ed (nucleotides
1-456) attached to the 5’ end of thrS-cat was made by a two-step
PCR reaction with two pairs of oligonucleotides (5'-
GAATCTTCATATGATAATACTATTTATTCACG-3’ and
5'-CTGGTTTATAACTTTCCATTCCAAATTTTTCAC-
AATAC-3', and 5'-GTATTGTGAAAAATTTGGAATG-
GAAAGTTATAAACCAG-3' and 5'-GTAATCACTC-
GAGTTTTAACGCTTTTACTGTAG-3") and cloned into
pET20b. The E. coli thrS gene (ECthrS) was cloned into pET15b.
The QuikChange system (Stratagene) was used for site-directed
mutagenesis of MJthrS.

Expression of these genes was induced in E. coli BL21-Codon
Plus (DE3)-RIL at Asqp = 0.6 with 0.4 mM isopropyl-1-thio-S-
D-galactopyranoside, or 0.1 mM of thrS-ed, for 2 h at 37°C. N-
and C-terminally His-6-tagged proteins were purified on a
nickel-column as described in ref. 14. Archaeal ThrRS prepa-
rations were flocculated at 65°C for 45 min to minimize the
amount of contaminating E. coli proteins.

Aminoacylation and ATP-PP; Exchange Assay. The effective enzyme
concentration was determined by active-site titration as de-
scribed in ref. 14. Unfractionated mature tRNA from M. jann-
aschii was prepared according to the published procedure (15).
M. jannaschii tRNAT" was prepared by using MJThrRS and
threonine to generate Thr-tRNA, which was subsequently pu-
rified by using an EF-Tu affinity column (16). All buffer pH
values were determined at 60°C.

The ATP-PP; exchange assay was performed as described in
ref. 14 at 60°C in 50 mM Hepes-NaOH (pH 7.2), 15 mM MgCl,,
50 mM KCI, 5 mM DTT, 1 mM potassium fluoride, 2 mM ATP,
15-500 puM L-threonine or 5-300 mM L-serine (Sigma), and 2
mM [*’P]pyrophosphate (2 cpm/pmol) (PerkinElmer). ThrRS
concentrations ranged from 10 to 40 nM.

Aminoacylation was performed at 60°C in 50 mM Hepes-
KOH (pH 7.2), 50 mM KCl, 15 mM MgCl,, 5 mM DTT, 10 mM
ATP, 50 uM [*H]threonine (200 cpm/pmol) or 300 uM
[*H]serine (200 cpm/pmol) (Amersham Biosciences), and 2
mg/ml M. jannaschii unfractionated tRNA in 120-ul reactions.
Twenty-microliter aliquots were spotted on 3 mm filter disks
(Whatman) and washed in 10% trichloroacetic acid, and the
radioactivity was determined by liquid scintillation counting.

Posttransfer Editing Assay. Thr-tRNAT' and Ser-tRNATh were
generated by charging unfractionated M. jannaschii tRNA or
purified M. jannaschii tRNAT" with MJIThrRS or ThrRS-cat,
respectively. Additionally, M. jannaschii unfractionated tRNA
was charged with seryl-tRNA synthetase from Methanosarcina
barkeri (D.K., unpublished work) to produce Ser-tRNASer, After
aminoacylation, tRNA was extracted by phenol and chloroform,
ethanol-precipitated, dried, and subsequently used in deacyla-
tion assays as described in ref. 14.

