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Aminoacyl-tRNA synthetase-containing complexes
have been identified in different eukaryotes, and their
existence has also been suggested in some Archaea. To
investigate interactions involving aminoacyl-tRNA syn-
thetases in Archaea, we undertook a yeast two-hybrid
screen for interactions between Methanothermobacter
thermautotrophicus proteins using prolyl-tRNA synthe-
tase (ProRS) as the bait. Interacting proteins identified
included components of methanogenesis, protein-modi-
fying factors, and leucyl-tRNA synthetase (LeuRS). The
association of ProRS with LeuRS was confirmed in vitro
by native gel electrophoresis and size exclusion chroma-
tography. Determination of the steady-state kinetics of
tRNAPro charging showed that the catalytic efficiency
(kcat/Km) of ProRS increased 5-fold in the complex with
LeuRS compared with the free enzyme, whereas the Km
for proline was unchanged. No significant changes in
the steady-state kinetics of LeuRS aminoacylation were
observed upon the addition of ProRS. These findings
indicate that ProRS and LeuRS associate in M. thermau-
totrophicus and suggest that this interaction contrib-
utes to translational fidelity by enhancing tRNA amino-
acylation by ProRS.

Aminoacyl-tRNA synthetases (aaRSs)1 are essential compo-
nents of the translation process. Their cellular role is to ensure
that individual tRNAs are attached to their cognate amino acid.
Each aaRS specifically binds to a defined set of tRNAs and
catalyzes the attachment of the amino acids to the tRNAs. Once
synthesized, the aminoacyl-tRNAs function as substrates for ri-
bosomal protein synthesis, thereby ensuring correct translation
of the genetic code (1). In bacteria, aaRSs typically perform their
role as individual enzymes, found either as monomers, ho-
modimers, or homo- or heterotetramers. However, in eukaryotes
several aminoacyl-tRNA synthetases exist in multienzyme com-
plexes (2–4), and two different types have so far been found in
mammalian cells. One is composed of only one aminoacyl-tRNA
synthetase, valyl-tRNA synthetase, and EF-1H, the heavy form
of translation elongation factor 1 (5). The complex is believed to

contain seven subunits, two monomeric subunits of valyl-tRNA
synthetase and the EF-1H subunits EF1-�, -�, -�, and -� in the
molar ratio 2:1:1:1. The second complex described is considerably
larger and includes nine aminoacyl-tRNA synthetase activities.
The complex is composed of isoleucyl-, leucyl- (LeuRS), prolyl-
(ProRS), methionyl-, glutaminyl-, glutamyl-, lysyl-, arginyl-, and
aspartyl-tRNA synthetases. Whereas most of the aaRSs are pres-
ent in the complex as monomers, data have indicated that lysyl-
tRNA synthetase and aspartyl-tRNA synthetase exist as dimers
(3, 6). In addition, the polypeptide carrying the ProRS activity is
multifunctional in that the protein also comprises the catalytic
domain and activity of glutamyl-tRNA synthetase (7). Three aux-
iliary proteins, p18, p38, and p43, are also part of the multisyn-
thetase complex. Although the structural and functional signifi-
cance of the complex still remains to be elucidated, it is known
that N- and C-terminal extensions of the mammalian syntheta-
ses mediate association of the components. The accessory com-
ponents p18, p38, and p43 assist complex formation and stability
and promote tRNA binding by the complex (8–10). The heat
shock protein Hsp90 has also been found to bind aaRSs of the
complex (11), an interaction believed to facilitate assembly.

The only other multi-aaRS complex so far identified in eu-
karyotes was discovered in the yeast Saccharomyces cerevisiae.
The complex consists of methionyl-tRNA synthetase, glutamyl-
tRNA synthetase, and the nonsynthetase protein Arc1p, which
has homology to the mammalian protein p43 (12, 13). The
association with Arc1p was shown to increase the catalytic
efficiency of the two synthetases and enhances nuclear export
of tRNA. The bacterial homologue of Arc1p, Trbp111, was first
found in the extreme thermophile Aquifex aeolicus and was
shown to promote tRNA binding by aaRSs (14, 15). Factors
unrelated to the translation machinery have also been found to
associate with aaRSs. In one case, a two-hybrid screen revealed
interaction between yeast seryl-tRNA synthetase and Pex21p,
a protein involved in peroxisome biogenesis (16). In a similar
screen, yeast tyrosyl-tRNA synthetase was isolated as a protein
associating with Knr4p, a protein involved in regulation of cell
wall assembly (17).

