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Unconventional genetic code 
systems in archaea
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Archaea constitute the third domain of life, distinct from bacteria and eukaryotes 

given their ability to tolerate extreme environments. To survive these harsh 

conditions, certain archaeal lineages possess unique genetic code systems to 

encode either selenocysteine or pyrrolysine, rare amino acids not found in all 

organisms. Furthermore, archaea utilize alternate tRNA-dependent pathways 

to biosynthesize and incorporate members of the 20 canonical amino acids. 

Recent discoveries of new archaeal species have revealed the co-occurrence 

of these genetic code systems within a single lineage. This review discusses 

the diverse genetic code systems of archaea, while detailing the associated 

biochemical elements and molecular mechanisms.
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Introduction

In early taxonomic classifications, archaea and bacteria were grouped together given 
their shared prokaryotic nature under the taxon ‘Monera’ (Whittaker, 1969). However, 
sequence and phylogenetic analyses of the universal small ribosomal RNA (rRNA) led to 
the recognition of archaea as an independent third domain of life, alongside eukaryotes and 
bacteria (Woese et al., 1975). Further study of archaea revealed many similarities in their 
molecular mechanisms compared to eukaryotes, now suggesting a closer evolutionary 
history between these two domains of life.

Like eukaryotes and bacteria, archaea inhabit a wide range of environments, from soil 
to the human gut (Baker et al., 2020). However, the archaeal domain is distinct for including 
many methanogens and extremophiles that can survive in environments with pH, 
temperature, salt concentration, and pressure outside standard conditions (Rothschild and 
Mancinelli, 2001). Given the extreme environments archaea inhabit, certain archaeal 
lineages also possess unique genetic code systems that are not as prominent in organisms 
of other domains. This is necessary for the formation of enzymes that function in niche 
pathways, such as methanogenesis, or are more suited for survival in harsh conditions. The 
diverse genetic code systems seen in archaea include the natural recoding of stop codons 
for insertion of the 21st and 22nd genetically encoded amino acids (selenocysteine (Sec) 
and pyrrolysine (Pyl), respectively), and tRNA-dependent pathways for canonical amino 
acid biosynthesis. Recent studies have uncovered archaeal lineages, recovered from 
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geothermal springs and deep-sea sediments, which possess more 
than one of these diverse genetic code systems (Mukai et al., 2017; 
Sun et  al., 2021). Here, we  discuss the structural elements, 
regulatory mechanisms, and biosynthetic strategies associated 
with these systems.

Selenocysteine insertion

Selenocysteine, the 21st genetically encoded amino acid, was 
discovered in 1976 (Cone et  al., 1976) and later shown to 
be encoded by an opal (UGA) stop codon (Zinoni et al., 1986; 
Garcia and Stadtman, 1992). Sec is chemically similar to cysteine 
(Cys), except with a selenol group in place of the thiol group, 
resulting in the high nucleophilicity of Sec (Stock and Rother, 
2009). The selenol group is also deprotonated at lower pH values 
in comparison to the thiol group, leading Sec to be more reactive 
than Cys and commonly present in the catalytic site of redox 
enzymes. Sec is found in all three domains of life with the majority 
of Sec-encoding archaea being methanogens. Methanogens are 
highly reliant on selenium for growth as the majority of archaeal 
selenoproteins are involved in methanogenesis (Rother et  al., 
2001). These selenoproteins include heterodisulfide reductases, 
dehydrogenases, and hydrogenases (Rother and Quitzke, 2018). 
The Sec residue in heterodisulfide reductases ligates to iron–sulfur 
clusters and is thought to guide conformational changes. In 
dehydrogenases, Sec functions in the catalytic center to coordinate 
cofactors. Sec is also found in Ni-containing hydrogenases, 
coordinating the Ni with three additional Cys residues. In these 
[NiFeSe]-hydrogenases, Sec is responsible for incorporating Ni 
into the active site and increasing tolerance to oxidative stress. In 
comparison to [NiFe]-hydrogenases with four active-site Cys 
residues, [NiFeSe]-hydrogenases have higher enzymatic activity 
(Evans et al., 2021). However, when active-site Cys residues are 
substituted with Sec, oxidative stress tolerance is significantly 
increased, but enzymatic activity is reduced, as selenium disrupts 
the proton transfer pathway (Evans et al., 2021). These findings 
suggest Sec is incorporated in a specific functional context and is 
not necessarily catalytically superior to Cys in all circumstances. 
In addition to methanogenesis, Sec is also found in enzymes of the 
selenoprotein biosynthesis pathway, as well as in HesB-like and 
peroxiredoxin-like proteins of unknown functions (Rother and 
Quitzke, 2018). Thus, further exploration is needed to elucidate 
the different functions of archaeal selenoproteins.