Cultivation and Construction of S. solfataricus Strains. S. solfataricus
strains were grown at 80°C in batch culture as described in refs.
17 and 18. Strain PBL205 [del(SSO3004-3050)] is described in
ref. 19. Defined minimal medium consisted of the basal salts of
Allen (20), as modified by Brock (21), supplemented either with
0.2% (wt/vol) sucrose or lactose as the sole carbon and energy
source. Recovery of transformed cells used a rich medium
supplemented with 0.2% (wt/vol) tryptone. Growth was moni-
tored at 540 nm by using a Cary 50 Bio spectrophotometer
(Varian). Solid medium was prepared by using 0.6% (wt/vol)
gelrite gellan gum (Kelco, San Diego) and 8 mM magnesium
chloride. Plates were incubated at 80°C in plastic containers with
sufficient hydration to prevent desiccation. Strains treated with
amino acids were grown in sucrose to a cell density of 108 per
milliliter (=0.1 Asao) in glass crew-cap Erlenmeyer flasks (250
ml). Filter-sterilized solutions of L-serine and/or L-threonine
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Fig. 1. Disruption of the SSO0384 locus. (A) Outline of the SSO0384 disrup-
tion strategy. The locations of PCR primers are indicated by arrows. The Avrll
site of SS00384 is located at nucleotide 524. LacS is positioned in a reverse
orientation relative to SSO0384. (B) PCR analysis of the disrupted and WT
$S00384 locus: lane 1, 1-kb DNA ladder; lane 2, amplification of SSO0384 from
disruption mutant by using primers SSO0384-Hindlll-F and SSO0384-HindllI-R;
lane 3, same as lane 2 but digested with Hindlll; lane 4, SS00384 amplified
from WT; lane 5, same as lane 4 but digested with Hindlll; lane 6, lacS amplified
from WT by using primers lacS-Avrll-F and lacS-AvrlI-R.

were then added to final concentrations of 0.5 mM. Cultures
were incubated at 80°C, and growth was monitored spectropho-
tometrically.

A disruption of the ThrRS-ed encoding gene SSO0384 was
made (Fig. 14) in strain PBL2025 by inserting the lacS gene as
described in ref. 18. Plasmid pSSO03841 was constructed by
insertion of a HindIlI-digested PCR S$SO0384 amplicon pro-
duced with primers SSO0384-HindIII-F (5'-ATGCAAGCTT-
GTGATAATACTATTTATTCACGCAT-3") and SSO0384-
HindIII-R (5'-ATGCAAGCTTAGTTATTTTTATGCCTA-
TAAAGAGT-3") and cloned into the HindIII site of pUCIO9.
The complementary region of SSO0384-HindIII-F starts at the
SS00384 start codon, and the complementary region of
SS0O03842-R starts 1,159 nt downstream relative to the SSO0384
start codon, beginning with the SSO0384 stop codon. Plasmid
pSSO0384S1 was constructed by insertion of an Avrll-digested
PCR lacS amplicon into the Avrll site of pSSO03841 in the
reverse orientation relative to SSO0384. To achieve this result,
lacS was placed into pSSO03841 at nucleotide 527 relative to the
SS0O0384 stop codon. PCR primers for lacS were forward primer
LacS-AvrII-F (5'-AGTCCGCCCTAGGAATACTAGGAG-
GAGTAGCATATAATTACGT-3") and reverse primer LacS-
AvrII-R (5'-AGTCCGCCCTAGGAGTATTAAATCTA-
AATGACTTTCCAATTAG-3'), and both encode added Avrll
sites. LacS-AvrIl-F starts 170 nt 5’ to the lacS start codon,
whereas LacS-AvrII-R starts 165 nt 3’ to the lacS stop codon.
After transformation of pSSO0384S1 into PBL2025 by electro-
poration, lactose-using recombinants were recovered by enrich-
ment in lactose, and individual colonies were isolated by serial
dilution onto rich medium plates. Chromosomal recombinants
resulting from lacS insertion were detected by spraying the plates
with 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside. Lac™
isolates were analyzed by PCR and restriction analysis.

PCR amplification (Fig. 1B) of the WT undisrupted SSO0384
locus in strain PBL2025 by using primers SSO0384-HindIII-F
and SSO0384-HindIII-R produced a single fragment of 1.16 kb
and two fragments of 0.53 and 0.63 kb after digestion with AvrIl.
PCR of the disrupted SSO0384 locus in strain PBL2034 pro-
duced a single fragment of 3.09 kb. Three fragments were
produced after digestion with AvrlI that represented the 5’ and
3’ ends of $§00384 and the 1.93-kb lacS insert.