In Archaea, much less is known about aaRS complexes, and
to date only two studies have reported their possible existence.
Methanocaldococcus jannaschii ProRS was co-purified with the
H2-forming N5-N10-methylene tetrahydromethanopterin dehy-
drogenase (HMD), a component of the methanogenesis path-
way (18). ProRS and HMD were also used for co-immunopre-
cipitation experiments with recombinant proteins, leading to
the proposal that HMD specifically interacts not only with
ProRS but also with lysyl-tRNA synthetase and aspartyl-tRNA
synthetase. The cellular role of the complex remains unclear,
since the aaRS activities are unchanged upon complex forma-
tion. An aaRS complex has also been described in the extreme
halophile Haloarcula marismortui, with many if not all of the
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aaRSs purified in one or possibly two large complexes (19).
Further investigations of archaeal aaRS complexes are war-
ranted, both to more clearly understand their role in these
unusual organisms and also to better understand the role of
such interactions in general. We have now used the yeast
two-hybrid system to search for proteins interacting with
ProRS in the archaeal methanogen Methanothermobacter ther-
mautotrophicus (20). This identified a stable interaction be-
tween LeuRS and ProRS, which appears to specifically enhance
tRNAPro aminoacylation.

EXPERIMENTAL PROCEDURES

Media, Strains, and Plasmid Construction—Cloning procedures and
Escherichia coli media were prepared by standard methods. Yeast trans-
formation was done according to Ref. 21. Yeast media were made accord-
ing to the manual for the ProQuest two-hybrid system (Invitrogen) and as
described (22). All primers were from Integrated DNA Technologies. The
bait vector pDBLeu, prey vector pDEST22, and yeast host strain MaV203
(MAT� leu2–3, 112, trp 1–901, his3�200, ade2–101, gal4�, gal80�,
SPAL10::URA3, GAL1::lacZ, HIS3UAS GAL1::HIS3@LYS2, can1R, cyh2R)
were from the ProQuest two-hybrid system (Invitrogen). Construction
of yeast two-hybrid bait vector containing the M. thermautotrophicus
proS gene was done as follows. The ProRS-encoding gene, (proS,
MTH611), was isolated by PCR using genomic M. thermautotrophicus
DNA as template, the primers 5�-GGTGTTGTCGACCATGCAGAAAC-
CTATC-3� and 5�-GGTGGTGTCGACTCAGCTAATATGTTC-3� flanked
by SalI sites and Pfu DNA polymerase (Stratagene). The proS PCR
product was cloned into PCR-Blunt II-TOPO vector (Invitrogen), se-
quenced, and subsequently subcloned into the yeast ProQuest two-
hybrid bait vector pDBLeu using the SalI restriction sites. The se-
quence obtained from verifying the proS clones deviated from the
published MTH611 sequence in that it contained an extra C at position
1412. The C insertion in the sequence gave rise to a frameshift that then
encoded the last nine amino acids of ProRS as YRAYLARTY instead of
GLTLPEHIS (Stehlin et al. (23) also reported LARTY as the five last
amino acids).

N-terminally tagged His6 fusion derivatives of ProRS and LeuRS
(MTH1508) were made by PCR amplification of the relevant genes
using oligonucleotide primers containing sequences encoding six histi-
dine residues located immediately after the start codons of the genes
(see below). Appropriate restriction sites used for cloning into final
expression vectors were also included. Templates were either genomic
DNA or plasmids containing the relevant genes. The PCR products
were cloned into PCR-Blunt II-TOPO vector (Invitrogen) and sequenced
prior to cloning into the E. coli expression plasmid pET11a (Novagen).
For the His6-ProRS construct, primers 5�-CATATGCATCACCATCAC-
CATCACCAGAACCTATCAAA-3� and 5�-TGATCATTAGCTAATATGT-
TC-3� were used, and for His6-LeuRS, 5�-CATATGCATCACCATCACC-
ATCACGATATTGAAAGAAAATGG-3� and 5�-TGATCATTATTCAAG-
GTATATGGCTGGCT-3� were used. Cloning into pET11a was done by
isolating the respective NdeI-BclI fragments and ligating them into
NdeI-BamHI-digested pET11a.

