
A Euryarchaeal Lysyl-tRNA Synthetase: 
Resemblance to Class I Synthetases 
Michael Ibba, Susan Morgan, Alan W. Curnow, 

David R. Pridmore, Ute C. Vothknecht, Warren Gardner, 
Winston Lin, Carl R. Woese, Dieter Soll* 

The sequencing of euryarchaeal genomes has suggested that the essential protein 
lysyl-transfer RNA (tRNA) synthetase (LysRS) is absent from such organisms. However, 
a single 62-kilodalton protein with canonical LysRS activity was purified from Methano- 
coccus rnaripaludis, and the gene that encodes this protein was cloned. The predicted 
amino acid sequence of M. rnaripaludis LysRS is similar to open reading frames of 
unassigned function in both Methanobacterium therrnoautotrophicurn and Methano- 
coccus jannaschii but is unrelated to canonical LysRS proteins reported in eubacteria, 
eukaryotes, and the crenarchaeote Sulfolobus solfataricus. The presence of amino acid 
motifs characteristic of the Rossmann dinucleotide-binding domain identifies M. rnari- 
paludis LysRS as a class I aminoacyl-tRNA synthetase, in contrast to the known ex- 
amples of this enzyme, which are class II synthetases. These data question the concept 
that the classification of aminoacyl-tRNA synthetases does not vary throughout living 
systems. 

L y s y i - t ~ ~ ~  synthetase is essential for 
the translation of lvsine codons' durine - 
protein synthesis. In spite of the necessity 
for this enzvme in all organisms and the - 
high degree of conservation among ami- 
noacyl-tRNA s~nthetases ( I ) ,  genes en- 
coding a LysRS homolog have not been 
found by sequence similarity searches in 
the genomes of two Archaea, Methanococ- 
cus jannaschii (2) and Methanobacterium 
thermoautotrophicum (3) .  This raises the 
possibility that LysRS, like the asparagi- 
nyl- and glutamin~l-tRNA synthetases 
( 4 ) ,  is not present and that lysyl-tRNA 
(Lvs-tRNA) is svnthesized bv tRNA-de- . , 
pendent transformation of a misacylated 
tRNA (5). Alternatively, these organisms 
may contain a LysRS activity encoded by 
a gene that is sufficiently different from 
those previously identified to prevent its 
detection by sequence similarity searches. 

To investigate the formation of Lys- 
tRNA in cell-free extracts prepared from 
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Methanococcus maripaludis, we used 
[14C]lysine and homologous total tRNA as 
substrates (6). Amino acid analysis of the 
14C-labeled aminoacyl-tRNA produced in 
this reaction (7) indicated that lysine was 
directly acylated onto tRNA and therefore 
that Lys-tRNA was not the product of a 
tRNA-dependent amino acid transforma- 
tion. This finding was confirmed by the 
observation that [14C]Lys-tRNA synthesis 
was inhibited by only one of the 20 canon- 
ical amino acids, lysine (Fig. 1). It is con- 
sistent with the presence of LysRS, because 
Lys-tRNA synthesis via a mischarged 
tRNA would result in a nonlabeled amino 
acid other than lysine being able to inhibit 
lysylation of tRNA. 

On the basis of these observations, we 
sought to purify LysRS from M. rnaripalwlis. 
By standard chromatographic procedures (B ) ,  
we isolated a single 62-kD protein, which 
we purified to homogeneity as judged by 
both silver staining after denaturing SDS- 
polyacrylamide gel electrophoresis (SDS- 
PAGE) (Fig. 2) and the appearance of a 
single svmmetrical ~ e a k  durine size exclu- " ,  
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Fig. 1. Direct attachment of lysine to tRNA by M. 
rnaripaludis protein extracts. Aminoacylation re- 
actions were performed as described in the pres- 
ence of 200 pg of RNA-free total protein prepared 
from an S160 extract in a reaction volume of 130 
pl. Samples (20 pl) were periodically removed and 
analyzed. Reactions were performed in the pres- 
ence of 20 pM [14C]lysine (O), 20 pM [14C]lysine 
and the 19 canonical amino acids (800 pM la- 
beled with 12C) except for lysine (.), and 20 pM 
[14C]lysine and 800 pM [12C]lysine (A). 