Results

Divergence of Archaeal ThrRSs. The majority of characterized
Archaea possess a distinctive archaeal-type ThrRS, whereas
bacterial-type ThrRS-encoding genes are restricted to a few
archaeal species (22). A survey of available archaeal genome
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Schematic diagram of the domain structure of various ThrRSs and detailed alignment around the region that interacts with the zinc atom. Highly

conserved residues are highlighted in blue, and residues involved in binding of zinc are in red. Numbering corresponds to the residue immediately to the right.
Abbreviations are as follows: EC, E. coli; BS, Bacillus subtilis; MJ, M. jannaschii; PA, P. aerophilum; SS1, S. solfataricus archaeal-type ThrRS-ed; SS2, S. solfataricus

bacterial-type ThrRS-cat.

sequences revealed bacterial-type ThrRSs encoded only in the
groups Thermoplasmata and Halobacteria. Three crenarchaeal
species (S. solfataricus, Sulfolobus tokodaii, and Aeropyrum per-
nix) were all found to possess two thrS-related genes. Initial
alignments of the encoded ThrRS pairs showed that they diverge
into two groups, one comprising the archaeal-type sequences
and the other resembling the bacterial-type enzymes. Closer
inspection revealed peculiarities in both groups: the archaeal
genus Sulfolobus ThrRS shows high conservation in the archaeal-
specific N-terminal domain (=150 aa) and in the characteristic
class Ila anticodon-binding domain at its C terminus; however,
it lacks the putative catalytic domain in the middle (Fig. 2). Thus,
we name it ThrRS-ed. Conversely, the Sulfolobus bacterial-type
ThrRS possesses highly conserved catalytic and anticodon-
binding domains but lacks almost the entire N-terminal editing
domain, shown to be responsible for editing in bacterial-type
ThrRSs (Fig. 2). We therefore name it ThrRS-cat. Because the
presence of the known ThrRS editing domain appeared re-
stricted to Thermoplasmata and Halobacteria in Archaea, we
were prompted to analyze mechanisms of serine discrimination
pertinent to archaeal-type ThrRS enzymes in general and the
atypical crenarchaeal systems in particular.

Elements in M. jannaschii ThrRS and S. solfataricus ThrRS-cat That Are
Responsible for the Specificity of Threonylation. Archaeal ThrRSs
were tested for their ability to activate threonine and noncognate
serine. As anticipated, amino acid activation was observed only

in the case of ThrRS-cat and MJThrRS, whereas ThrRS-ed was
catalytically inactive. Kinetic parameters were then determined
for the activation of threonine and serine by both ThrRS-cat and
MIThrRS (Table 1). The bacterial-type ThrRS-cat, archaeal-
type MIThrRS, and E. coli ThrRS (11) all show similar speci-
ficities for threonine over serine, attesting to similarities in their
amino acid binding sites. The comparable patterns of serine
misactivation among these ThrRSs suggest the need for error
correction mechanisms in S. solfataricus and M. jannaschii
similar to that described in E. coli (12). The archaeal ThrRS
enzymes were therefore first tested for their ability to mischarge
serine to tRNA in standard aminoacylation assays. As seen in
Fig. 34, MJThrRS was unable to charge serine significantly
above background, whereas ThrRS-cat mischarged serine to a
conspicuously high level. Strikingly, an equimolar mixture of
ThrRS-ed and ThrRS-cat suppressed production of the misacy-
lated product, suggesting that ThrRS-ed contributes to the
amino acid specificity of the reaction. Furthermore, the rate of
cognate threonine aminoacylation was enhanced in the presence
of ThrRS-ed and ThrRS-cat together, compared with ThrRS-cat
alone (Fig. 3 4 and A4 Inset). Although this effect was not high,
it consistently appeared in our assays.