Preparation of M. thermautotrophicus mRNA—Six cultures of M.
thermautotrophicus were grown in 1.5-liter bioreactors at 55 °C in a
minimal salts medium (24). A gas mixture of 89% H2, 11% CO2 was
supplied to the cultures at a flow rate of 200 ml/min. The impellers on
the fermentation vessels were spun at either 600 rpm to allow an
optimum amount of hydrogen gas to dissolve into the medium or at 200
rpm to limit hydrogen dissolution. Eight RNA samples were purified
from the six cultures under both high and low hydrogen conditions
during early, middle, and late logarithmic growth phases. To extract
the RNA, 10 ml of culture were withdrawn from the fermentation
vessels into disposable Becton Dickinson syringes at each of the time
points. The samples were then passed through reusable Gelman filter
units containing Millipore nitrocellulose filters, 0.45-�m pore size. The
filters were placed inside 2-ml screw cap vials containing 0.6 ml of
0.1-mm zirconia/silica beads; 0.6 ml of saturated phenol, pH 4.3; and 0.6
ml of 1% SDS, 0.1 M sodium acetate, pH 5.2. The tubes were agitated
inside a Mini-BeadBeater-8 cell disrupter (BioSpec Products, Inc.) for 5
min at 3,200 rpm. After centrifugation, the aqueous phase was removed
from each of the samples and extracted again with saturated phenol, pH
4.3. Nucleic acids were precipitated overnight with isopropyl alcohol
and 0.3 M sodium acetate, pH 5.2. The pellets were washed with 75%
ethanol, allowed to air-dry, and then resuspended in 50 �l of RNase-free
distilled H2O. The samples were treated with DNase (amplification
grade; Invitrogen) according to the supplier’s instructions. RNA was

further purified using a Qiagen RNeasy kit according to the manufac-
turer’s instructions. The concentrations of the samples were deter-
mined spectrophotometrically, and Northern blots were performed to
check for degradation. 10 �g of total RNA from eight different samples
were pooled (80 �g total) to provide templates for cDNA synthesis.

Construction of M. thermautotrophicus cDNA-based Yeast Two-hy-
brid Library—cDNA library was generated by Christian Gruber and
Mark Smith (Invitrogen) using random priming of M. thermautotrophi-
cus total RNA. The cDNA was directionally cloned into the pDEST-22
vector. The resulting cDNA library contains 2.6 � 106 clones (repre-
senting �1000-fold coverage) with an average insert size of 0.4–2 kb.

Yeast Two-hybrid Screen—M. thermautotrophicus proS cloned in the
yeast bait vector pDBLeu (ProQuest two-hybrid system; Invitrogen)
was used to co-transform the yeast strain MaV203 with an M. thermau-
totrophicus cDNA library cloned into the prey vector pDEST22. Poten-
tial positive clones were selected by plating transformants on SC-Leu-
Trp-His � 3-aminotriazole (3-AT; 10 mM) and incubating the plates at
30 °C for 3–10 days including replica cleaning as described (ProQuest
two-hybrid system). The transformation plates were then replica-plated
onto SC-Leu-Trp � 3-AT (10 and 25 mM) and incubated as above.
Transformants showing consistent growth were streaked for single
colonies, and from each transformant four colonies were retested for
growth on SC-Leu-Trp-His � 10, 25, and 35 mM 3-AT and also tested for
phenotypes of the other reporter genes (i.e. growth on SC-Leu-Trp-Ura
and no growth on SC-Leu-Trp � 0.2% 5-fluoroorotic acid). A total of
2.8 � 105 transformants were screened, of which 90 were identified as
positive interacting clones. Isolation of positive clones for sequencing
was done by growing the co-transformants in SC-Trp followed by plat-
ing on SC-Trp in order to isolate colonies harboring only the prey vector.
These colonies were tested for their inability to grow on media lacking
leucine before prey plasmids were isolated from the cultures (25) and
inserts were sequenced. Prey vector cDNA inserts were sequenced
using an oligonucleotide matching the part of the prey vector that reads
into the 5�-end of the insert. In a few cases, oligonucleotides that
surround the insert were used, so both the sequences in the 5�-end and
the 3�-end of inserts could be determined.