with those of other LysRS proteins (10). 
Investigation of the species specificity of 
Lys-tRNA formation in cell-free extracts 
showed reactivity between tRNA and 
RNA-free protein extracts prepared from 
Escherichia coli, M. thermoautotrophicum, 
and M. maripaludis ( 1 1 ). The only excep- 
tion was M. maripaludis tRNA, which is 
not a substrate for the E. coli enzyme, 
suggesting that it may lack 2-thiouridine 
and its derivatives, which are required for 
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Fig. 2. Purification and NH2-terminal sequencing 
of M. rnaripaludis LysRS. Protein purification was 
monitored by SDS-PAGE: Lane 1: S160 protein 
extract; lanes 2, 3, 4, and 5: active eluates from 
Q-sepharose, Mono-Q, Mono-S, and Superose 
12, respectively; and lane M: molecular size stan- 
dards (in kilodaltons). Samples from lane 5 were 
blotted to polyvinylidene fluoride membranes and 
subjected to NH2-terminal sequencing, which 
yielded the indicated 22-amino acid sequence 
(27). Lanes 1 to 4 were stained with Coomassie 
blue and lanes 5 and M with silver nitrate. 
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the LvsRS.tRNAL'"nteraction (1 2 )  
These kodified nucleotides have 
ously been detected at  position 34 in all 
known tRNAG1" and t R N A L ' ~ s o a c c e p -  
tors (1 3). In  that these modifications are 
critical for recognition of the tRNAL'" 
anticodon by LysRS (12), their possible 
absence suggests that  tRNA recognition 
by the M. maripaludis enzyme is substan- 
tiallv different from known examnles and 
may explain the  inability of a n  E ,  coli 
extract to  aminoacylate M. maripaludis 
tRNA with lysine. 

A portion (22 amino acid residues) (Fig. 
2) of the NH,-terminal sequence of LysRS 
was determined by protein analysis, and the 
sequence was used to clone lysS, the gene 
that encodes LvsRS. This 22-amino acid 
sequence is simiar to  the NH,-terminus of 
a predicted protein-coding region (MJ0539) 
in  the M. jannaschii genome and one in the 
M. thermoautotrophicum genome, but we 
find n o  sequence similarity elsewhere in  any 
available database. The  coding sequence 
MJ0539 has been tentatively identified as a 
putative aminoacyl-tRNA synthetase (14). 
The  NH,-terminal sequence was used in 
conjunction with a conserved internal re- 
gion in the M ,  jannaschii and M .  thermoau- 
totrophicum open reading frames (ORFs) to  
clone a 450-base pair (bp) fragment of M. 
maripaludis lysS from genomic DNA by 
nolvmerase chain reaction (PCR). This 
L ,  

fragment was 3ZP-labeled and used to isolate 
a DNA fraement containing the 3'-termi- " - 
nal1293 bp of the lysS gene from a genomic 
library. The  remainder of lysS (306 bp) was 
cloned by PCR from genomic DNA with a 
5 '  orimer based on  the NH,-terminal amino 
acid sequence of LysRS. After being se- 
quenced, the two portions of lysS were used 
to derive a full-length clone (1 5 ) .  T h e  lysS 
gene is 1599 bp long and encodes a 61.3-kD 
protein, in good agreement with the molec- 
ular mass deduced for the native protein 
from SDS-PAGE (Fig. 3) .  T o  confirm the 
identity of the cloned gene as lysS, we 
subcloned it into pET15b, which allowed 
the overproduction and subsequent chro- 

matographic purification of M ,  maripaludis 
LysRS as a hexahistidine (His6) fusion 
protein (16). This purified His6-LysRS 
could aminoacvlate with lvsine M ,  mari- 
paludis total tRNA to the same extent and 
at  the same rate as the native enzyme (Fig. 
4). 