ThrRS-ed and MJThrRS Hydrolyze Ser-tRNA™" Specifically. The ar-
chaeal ThrRSs were analyzed for their ability to edit mischarged
Ser-tRNAT by the posttransfer route, analogous to the mech-
anism described for E. coli ThrRS in ref. 11. The mischarging

Table 1. Kinetic parameters for threonine and serine activation by various ThrRSs

kcat/KM:

ThrRS species Amino acid keat, s7! Knv, mM keat/Km, s71/mM relative*
S. solfataricus® Threonine 13.5+0.2 0.11 = 0.01 124 + 11 1

Serine 12.3 £ 0.2 55+ 5 0.22 = 0.02 1.8 X 1073
M. jannaschii® Threonine 1.9 = 0.02 0.10 = 0.01 19+2 1

Serine 1.3 = 0.01 25 +2 0.05 = 0.01 2.6 X 1073
E. coli* Threonine 36 0.11 320 1

Serine 26 81.5 0.32 1x1073

*kcat/Kwm is relative to threonine in each set, which was set at 1. Individual kinetic parameters are based on the
average of three determinations.

fReactions performed at 60°C.

*As reported in ref. 12, reactions performed at 37°C.
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Fig.3. Mischarging and proofreading of tRNAT". (A) Aminoacylation of M.
jannaschii tRNAT" (2 wM) with 300 M [3H]serine by ThrRSs: O, 1 uM ThrRS-cat;
®, 1 uM ThrRS-cat plus 1 uM ThrRS-ed; [J, 0.2 uM MJThrRS. (Inset) Aminoacy-
lation of M. jannaschii tRNATP" (2 uM) with 50 uM [3H]threonine by ThrRSs: O,
1 uM ThrRS-cat; ®, 1 uM ThrRS-cat plus 1 uM ThrRS-ed; [J, 0.2 uM MJThrRS. (B)
Deacylation of Ser-tRNAT™" by various ThrRSs: [J, 30 nM M. jannaschii ThrRS; @,
30 nM S. solfataricus ThrRS-ed; A, 200 nM E. coli ThrRS; O, 200 nM S. solfa-
taricus ThrRS-cat; m, no enzyme.

ability of ThrRS-cat was used to produce the substrate for this
reaction. ThrRS-ed and MJThrRS both hydrolyzed Ser-
tRNATh as did ECThrRS, but not ThrRS-cat (Fig. 3B). In
addition, none of the enzymes showed detectable deacylation of
either Thr-tRNAT or Ser-tRNASr (data not shown), confirm-
ing the specificity of the editing reaction for both tRNA and
amino acid.

The N-Terminal Domain of the Archaeal-Type ThrRS Is Responsible for
Editing. The ability of ThrRS-ed and MJThrRS to efficiently
hydrolyze Ser-tRNATPr suggested that the editing function re-
sides in their highly conserved N-terminal domains. Because
these domains share no sequence similarity with the editing
domain of E. coli ThrRS, we investigated their involvement in
Ser-tRNAThr editing. Site-directed mutagenesis of the
MJThrRS-encoding gene was used to introduce eight alanine
replacements of conserved residues in the N-terminal domain of
the protein (Fig. 4). All of the mutant enzymes were successfully
purified, and none were significantly impaired in threonine
charging (data not shown). However, when tested for their ability
to deacylate Ser-tRNAT' some of the variants (H11A, H84A,
K122A, and H131A) failed to show detectable activity (Fig. 54).
These latter variants were further analyzed for serine mischarg-
ing; two of them (H84A and H131A) demonstrated notable
mischarging activities (Fig. 5B), thus confirming the involvement
of the N-terminal domain in editing.
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Fig. 5. Site-directed mutagenesis of the archaeal-type editing domain. (A)
Editing activity in M. jannaschii ThrRS mutants. Shown are bar graphs com-
paring the posttransfer editing activity of Ser-tRNAT™" by M. jannaschii ThrRS
mutants. Results are based on the initial rate of deacylation with WT ThrRS
activity set at 100%. (B) Aminoacylation of M. jannaschii tRNATM" (2 uM) with
[3H]serine (300 uM) in the presence of ThrRSs: ®, 0.4 uM H84A mutant; O, 0.4
nM H131A; A, 0.4 uM C128A.