Protein Production and Purification—Production of His6-tagged
ProRS and LeuRS was done by transforming BL21 (DE3) RP or RIL
strains (Stratagene) with pET11 containing the relevant inserts and
growing the resulting strains using the Overnight Express™ Auto-
induction System 1 (Novagen) according to the manufacturer’s instruc-
tions. For His6-LeuRS, cell-free extract was prepared by sonication of
the E. coli cells in lysis buffer (50 mM NaH2PO4, 300 mM NaCl) con-
taining protease inhibitor mixture tablet (Complete Mini, EDTA-free;
Roche Applied Science) followed by centrifugation at 27,000 rpm for 20
min. To minimize contamination with E. coli proteins, a flocculation
step at 55 °C for 10 min was included prior to ultracentrifugation at
40,000 rpm for 1 h. The supernatant was then applied to a Ni2�-
nitrilotriacetic acid Superflow column (Qiagen) equilibrated in lysis
buffer and extensively washed in the same buffer containing 10 mM

imidazole. His6-LeuRS was eluted in the same buffer containing 250
mM imidazole. Fractions containing His6-LeuRS (judged by Coomassie
Brilliant Blue staining after SDS-PAGE) were pooled, and buffer was
exchanged to buffer A (50 mM Hepes, pH 7.2, 25 mM KCl, 10 mM MgCl2,
5 mM dithiothreitol, 10% glycerol) using a HiPrep 26/10 desalting col-
umn (GE Healthcare). Samples were then concentrated and further
purified to �95% purity by ultrafiltration (Amicon Ultra-15; 30-kDa
cut-off). Aliquots were stored at �80 °C. Protein extract used to purify
His6-ProRS was handled as described for LeuRS, except that the floc-
culation step was omitted. Fractions eluted and pooled from the Ni2�-
nitrilotriacetic acid Superflow column were diluted 5-fold in H2O and
subjected to ultrafiltration as above. Samples were then diluted 5-fold
in buffer A and applied to a Resource Q column (GE Healthcare) and
eluted with a NaCl gradient (0–500 mM) in the same buffer. Fractions
containing ProRS (judged by Coomassie Brilliant Blue staining after
SDS-PAGE) were pooled and resubjected to ultrafiltration, aliquoted,
and stored at �80 °C. ProRS prepared in this way was judged to be
�95% pure. The concentrations of LeuRS and ProRS were determined
by active site titration as previously described (26), and the reaction
was performed for 5 min.

Native Gel Electrophoresis and Immunoblotting—Attempts to visu-
alize ProRS�LeuRS complexes by native PAGE were done by incubating
a 1–2 �M concentration of each protein together in 10 mM Tris-HCl, pH
7.0, 5 mM MgCl2 at 4 °C for 15 min (30-�l sample volume). Glycerol was
added to the samples to a final concentration of 5% prior to loading on
a 12% native polyacrylamide gel and run at 100 V for 16 h at 4 °C in
native running buffer (25 mM Tris, 0.2 M glycine, pH 8.5). Attempts to
increase ProRS�LeuRS complex formation were made by incubating
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proteins at room temperature for 15–30 min combined with running
gels at room temperature for 6 h at 100 V or for 16 h at 35 V. These
changes did not result in increased visualization of protein-protein
complex formation between ProRS and LeuRS. Western blotting was
done in order to visualize the high molecular weight complex, as well as
His6-LeuRS and His6-ProRS alone, by using antibodies against the
epitope tag (tetra-His antibody; Qiagen), anti-mouse Ig horseradish
peroxidase as second antibody (GE Healthcare), ECL plus Western
blotting detection system, and hyperfilm ECL (GE Healthcare).

Aminoacylation Assays—L-[U-14C]leucine (331 mCi/mmol), L-[U-
14C]proline (276.5 mCi/mmol), and L-[2,3,4,5-3H]proline (85.0 Ci/mmol)
were all from PerkinElmer Life Sciences. The gene encoding M. ther-
mautotrophicus tRNALeu (GAG anticodon) was cloned into pUC18,
whereas the corresponding tRNAPro was a gift from D. Söll (Yale Uni-
versity). Synthesis and purification of the corresponding in vitro tran-
scribed tRNAs was performed using standard procedures (27). All ami-
noacylations were performed at 50 °C as follows. A prereaction mixture
was first prepared containing 100 mM Hepes (pH 7.5), 125 mM dipotas-
sium glutarate, 250 mM KCl, 10 mM MgCl2, 10 mM dithiothreitol, 6
�g/�l M. thermautotrophicus total tRNA (prepared as per Ref. 28), or in
vitro transcribed tRNA and aaRSs at the concentrations indicated for
specific experiments. The entire mixture was incubated for 20 min at
room temperature, the appropriate radiolabeled amino acid was added,
and the temperature was shifted to 50 °C. After 1 min, the reaction was
started by the addition of 5 mM ATP. Aliquots were removed periodi-
cally and spotted onto 3MM filter disks presoaked in 5% trichloroacetic
acid (w/v) and then washed, and radioactivity was counted as described
previously (29). For Pro Km determination, L-[3H]Pro was added at
concentrations varying between 0.2 and 5 times Km. For tRNAPro Km

determination, tRNA was added at concentrations varying between 0.2
and 5 times the Km. Due to the relatively low activity of in vitro
transcribed tRNALeu, saturation conditions could not be achieved, and
kcat/Km was estimated directly (see “Results” for details).