T h e  predicted amino acid sequence of 
M. maripalwlis LysRS is similar to  putative 
proteins in  Archaeoglobus fulgidus (14), M .  
thermoautotrophicum, and M .  jannaschii but 
otherwise aonears to have little or n o  sim- 
ilarity to any known sequences outside of 
the Euryarchaeota, including that for LysRS 
from the crenarchaeote Sulfolobus solfatari- 
cus (a  normal class I1 enzyme). The  only 
exception is a putative ORF in the crenar- 
chaeote Cenarchaeum sp., which shares 
about 28% amino acid identity with the 
euryarchaeal LysRS protein that we de- 
scribe, including extensive sequence simi- 
larity in  the regions containing the HIGH 
and KMSKS motifs (1 7). Thus, although 
this protein performs the enzymatic func- 
tion of a conventional LysRS-the specific 
esterification of tRNA with lysine-catal- 
vsis is accomolished in the context of a n  
amino acid landscape that lacks any se- 
quences corresponding to motifs 1, 2, or 3 
(It?), which are found in known LysRS 
proteins now classified as class I1 amino- 
acyl-tRNA synthetases (Fig. 5).  O n  the 
basis of extensive similarities in their NH,- 
terminal domains, LysRS, aspartyl-tRNA 
(AspRS), and asparaginyl-tRNA (AsnRS) 
synthetases were grouped as paralogous en- 
zvmes in subclass IIb (19). However, the . . 
eLryarchaeal LysRS bears n o  similariiy to  
AspRS (the latter is normal), and AsnRS is 
absent, which leaves AspRS as the only 
member of this subclass. Thus, there ap- 
pears to be considerably more evolutionary 
variation of the aminoacyl-tRNA syntheta- 
ses than previously thought, a proposal sup- 
ported by the apparent absence of a recog- 
nizable cysteinyl-tRNA synthetase in  at 
least some of the Archaea (2, 3) and the 
existence in  the M,  jannaschii genome of an 
ORF (MJ 1660) encoding an unidentified 

class I1 aminoacyl-tRNA synthetase similar 
to the a subunit of phenylalanyl-tRNA 
synthetase (1 4). 

The  euryarchaeal LysRS proteins show 
variations of the HIGH and KhllSKS nucle- 
otide-binding motifs (Fig. 3) characteristic 
of class I aminoacyl-tRNA synthetases. 
The  occurrence of such sequence motifs has 
been correlated by structural studies with 
the topology of the catalytic domain, class I 
aminoacyl-tRNA synthetases containing a 
Rossmann fold, and class I1 aminoacyl- 
tRNA synthetases containing a n  antipar- 
allel P sheet. T h e  fact that  euryarchaeal 

Time (min) 