Chimeric S. solfataricus ThrRS-ed/ThrRS-cat Possesses both Amino-
acylation and Editing Activity. Complementing aminoacylation and
editing activities from two distinct ThrRS enzymes in Sulfolobus
may be suggestive of the evolutionary processes implicated in the
development of the contemporary multidomain aaRS architec-
ture. To probe this issue further, we investigated the structural
compatibility of the archaeal-type editing domain with the
bacterial-type ThrRS core. The editing domain of S. solfataricus
ThrRS-ed was fused to the body of the ThrRS-cat enzyme from
the same organism to generate a chimeric ThrRS-ed/ThrRS-cat
protein. The enzyme chimera was successfully produced in E.
coli and analyzed in the standard aminoacylation and posttrans-
fer editing assays. This protein not only retained threonylation
activity equivalent to ThrRS-cat, but also demonstrated the
ability to efficiently and specifically hydrolyze Ser-tRNATP with
an efficiency comparable with ThrRS-ed (Figs. 6 4 and B). In
addition, hydrolysis of Ser-tRNASr and Thr-tRNAT' by the
chimeric enzyme could not be detected (data not shown).

A S. solfataricus ThrRS-ed Deletion Strain Shows Reduced Growth in
Serine-Rich Medium. Separation of aminoacylation and editing
functions between the S. solfataricus ThrRS-cat and ThrRS-ed
enzymes, respectively, provides an ideal system in which to
directly test the effects of mischarged tRNA formation in vivo.
To pursue this issue further, we inactivated the gene encoding S.
solfataricus ThrRS-ed by introducing an insertion cassette into
ORF SSO0384. The resulting S. solfataricus strain PBL2034 was

Multiple sequence alignments of the editing domains in archaeal-type ThrRSs inferred by cLustaix (30). Residues analyzed by alanine-scanning

mutagenesis of M. jannaschii ThrRS are indicated with asterisks. Abbreviations are as follows: A.per, A. pernix (NP_146977); S.sol, S. solfataricus (NP_341922); S.tok,
S. tokodaii (NP-378184); M.jan, M. jannaschii (NP_248192); M.the, Methanothermobacter thermautotrophicus (NP_276569); P.hor, Pyrococcus horikoshii
(NP_142646); A.ful, Archaeoglobus fulgidus (NP-069384); P.aer, P. aerophilum (NP_559516) (GenBank accession numbers are in parentheses).
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50 uM [3H]threonine: ®, 1 uM SSThrRS-cat; O, 1 uM ThrRS-ed/ThrRS-cat. (B)
Deacylation of Ser-tRNATY" (~0.5 uM): @, 10 nM ThrRS-ed; O, 10 nM ThrRS-
ed/ThrRS-cat; m, no enzyme.

viable. The growth of this mutant strain was compared with the
WT strain PBL2025; in minimal medium both strains exhibited
similar growth rates. Raising the serine concentration in the
medium to 0.5 mM significantly reduced the growth rate of the
mutant strain, whereas growth of the WT strain was much less
affected (Fig. 7). Further addition of threonine (0.5 mM in
equimolar concentration to serine) restored the growth rate of
the deletion strain to that of the WT (Fig. 7). Thus, the editing
activity of ThrRS-ed was not essential under normal growth
conditions. However, elevated serine concentrations leading to
unfavorable intracellular serine:threonine levels (probably caus-
ing increased generation of Ser-tRNAT') produced a pro-
nounced growth defect of the S. solfataricus ThrRS-ed deletion
strain.