Size Exclusion Chromatography of aaRSs—Size exclusion chroma-
tography was performed using a Superose 12 column (GE Healthcare)
pre-equilibrated in low salt (50 mM Hepes (pH 7.5), 25 mM KCl, 10 mM

MgCl2, 10 mM dithiothreitol) or high salt buffer (100 mM Hepes (pH 7.5),
125 mM dipotassium glutarate, 250 mM KCl, 10 mM MgCl2, 10 mM

dithiothreitol). Both columns were calibrated using gel filtration stand-
ard (Bio-Rad). Samples were prepared in the same buffer and contained
1.4 �M His6-ProRS, 1.4 �M His6-LeuRS (both 100-�l injected sample
volume), or a mixture of 2 �M His6-ProRS and 1.8 �M His6-LeuRS
(200-�l injected sample volume).

RESULTS

Identification of ProRS-interacting Proteins—The bait vec-
tor, pDBLeu, harboring the M. thermautotrophicus ProRS-en-
coding gene was used in the two-hybrid screen with a cDNA
library cloned into the prey vector pDEST22. A total of 2.8 �
105 transformants were screened for protein-protein interact-
ing phenotypes. Of those, 525 potential positive clones were
retested for the protein-protein interacting phenotype, and 90

clones were selected for plasmid isolation and sequencing. Five
clones, each identified once in the screen, contain genes in-
volved in different steps in the methanogenesis pathway
(MTH1159, MTH1160, MTH1163, MTH1300, and MTH1878;
Table I). Two of four protein-modifying genes identified
(MTH785 and MTH1623) appeared once, whereas the other
two appeared eight times in total (MTH357 and MTH412).
LeuRS (MTH1508) was identified once, and other proteins that
are all subunits of protein complexes appeared either once
(MTH736 and MTH802) or twice (MTH957 and MTH674).

Potential ProRS-associating proteins identified from the
two-hybrid screen were sorted into four subgroups (Table I).
The first contained protein-modifying enzymes known to bind a
large variety of proteins in the cell. The most abundant of these
was a transglutaminase-like superfamily domain protein
(MTH412) and its homologue (MTH357), both of which have
been annotated as proteins involved in protein degradation. In
addition, a putative La protease (MTH785) and an oligosac-
charyl transferase STT3 subunit-related protein (MTH1623)
were found, both of which act in modification or degradation of
other proteins. All of the members of this group generally bind
to many different proteins in the cell and thus are more likely
to act as expected false positive clones rather than being pro-
teins that specifically bind ProRS. The second major grouping
contained three subunits from different multimeric proteins
(MTH736, -802, and -957) and one protein of unknown function
(MTH674). As with the first grouping, the finding that most of
these proteins are normally expected to associate with other
proteins suggests that they may also be false positive clones.
The other large group of proteins identified in this study con-
tains components of the methanogenesis pathway (MTH1159,
-1160, -1163, -1300, and -1878). All of these proteins are known

FIG. 1. Yeast two-hybrid interaction between LeuRS and
ProRS. Shown is the growth phenotype on selective media (SC lacking
leucine and tryptophan, supplemented with 35 mM 3-AT) for interac-
tions between ProRS (encoded in the bait vector pDBleu-proS) and
library inserts (encoded in the prey vector pDEST). A portion of the
secondary screening is shown (see “Experimental Procedures” for de-
tails) including interactions with ProRS subsequently identified as
glutaminase (A) and LeuRS (B).

TABLE I
Proteins identified as interacting with M. thermautotrophicus ProRS

Function Open reading framea Descriptionb

Translation MTH1508 Leucyl-tRNA synthetase
Protein modification MTH357 Transglutaminase

MTH412 Transglutaminase
MTH785 La protease
MTH1623 Oligosaccharyl transferase STT3

Methanogenesis MTH1159 N5-methyltetrahydromethanopterin:CoM
methyltransferase, �-subunit

MTH1160 N5-methyltetrahydromethanopterin:CoM
methyltransferase, �-subunit

MTH1163 N5-methyltetrahydromethanopterin:CoM
methyltransferase, E-subunit

MTH1300 Co-F420-reducing hydrogenase, a-subunit
MTH1878 CoB-CoM heterodisulfide reductase, C-subunit