Fig. 4. Aminoacylation of M. maripaludis tRNA by 
purified M. maripaludis His,-LysRS (16). Amino- 
acylation reactions were performed as described 
(20-1-1.1 samples) in the presence of 20 nM enzyme 
and the following amino acids: 20 p.M [14C]lysine 
(0); 20 p.M [14C]lysine and the 19 canonical amino 
acids (800 FM labeled with "C) except for lysine 
(0); and 20 FM [14C]lysine and 800 pM [12C]lysine 
(A). The squares represent an aminoacylation re- 
action performed with 20 FM [14C]lysine and 50 
nM control protein preparation (His,-glutamyl- 
tRNA reductase). The amount of product forma- 
tion at 30 min indicates that the M. Maripaludis 
total tRNA preparation contains about 32 pmol of 
tRNALyS perA,,, unit, in good agreement with the 
value for commercial E. coli total tRNA reagents 
(40 pmol per A,,, unit; Boehringer Mannheim). 
A,,,, absorbance at 260 nm. 
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LysRS proteins show the defining motifs 
of class I aminoacyl-tRNA synthetases 
forces the unexpected conclusion that the 
catalytic domains of these enzymes are 
structurally unrelated to those of their 
bacterial, eukaryotic, and even certain 
crenarchaeal counterparts that belong to 
class I1 (20). Phylogenetic analysis of an 
overall class I alignment (21) did not in- 
dicate any unequivocal specific relation 
between euryarchaeal LysRS and any oth- 
er class I aminoacyl-tRNA synthetase. 
Thus, it is unclear whether the eur- 
yarchaeal-type LysRS was present in the 
last common ancestor or arose later 
through recruitment of another class I en- 
zyme within the Archaea. This uncertain- 
ty is surprising because LysRS [like other 
aminoacyl-tRNA synthetases (21 )] is con- 
served through evolution both in the oth- 
er living kingdoms and in certain Crenar- 
chaeota. To date, archaeal LysRS appears 
to represent the only known example of 
class switching among aminoacyl-tRNA 
synthetases and confirms the unexpected 
evolutionary origin of euryarchaeal LysRS. 
LysRS has so far been detected in both 
major branches of the Archaea: four eur- 
yarchaeotes (Fig. 4) and two crenarchae- 
otes, Cenarchaeum sp. and S. solfataricus. 
All show the unexpected class I LysRS 
except for S. solfataricus, which, like all 

other examples, contains a class I1 LysRS 
(whether it also contains a class I LysRS is 
not known). This dichotomy is sufficient- 
ly complex and the number of archaeal 
examples is sufficiently small that specu- 
lation concerning LysRS evolution is not 
warranted at this stage. However, our data 
do cast doubt on previous evolutionary 
proposals based on the presumption of 
constancy of distribution of any given 
aminoacyl-tRNA synthetase. The obser- 
vation that archaeal LysRS is a class I 
aminoacyl-tRNA synthetase also repre- 
sents a functional demonstration of non- 
orthologous displacement (22) of a gene 
required for a core process in gene expres- 
sion. It differs, for example, from archaeal 
histone-like proteins (23) and the recently 
discovered DNA topoisomerase VI of Sul- 
folobus shibatae (24), both of which have 
sequence similarity to eukaryotic enzymes 
of known function. 

Our data raise several questions con- 
cerning evolution, the first being the ami- 
noacyl-tRNA synthetases themselves. If 
these enzymes are not evolving as orthologs 
despite the orthology of the translation ap- 
paratus [and the genetic code is constant, 
with exceptions that are relatively recent 
compared with our findings (25)], then we 
must compare the relation between evolu- 
tion of the aminoacyl-tRNA synthetases 

Fig. 5. Alignment of motifs 1, 2, and 3 (19, 20) from class I I  LysRS enzymes against the most similar 
regions in euryarchaeal LysRS enzymes. Class I I  and euryarchaeal sequences were separately aligned 
with CLUSTAL W, and the aligned class I I  motifs (1, 2, or 3) were used individually to search for similar 
regions in the euryarchaeal enzymes. Consewed residues are shown in blue; those found only in class 
I I  LysRS enzymes are shown in red. The class I I  LysRS sequences shown are from Cricetulus longicau- 
datus (GenBank accession number 231 71 I), Homo sapiens (031 890), Caenorhabditis elegans 
(U41105), Saccharomyces cerevisiae cytoplasm (X56259), Lycopersicon esculentum (X94451), E. coli 
IysS (U28375), E. coli lysU (XI 6542), Haemophilus influenzae (P43825), Acinetobacter calcoaceticus 
(Z46863), Bacillus subtilis (P37477), Staphylococcus aureus (L36472), Synechocystis sp. (D90906), 
Campylobacter jejuni (M63448), Themus themophilus (P41255), Mycoplasma genitalium (P47382), 
Mycoplasma pneumoniae (AE000055), Mycoplasma fmentans (U50826), Mycoplasma hominis 
(P46191), S. solfataricus (Y08257), and S. cerevisiae mitochondria (X57360). 