Discussion

Functional Convergence of Unrelated Domains Assures Specificity of
Thr-tRNA™" Formation. Our analysis of uncharacterized N-
terminal regions present in the majority of archaeal ThrRSs
identified an editing domain in these aaRSs, as also recently
proposed for the methanogenic archacon M. mazei (13). Al-
though amino acid sequence comparisons of the archaeal-type
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Fig. 7. Effect of serine and threonine on growth of the S. solfataricus WT
(PBL2025) and the ThrRS-ed deletion (PLB2034) strain in minimal medium. [J,
PBL2025, no amino acid addition; O, PBL2025 plus 0.5 mM Ser; v/, PBL2025 plus
0.5mM Ser+Thr; m, PBL2034, no amino acid addition; ®, PBL2034 plus 0.5 mM
Ser; A, PBL2034 plus 0.5 mM Ser+Thr.
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ThrRS editing domains and the known bacterial-type editing
domains (found in ThrRSs of both bacteria and eukaryotes)
failed to identify any significant homology (10, 23), functional
studies indicate that these two types of modules are entirely
analogous in their function, both possessing efficient and specific
Ser-tRNAT editing capacity (ref. 13 and this work). Conse-
quently, ThrRS appears to be the first aaRS found to use two
evolutionarily unrelated editing domains. The analogous func-
tion of the two ThrRS editing domains is likely correlated with
the existence of homologous catalytic domains in archaeal and
bacterial ThrRSs and, thus, with the persistence of comparable
needs to avoid serine mischarging in phylogenetically distant
organisms. The functional convergence between the two ThrRS
editing domains is highlighted by the observation that both
depend on an absolutely conserved set of histidine residues for
their function. Data available on E. coli ThrRS suggest that these
histidines form a zinc-binding editing site (11), and structural
studies are now required to elucidate whether the essential
histidines fulfill a similar role in archaeal-type ThrRS enzymes.

ThrRS Editing Domains Are Ubiquitously Distributed. Our results,
together with another recent study of editing by archaeal ThrRS
(13), indicate that all living systems have efficient mechanisms
for Ser-tRNAT™ recognition and hydrolysis. Whereas bacteria
and eukaryotes all possess the bacterial-type ThrRS, Archaea
hold a greater diversity of editing patterns; they use the archaeal-
type editing domain both in cis and trans and, less frequently, the
bacterial-type ThrRS enzyme. This diversity in archaeal threo-
nylation may have resulted from the exchange of archaeal-type
ThrRS enzymes with their bacterial-type counterparts, the re-
sults of which are still evident in Thermoplasmata, Halobacteria,
and Crenarchaea. Although the potential advantages of such
replacements are not apparent, our phylogenetic analyses sug-
gest that there are at least three independent horizontal gene-
transfer events from bacteria to these archaeal groups (data not
shown).

The distribution of ThrRS editing domain homologues was
also analyzed outside of the ThrRS system. Searches of publicly
available databases failed to identify other ORFs with significant
similarities to the archaeal-type ThrRS editing domain, confirm-
ing its restricted emergence in archaeal threonylation. In con-
trast, the bacterial-type ThrRS editing domain apparently shares
an evolutionary origin with the editing domain of alanyl-tRNA
synthetase, the N-terminal domain of some tryptophanyl-tRNA
synthetases, and a distinct family of small autonomous proteins
(10, 24).

Origin of Trans-Acting Editing Proteins in Crenarchaea. The strictly
delineated role in editing of the ThrRS-ed enzyme indicates that
the ThrRS-related proteins of Crenarchaea represent a previ-
ously uncharacterized class of trans-editing factor. However,
unlike single-domain transediting proteins homologous to the
editing domains of prolyl-tRNA synthetase and alanyl-tRNA
synthetase (24, 25), ThrRS-ed should not be regarded as a
freestanding progenitor of the editing module, because it already
contains an anticodon-binding domain; a more likely scenario
proposes that some Crenarchaea acquired a bacterial-type
ThrRS by horizontal gene transfer, which then rendered ami-
noacylation by the archaeal ThrRS redundant. Consequently,
the catalytic domain of the archaeal-type ThrRS gradually
degenerated, but its editing domain retained hydrolytic function.
Likewise, the editing domain of the acquired bacterial-type
ThrRS may have lost its deacylating capability and become
rudimentary in the presence of the archaeal-type editing mod-
ule. Some support for this proposal is provided from N-terminal
truncations of ThrRS-cat enzymes, which show recognizable
homology to bacterial-type editing domains (Fig. 2). Such a
series of events may pertain to threonylation in the two Sulfolo-
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bus species and A. pernix but not to another crenarchaeon,
Pyrobaculum aerophilum, which possesses only a standard ar-
chaeal-type ThrRS and, perhaps, never acquired a bacterial
enzyme.