Other MTH736 Carbomoyl phosphate synthase large subunit
MTH802 Aspartokinase II �-subunit
MTH957 ATP synthase
MTH674 Unknown function

a ORFs are numbered according to the annotated genome sequence of M. thermautotrophicus (20).
b Predicted functions of the corresponding proteins are taken from the TIGR Comprehensive Microbial Resource (available on the World Wide

Web at www.tigr.org/tigr-scripts/CMR2/CMRHomePage.spl).
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to be subunits of larger multimeric proteins and thus might be
expected to readily associate with other proteins, perhaps as
components of higher order complexes (e.g. see Ref. 30). The
only component of protein synthesis identified from the two-
hybrid screen was LeuRS, a monomeric aaRS. Contact between
ProRS and LeuRS has previously been observed in the human
multi-aaRS complex (reviewed in Refs. 3 and 6), and the func-
tional consequences of this interaction in Archaea were further
characterized (see below). In light of the potential for nonspe-
cific complex formation, the ability of proteins other than
LeuRS to interact with ProRS was not further investigated.

Association of ProRS with LeuRS—A gene fragment encod-
ing the C-terminal 471 amino acids (residues 467–938) of
LeuRS was isolated as a ProRS-interacting clone in the two-
hybrid screen (Fig. 1 and Table II). In order to further investi-
gate complex formation between ProRS and full-length LeuRS,
both proteins were produced and purified heterologously as
His6-amino-terminal fusion proteins. Complex formation was
first monitored by native gel electrophoresis followed by immu-
noblotting with His6-specific antibodies (Fig. 2). LeuRS and
ProRS are easily detected and well resolved under the condi-
tions employed here (Fig. 2, lanes 1 and 2, respectively). When
ProRS and LeuRS are incubated together prior to analysis, an
additional species is observed with a slower mobility than
either of the individual proteins (Fig. 2, lanes 3–5), suggesting
that a complex is formed between the two proteins. Attempts to
further increase the level of ProRS�LeuRS complexes by using
a variety of different conditions were unsuccessful (data not
shown). The low proportion of total proteins visible by gel
electrophoresis in the ProRS�LeuRS complex may be a conse-
quence of the relatively high salt concentrations required for
optimal association (see below), conditions incompatible with
native gel electrophoresis.

The association of ProRS with LeuRS was further investi-
gated by size exclusion chromatography using a Superose 12
column. Initial experiments were performed using the same
buffer conditions as described above for native gel electrophore-
sis. This led to the appearance of an additional minor species
(�1% of loaded protein) with a predicted molecular weight
consistent with a complex stoichiometry of 2 ProRS:2 LeuRS
(Fig. 3A). The presence of both LeuRS and ProRS in this higher
molecular weight fraction was confirmed by detection of the
corresponding aminoacylation activities using total tRNA from
M. thermautotrophicus as substrate. In an attempt to increase
the proportion of proteins in the complex, buffer composition
was adjusted to more closely reflect the intracellular environ-
ment of M. thermautotrophicus (addition of 125 mM dipotassium
glutarate and 250 mM KCl (31, 32)). Under these conditions, the
level of complex increased significantly and accounted for about
30% of the total protein (Fig. 3B). The exact stoichiometry of the
complex could not be readily deduced from its retention time,
because both the standards and the individual proteins behaved
atypically at elevated salt concentrations (Fig. 3B, inset).

Kinetics of Aminoacylation by the ProRS�LeuRS Complex—
Potential functional effects of the association between ProRS
and LeuRS were investigated in the aminoacylation reaction
using high salt conditions similar to those described above. In
order to ensure that the majority of the monitored enzyme was
in the complex, a 10-fold excess of the other protein was em-
ployed. Experiments employing a short preincubation period
indicated that the addition of LeuRS initially suppressed ami-
noacylation by ProRS, whereas extended preincubation led to
an increase in the rate of aminoacylation (Fig. 4). Determina-
tion of steady-state kinetic parameters for aminoacylation in-
dicated that complex formation both decreased the Km for
tRNAPro and increased the kcat of ProRS (Table III), leading to
a 5-fold increase in kcat/Km for tRNAPro (Table III). Kinetic
parameters for proline showed a comparable change in kcat,
whereas Km was unchanged. Nonspecific effects of the addition
of excess partner protein were excluded by the addition of
similar quantities of BSA, which moderately enhanced amino-
acylation by both ProRS and ProRS�LeuRS to the same degree
(Table III). The further addition of BSA beyond the concentra-
tion initially employed did not result in any further changes in
aminoacylation (data not shown). The possible enhancement of
aminoacylation by LeuRS in the presence of excess ProRS was
also investigated, but no significant difference was observed
compared with the activity of LeuRS alone (Table IV).