with that of translation in general and the 
structure of the genetic code in particular. It 
appears that the aminoacyl-tRNA syn- 
thetases had not achieved as settled an 
evolutionary condition at the time the uni- 
versal ancestor of all life gave rise to the 
primary lineages as has been generally as- 
sumed. Second, if the existing universal 
phylogeny is indeed representative of or- 
ganismal lineages, then our data begin to 
speak to the general issue of which func- 
tions in the cell were firmly established 
when the universal ancestor gave rise to the 
primary lineages and which were not. 
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Role of Sensory-Evoked NMDA Plateau 
Potentials in the Initiation sf Locomotion 

Gonzalo Viana Di Prisco, Edouard Pearlstein, Richard Robitaille, 
Rejean Dubuc* 

Reticulospinal (RS) neurons constitute the main descending motor system of lampreys. 
This study reports on natural conditions whereby N-methyl-D-aspartate (NMDA)-medi- 
ated plateau potentials were elicited and associated with the onset of locomotion. 
Reticulospinal neurons responded in a linear fashion to mild skin stimulation. With 
stronger stimuli, large depolarizing plateaus with spiking activity were elicited and were 
accompanied by swimming movements. Calcium imaging revealed sustained intracel- 
lular calcium rise upon sensory stimulation. Blocking NMDA receptors on RS neurons 
prevented the plateau potentials as well as the associated rise in intracellular calcium. 
Thus, the activation of NMDA receptors mediates a switch from sensory-reception mode 
to a motor command mode in RS neurons. 

Locomotion can be initiated, guided, and 
controlled by an array of sensory cues (1 ). 
Cutaneous inputs elicit bouts of locomotion 
in intact lampreys (21, but the cellular 
mechanisms by which this occurs are still 
unknown and are the subject of this study. 
We used a semi-intact in vitro preparation 
to characterize the cellular mechanisms re- 
sponsible for the transition from sensory 
responses to motor activity, such as swim- 
ming (3). The advantage of such a prepa- 
ration is that the sensory inputs are left 
intact as well as some of the muscles, so that 
active behavior mav be elicited with all the 
advantages of a standard in vitro prepara- 
tion. Reticulospinal (RS) neurons consti- 
tute the main descending motor system (4) .  
They receive sensory inputs from several 
modalities (5-71, including cutaneous in- 
puts (a) ,  and in turn they make direct syn- 
apses with nlotoneurons and interneurons 
involved in the segmental generation of 
locomotion (9). Because of their large size 
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and easy access for electrophysiological 
studies in controlled in vitro conditions, 
lamprey RS neurons provide an excellent 
model for investigation of the mechanisms - 
underlying the transformation of sensory 
i n ~ u t s  into motor commands in vertebrates. 

An in vitro brainstem preparation (10) 
was used in which the skin covering the 
dorsal head region was left attachedU(~ig. 
1A). Mechanical stimulation of the skin 
elicited postsynaptic potentials (PSPs) in 
RS neurons (Fig. 1B). The amplitude of the 
synaptic responses showed a remarkable lin- 
ear relation with the stimulus strength 
when mild stimulation was used (Fig. 1B). 
Under these conditions, RS cells behaved 
as close followers of sensory inflow, the time 
course of the excitatory PSPs being perfect- 
ly tuned to the variation of the force ap- 
plied to the skin (inset of Fig. ID).  Because 
somatosensory inputs to RS neurons in- 
volve a di-synaptic pathway, this close re- 
lation implies powerful synaptic connec- 
tions. When stronger stimuli were delivered 
to the skin, large depolarizing plateaus were 
elicited, which were accompanied by spik- 
ing activity (Fig. 1C); the stimulus-response 
relation then switched from a linear propor- 
tional function to a nonlinear function (Fig. 
ID). In a semi-intact preparation (1 1 )  in 
which the brainstem and rostra1 soinal cord 
were exposed in vitro with the tail left 
intact to move freely (Fig. ZA), the depo- 
larizing plateaus were accompanied with 
swimming movements. A long-lasting de- 
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