Recently, genomic analysis revealed the complete set of known 
archaeal Sec-encoding genes in the newly discovered archaeal 
phyla Lokiarchaeota and Candidatus Sifarchaeia. Both 
Lokiarchaeota and Sifarchaeia belong to the non-methanogenic 
Asgardarchaeota superphylum (Sun et al., 2021). Phylogenetic 
reconstructions posit Lokiarchaeota to be  a sister group of 
eukaryotes. Based on the unique characteristics in parts of the Sec 
biosynthesis and insertion pathways, it is suggested that this 
phylum is a potential evolutionary connection between archaea 
and eukaryotes (Mariotti et al., 2016).

Although Sec is found in all domains of life, there are some 
differences in the mechanism of Sec biosynthesis and 
incorporation (Figure 1). The initial step is conserved across all 
domains: aminoacylation of a Sec-specific tRNA isoacceptor 
(tRNASec) with serine (Ser) by seryl-tRNA synthetase (SerRS; 
Rother and Quitzke, 2018). It is at the Ser to Sec conversion where 
the bacterial mechanism splits from archaea and eukaryotes. In 
bacteria, this conversion occurs in a single step, after which the 
bacterial Sec-specific elongation factor SelB transports 
selenocysteinyl-tRNASec (Sec-tRNASec) to the ribosome 
(Figure 1A). In archaea and eukaryotes, two separate enzymes are 
needed to convert Ser to Sec (Figures  1B,C). The Ser is first 
phosphorylated to phosphoserine (Sep) by phosphoseryl-tRNASec 
kinase (PSTK) in an ATP-dependent reaction, converting 
Ser-tRNASec to Sep-tRNASec (Carlson et al., 2004; Sherrer et al., 
2008b). Sep is subsequently converted to Sec by O-phosphoseryl-
tRNASec:Sec synthase (SepSecS) in a pyridoxal phosphate-
dependent manner. The resulting Sec-tRNASec is then brought to 
the ribosome to decode a UGA codon. At this point, the detailed 
elongation mechanism is not fully understood in either eukaryotes 
or archaea. Current information indicates that a specialized 
elongation factor (EFSec in eukaryotes and aSelB, also known as 
aEFSec, in archaea), recognizes a Sec insertion sequence (SECIS) 
element in the 3′-untranslated region (UTR) of the mRNA in 
addition to the Sec-tRNASec, to recode UGA. In eukaryotes, it is 
believed the 3′-UTR, containing the SECIS element, wraps around 
to position the SECIS element more closely to the UGA codon 
(Figure  1B). This process does not occur in bacteria as the 
bacterial SECIS is located in the translated region, immediately 
downstream of the UGA codon (Kinzy et al., 2005; Figure 1A). It 
is hypothesized that Sec insertion in archaea follows a similar 
process to that in eukaryotes since the SECIS element is situated 
in the same region (Figure 1C).

In addition to the proteins directly involved in the Sec 
biosynthesis pathway, the archaeal genome also encodes a 
selenium-binding protein (SeBP; Self et al., 2004; Patteson et al., 
2005). The tetrameric SeBP binds one molecule of reduced 
selenium. Though the exact role of SeBP has yet to be elucidated, 
these proteins are hypothesized to transport cytosolic selenium to 
archaeal selenophosphate synthetase, a homolog of the bacterial 
selD gene (Self et  al., 2004). Selenophosphate synthetase then 
converts reduced selenium to selenomonophosphate, the selenium 
donor for conversion of Sep to Sec. The complex Sec biosynthesis 
and translation pathways are facilitated by the distinct features of 
tRNASec structure and the presence of a SECIS element.

tRNASec structure

The structure of tRNASec is the key mediator for individual 
reactions of Sec biosynthesis and insertion into a polypeptide. In 
contrast to the structure of canonical tRNAs with a 12 bp acceptor 
domain (acceptor stem and T-stem combined), tRNASec has a 
13 bp acceptor domain (Sturchler et al., 1993; Figure 2). This major 
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distinguishing feature of tRNASec, prevents recognition by the 
general elongation factor (EF-Tu or EF-1α) and enables elongation 
by SelB or EFSec. In archaea, this 13 bp acceptor domain is found 

in a 9/4 configuration, with 9 bp in the acceptor stem and 4 bp in 
the T-stem (Figure  2B). This same configuration occurs in 
eukaryotes (Figure 2C), whereas in bacteria, tRNASec adopts an 8/5 