DISCUSSION

One of the major groups of proteins found to interact with
ProRS in the two-hybrid assay acts in the methanogenesis
pathway. There are seven steps in the H2-dependent reduction
of CO2 to CH4 and an eighth energy conservation step. Proteins
were identified in the ProRS-mediated two-hybrid screens that
are parts of the complexes carrying out three of the eight steps.
The two-hybrid screen did not identify the protein HMD, which
in M. jannaschii co-purified with ProRS (18). HMD catalyzes
the conversion of methenyl-H4MPT to methylene-H4MPT, the
fourth step in the reduction of CO2 to CH4 in M. thermautotro-
phicus (33). HMD not only co-eluted from an affinity resin with
M. jannaschii His-tagged ProRS but also with Homo sapiens

TABLE II
Yeast two-hybrid interaction between LeuRS and ProRS

Growth phenotypes on selective media for interactions between reference proteins (A–D are controls (ProQuest two-hybrid system; Invitrogen))
and between ProRS (encoded in the bait vector pDBleu-proS) and library inserts (encoded in the prey vector pDEST) are shown. Growth of
transformed MaV203 after 48 h at 30 °C on SC lacking leucine and tryptophan supplemented as indicated is shown. �, no growth; �, weak growth;
��, moderate growth; ���, strong growth.

Plasmids �Ura �His, �25 mM 3-AT �0.2% 5-fluoroorotic acid Description

A controls � - �� No Interaction standard
B controls �/� � � Weak Interaction standard
C controls �� � �/� Moderate interaction standard
D controls ��� ��� �� Strong interaction standard
pDBleu-proS/ pDEST-I149 � � ��� Glutaminase insert in prey vector
pDBleu-proS/ pDEST-I150 �/� ��� ��� LeuRS insert in prey vector
pDBleu-proS/� pPC86 � �/� ��� Empty prey vector control

FIG. 2. Association of LeuRS with ProRS. Native gel electro-
phoresis of His6-LeuRS and His6-ProRS visualized by immunoblotting
using antibodies against the His6 epitope. LeuRS alone (1.6 �M; lane 1),
ProRS alone (1.8 �M; lane 2), LeuRS (1.6 �M), and ProRS combined
(0.6/1.2/1.8 �M; lanes 3–5) are shown.
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His-tagged ProRS and lysyl-tRNA synthetase. This ability of
HMD to associate with both homologous and heterologous syn-
thetases, together with its tRNA binding capacity, suggests
that it may function as a tRNA-interacting factor, as also
recently proposed for p43/Arc1p in eukaryotes (34). Whereas
HMD itself or known similar factors were not detected here,
ProRS did identify a subunit of a protein that under certain
conditions provides reduced coenzyme F420 for methylene-
H4MPT formation. The independent identification in this study
of interactions between ProRS and enzymes contributing to the
same step in methanogenesis as HMD supports the proposed
link between metabolism and decoding in Archaea (18), al-
though the role of such a connection remains unknown.

In addition to the interactions with HMD described above,
aaRS complexes were also previously reported from the halo-
philic archaeon H. marismortui (19). One, or possibly two,
stable complexes containing proteins both with and without
aminoacylation activity were identified, and it was suggested
that the aaRSs in these complexes are kept together by hydro-

phobic interactions. Since the elevated salt concentrations ob-
served in H. marismortui and, to a lesser extent, M. thermau-
totrophicus may not be beneficial for synthetase-tRNA
interactions, the multisynthetase particle could provide the
necessary environment for efficient aminoacylation of tRNA by
aminoacyl-tRNA synthetases. This is indeed the case for the
interaction between LeuRS and ProRS described here, which
leads to improved aminoacylation by ProRS under moderately
halophilic conditions in vitro. Preliminary affinity co-precipita-
tion experiments using M. thermautotrophicus cell extracts
suggest that in vivo LeuRS and ProRS interact as part of a
larger complex that includes lysyl-tRNA synthetase, further
supporting the notion that aaRS interactions provide an opti-
mal environment for aminoacylation.2