In contrast to the various combinations of archaeal-type
ThrRSs described here and in ref. 13, Thermoplasmata and
Halobacteria possess only the bacterial-type enzyme, which may
have completely replaced the archaeal-type ThrRS in these
organisms. The rationale as to why these particular organisms
found the editing activity of the bacterial-type ThrRSs of greater
utility could be related to their mesophilic or moderately ther-
mophilic character. Because all of the crenarchaeal species
possessing the ThrRS-ed enzyme belong to the hyperthermo-
philic group of organisms, it is possible that the bacterial-type
editing domain was unstable or lacking in function at high
temperatures. Conversely, if archaeal-type ThrRS maintained its
activity at elevated temperatures, it may have been retained in
hyperthermophiles to maintain editing function, while the bac-
terial enzyme assumed the aminoacylation function.

We analyzed available databases in search of analogous
scenarios in other editing systems and identified two organisms
with duplicated prolyl-tRNA synthetase genes of different origin
[Chloroflexus aurantiacus (GenBank accession nos. ZP_00018001
and ZP_00020290) and Clostridium botulinum (wWww.sanger.
ac.uk/Projects/C_botulinum)]. One of the prolyl-tRNA syn-
thetase genes (bacterial-type) is truncated with a putative editing
function, whereas the other (archaeal-type, lacking the editing
domain) is predicted to perform aminoacylation activity. Thus,
the apparent complementarity of autonomous editing and cat-
alytic proteins may not be restricted to the ThrRS system; it
could accordingly be presumed as an alternative mechanism
used by aaRSs to increase both their efficiency and substrate
specificity by selecting a combination of independent proteins
that is functionally superior to either single ancestral partner.
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Modularity in Protein Synthesis Quality Control. The aminoacylation
and editing capacity of the chimeric ThrRS enzyme constructed
here illustrates the flexibility of aaRS domains. The fact that
most modern aaRSs possess a multidomain structure comprising
tRNA-binding and editing domains (26) advocates advantages
for such associations. In this respect, the separation of essential
ThrRS functionalities between two enzymes in Crenarchaea may
represent a transitional stage before fusion into one polypeptide.
This finding is consistent with our suggestion that S. solfataricus
ThrRS-ed and ThrRS-cat interact in vivo because the presence
of both enzymes significantly improves threonylation activity in
vitro compared with ThrRS-cat alone. Moreover, association
between the two enzymes would certainly increase the efficiency
of editing by avoiding dissociation of the mischarged product.
The other possibility is that the continued separation of archaeal
type ThrRS from bacterial-type ThrRS reflects instead a par-
ticular physiological adaptation. This alternative is supported by
our observation that archaeal ThrRS imparts a distinct advan-
tage under certain growth conditions, which may be even more
pronounced in nature. Thus, if S. solfataricus is naturally sub-
jected to elevated levels of serine and, therefore, to the presence
of Ser-tRNATH the genetic separation of ThrRS editing activity
would offer a means to directly regulate a cellular response to the
accumulation of misacylated tRNA independent of aminoacy-
lation. The documentation of other naturally existing aaRSs
possessing separated domains, such as Aquifex aeolicus leucyl-
tRNA synthetase (27), Nanoarchaeum equitans alanyl-tRNA
synthetase (28), or accessory tRNA-binding domains known to
be involved in formation of aaRS complexes in eukaryotes (29),
supports the notion that more flexible noncovalent complex
formation is beneficial in certain contexts.
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