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The recent discovery of an alternate pathway for indirectly charg-
ing tRNACys has stimulated a re-examination of the evolutionary
history of Cys-tRNACys formation. In the first step of the pathway,
O-phosphoseryl-tRNA synthetase charges tRNACys with O-phos-
phoserine (Sep), a precursor of the cognate amino acid. In the
following step, Sep-tRNA:Cys-tRNA synthase (SepCysS) converts
Sep to Cys in a tRNA-dependent reaction. The existence of such a
pathway raises several evolutionary questions, including whether
the indirect pathway is a recent evolutionary invention, as might
be implied from its localization to the Euryarchaea, or, as evidence
presented here indicates, whether this pathway is more ancient,
perhaps already in existence at the time of the last universal
common ancestral state. A comparative phylogenetic approach is
used, combining evolutionary information from protein sequences
and structures, that takes both the signature of horizontal gene
transfer and the recurrence of the full canonical phylogenetic
pattern into account, to document the complete evolutionary
history of cysteine coding and understand the nature of this
process in the last universal common ancestral state. Resulting
from the historical study of tRNACys aminoacylation and the inte-
grative perspective of sequence, structure, and function are 3D
models of O-phosphoseryl-tRNA synthetase and SepCysS, which
provide experimentally testable predictions regarding the identity
and function of key active-site residues in these proteins. The
model of SepCysS is used to suggest a sulfhydrylation reaction
mechanism, which is predicted to occur at the interface of a
SepCysS dimer.
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In 1996, the first complete genomic sequence of an archaeon
(Methanococcous jannaschii) revealed the surprising absence

of four of the standard aminoacyl-tRNA synthetases (aaRSs)
(1). The existence of two protein families of aaRSs, unrelated in
both sequence and structure, suggests that nature has indepen-
dently arrived at two solutions for matching tRNAs with their
cognate amino acids (2). The aaRSs were originally thought to
obey the so-called class rule, stating that a particular amino acid
is ligated to its cognate tRNA by a member of only one of the
two classes. The discovery of a class I LysRS broke the class rule
and explained the absence of the typical class II LysRS in
Methanococcous jannaschii and other methanogenic archaea (3).
It was also quickly recognized that in Methanococcous jannaschii
tRNAAsn and tRNAGln are aminoacylated with their cognate
amino acids by an indirect mechanism, whereby a nondiscrimi-
nating aaRS first mischarges the tRNA with the corresponding
diacid precursor, which is subsequently converted to the cognate
species by a second amidotransferase enzyme (4–6). The indi-
rect aminoacylation mechanisms are a critical intersection be-
tween the metabolic and information processing subsystems of
the cell.

Although three of Methanococcous jannaschii’s missing syn-
thetases were found within 2 years of the publication of its
genome sequence, the nature of Cys-tRNACys formation in
Methanococcous jannaschii, and two other methanogenic ar-
chaea, Methanopyrus kandleri and Methanothermobacter ther-
moutotrophicus, remained unknown for more than a decade (7,
8). Our recent bioinformatic study first pointed to the presence

of a putative class II CysRS in Methanococcous jannaschii (gene
MJ1660) and related euryarchaea. MJ1660 and its orthologs
form a monophyletic gene family that is obviously unrelated to
the typical class I CysRS (9). The story was soon confirmed and
elaborated by the elegant biochemical and genetic work of Söll
and colleagues (10), who showed that the suspected class II
CysRS, now properly renamed SepRS (O-phosphoseryl-RS),
actually loaded O-phosphoserine (Sep), a precursor of cysteine,
onto tRNACys. The noncognate Sep-tRNACys is then converted
to the cognate pairing by the enzyme Sep-tRNA:Cys-tRNA
synthase (SepCysS) (MJ1678). The coincidence of a class rule
violation and an unexpected indirect mechanism are part of the
reason why the mechanism Cys-tRNACys formation in Methano-
coccous jannaschii remained mysterious for so long. The fact that
the class II aaRS involved in this pathway was (and is still)
consistently misannotated as a PheRS !-chain in all of the
sequence databases did not help matters and underscores the
fundamental problems of gene annotation based on sequence
similarity alone.

As the idea began to emerge that some of the missing
synthetases could be accounted for by indirect mechanisms,
Olsen and Woese (11) were prompted to call for a ‘‘rethinking
of our concept of tRNA charging, its evolution, and even the
evolutionary relationship between translation and intermediary
metabolism.’’ Herein, sequence and structure data are cooper-
atively used to document the major evolutionary events in the
history of Cys-tRNACys formation and begin the process of
rethinking the above issues. Specifically, protein structures are
used to establish accurate alignments of distantly related pro-
teins, whereas sequences define phylogenetic patterns and help
to elucidate the determinants of molecular recognition in struc-
tural models of the enzyme–substrate complexes of SepRS and
SepCysS.

Methods
Sequences were obtained from the Integrated Microbrial Ge-
nomes database (12), Swiss-Prot (13), the National Center for
Biotechnology Information, and ref. 14. Protein structures were
extracted from the Protein Data Bank (15) and the Structural
Classification of Proteins"ASTRAL database, version 1.67 (16,
17). Multiple structure alignments were performed by using
STAMP (18) as implemented in VMD version 1.83 (19), and
CLUSTAL (20) was used for multiple sequence alignment. Phy-
logenetic analysis, as in refs. 21 and 22, involved a combination
of maximum parsimony using PAUP4b10 (23) and maximum
likelihood with PHYML (24) and PROTML (25). MODELLER 6.2 (26)
was used for building homology models. Relaxed models of the
enzyme–substrate complexes for SepRS and SepCysS resulted
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