Beyond the Archaea, LeuRS and ProRS have also been found
in close proximity as components of the same subdomain of the
mammalian multi-aaRS complex (35, 36). LeuRS and ProRS
are believed to be anchored to the C-terminal end of the aux-
iliary protein p38 (37), which acts as a scaffold protein and is
essential for complex assembly and stability (10, 37). Another
auxiliary factor of the mammalian complex, p43, which is lo-
cated in the core of the particle (4, 35), has also been implicated
in complex assembly. p43 orthologs have been identified in
yeast (Arc1p) and bacteria (Trbp111) (12, 14). This group of
proteins preferentially binds tRNA and facilitates tRNA bind-
ing to synthetases. No archaeal orthologs of the two accessory
proteins p38 and p43 or the third auxiliary protein p18 have so
far been identified. Whether other unidentified proteins exist
in Archaea that harbor the same functions as the three mam-
malian accessory proteins is so far unknown. If the accessory
proteins are absent from the archaeal domain, the functions of
these factors might instead lie within the synthetases them-
selves, as suggested for some bacterial aaRS that show simi-
larities in their C- or N-terminal ends with the nonsynthetase
factors of the mammalian complex (6). Since LeuRS enhances

2 M. Prætorius-Ibba and M. Paras, unpublished results.

FIG. 3. Gel filtration chromatography of LeuRS and ProRS. LeuRS and ProRS were applied either alone or combined after preincubation
to a Superose 12 column equilibrated in low (A) or high (B) salt buffer. Sample chromatograms (A280 nm) for LeuRS (dotted line), ProRS (dashed
line), and LeuRS�ProRS (solid line) at low salt (V0 � 7.0 ml) and high salt (V0 � 7.3 ml) are shown. Calibration curves (inset) show the elution
positions of both individual and combined proteins.

FIG. 4. Aminoacylation of tRNAPro. In vitro transcribed tRNAPro

(16 �M) was aminoacylated under standard conditions (9-�l samples) in
the presence of ProRS (40 nM) either with (open triangles) or without
(filled triangles) preincubation for 20 min at room temperature. The
reactions were also performed with ProRS (40 nM) and LeuRS (400 nM)
either with (open squares) or without (filled squares) preincubation.
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the catalytic activity of ProRS in M. thermautotrophicus,
LeuRS may stabilize the complex, perhaps acting as a scaffold
protein. Although no domains similar to the eukaryotic acces-
sory proteins could be detected in archaeal LeuRS or ProRS,
both contain unique functional regions that now merit closer
investigation with respect to their potential to mediate protein-
protein interactions (39–42).

The functional consequences of interactions between aaRSs
and other proteins remain unknown in all but a few cases and are
generally confined to enhancements in tRNA binding mediated
by tRNA-interacting factors (reviewed in Ref. 43). For example,
Arc1p/p43 acts in trans to enhance catalytic activity (44, 45),
whereas extensions of eukaryotic aaRSs can enhance both spec-
ificity (46) and aminoacylation in cis (38). The interaction be-
tween LeuRS and ProRS described here falls into neither of these
categories, with an aaRS rather than an accessory factor provid-
ing catalytic enhancement in trans. Whereas the mechanisms
underlying this effect remain unknown, our findings suggest that
direct interactions between aaRSs, as seen extensively in higher
eukaryotes, could potentially provide a novel means to directly
improve aminoacylation efficiency.
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TABLE III
Steady-state aminoacylation kinetics of M. thermautotrophicus ProRS

Enzymea Additionsb Km Pro Km tRNAPro kcat
kcat/Km tRNA

(relative)

�M �M s�1

ProRS None NDc 4.1 	 0.9 1.8 	 0.2 1
ProRS LeuRS ND 2.2 	 0.6 5.1 	 0.4 5
ProRS BSA 67 	 10 2.4 	 0.4 2.9 	 0.1 3
ProRS LeuRS, BSA 61 	 17 1.4 	 0.1 6.9 	 0.2 12

a Enzymes were added at a final concentration of 40 nM.
b Other components at 400 nM each.
c ND, not determined.

TABLE IV
Steady-state aminoacylation kinetics of M. thermautotrophicus LeuRS

Enzymea Additionsb kcat/Km Leu kcat/Km tRNALeu

s�1 �M
�1

LeuRS BSA 0.35 	 0.07 0.75 	 0.08
LeuRS ProRS, BSA 0.37 	 0.09 0.75 	 0.03

a Enzymes were added at a final concentration of 40 nM.
b Other components at 400 nM each. Due to the high Km compared to

practical tRNA concentrations (
S� �� Km), kcat/Km was directly esti-
mated from the equation v � kcat / Km (
E� 
S�).
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