A

C

B

FIGURE 1

Selenocysteine (Sec) biosynthesis pathways in all domains of life. (A) In bacteria, the conversion of serine (Ser) to Sec occurs through a single step 
catalyzed by selenocysteine synthase (SelA), after tRNASec is aminoacylated by seryl-tRNA synthetase (SerRS). Sec is then incorporated at UGA 
codons with an immediate downstream selenocysteine insertion sequence (SECIS) element. In (B) eukaryotes and (C) archaea, two steps are 
needed to synthesize Sec from Ser, through the activity of phosphoseryl-tRNASec kinase (PSTK) and O-phosphoseryl-tRNASec:Sec synthase 
(SepSecS). The 3′-untranslated region (UTR), which contains the SECIS element, bends to position the mRNA element closer to the UGA codon. 
The factors mediating this recruitment are not fully known in archaea and eukaryotes. In all three domains, a Sec-specific elongation factor (SelB 
in bacteria, aSelB in archaea, and EFSec in eukaryotes) functions to bring Sec-tRNASec to the ribosome.
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configuration (Schön et al., 1989; Itoh et al., 2009; Figure 2A). The 
13 bp acceptor domain also serves as a recognition element for 
PSTK and SepSecS in archaea and eukaryotes and is needed for 
recognition by SelA in bacteria, for conversion of Ser to Sec.

Another unique feature of tRNASec is its long D-stem and 
small D-loop (Figure 2). In archaea, the D-arm has a 7 bp stem 
with a 4 base loop (Figure 2B), differing from eukaryotic and 
bacterial tRNASec which have a 6 bp stem and 4 base loop 
(Figures 2A,C). Currently, the only known exceptions to this 7 bp 
D-stem configuration in archaea are in the Methanopyrus kandleri 
species and Sifarchaeia phylum which encode tRNASec with a 6 bp 
D-stem (Sherrer et  al., 2010). Moreover, while the D-stem is 
important for recognition by SelA and PSTK in bacteria and 
eukaryotes, respectively, binding of the D-arm with the C-terminal 
domain (CTD) of PSTK in archaea only plays a minor role in 
recognition. Instead, the major contributor to the interaction 
between tRNASec and PSTK in archaea is the binding of the 13 bp 
acceptor domain to the N-terminal domain (NTD) of PSTK 
(Sherrer et al., 2008a). The G73 discriminator base is conserved in 
all tRNASec for recognition by SerRS and interacts with residues of 
PSTK to promote phosphorylation of Ser-tRNASec. Furthermore, 
the CCA tail of tRNASec is not encoded in the archaeal genome, as 
commonly observed in bacteria, but is rather added post-
transcriptionally by a CCA-adding enzyme, similar to eukaryotes 
(Santesmasses et al., 2017).

Though the structure of tRNASec is highly conserved in most 
archaea, there are certain organisms with unique features. Notably, 
the Lokiarchaeota lineage contains the only archaeal case of a 
tRNASec gene with an intron (Santesmasses et al., 2017). The intron 
in Lokiarchaeota tRNASec is 31 nucleotides in length and located 
in the T-arm, an intron position previously observed in canonical 
archaeal tRNAs (Mariotti et  al., 2016). The eukaryote species, 
Daphnia pulex, is the only other occurrence annotated thus far of 
an intron encoded within both of its tRNASec genes (Santesmasses 
et al., 2017). The tRNASec of Candidatus Bathyarchaeota also has a 
unique feature that is not characteristic of archaea. Its tRNASec has 
a U6:U67 mismatch (Mukai et al., 2021) which is a conserved 
feature of eukaryotic tRNASec (Figure 2C). These shared features 
between eukaryotic tRNASec with Lokiarchaeota and 
Bathyarchaeota suggest evolution of the eukaryotic Sec pathway 
from them.

Regulation of Sec insertion

Organisms have evolved a highly sophisticated method to 
differentiate between UGA stop codons and UGA codons 
signaling Sec insertion. The main distinguishing factor is the 
presence of an mRNA hairpin known as the SECIS element, which 
is bound by SelB in bacteria and is believed to form a complex 
with additional proteins in archaea and eukaryotes (Leibundgut 
et al., 2005). Bacterial SelB binds the SECIS element through a 
C-terminal extension (domain IV, 24 kDa), not found in EF-Tu 
(Selmer and Su, 2002). In eukaryotes, domain IV of EFSec is 

A
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FIGURE 2

tRNASec secondary structures across all domains of life. Small but 
conserved differences are observed between (A) bacterial, 
(B) archaeal, and (C) eukaryotic tRNASec. While canonical archaeal 
and eukaryotic tRNASec share the post-transcriptionally added CCA 
tail and the 9/4 configuration of the acceptor stem (green) and 
T-arm (dark blue), archaeal tRNASec possesses a longer D-arm (light 
blue) than both bacterial and eukaryotic tRNASec. The tRNASec for all 
three domains share the G73 discriminator base as an identity 
element (outlined in yellow), but eukaryotic tRNASec also has a 
conserved U6:U67 base pair. Note that exceptions to the canonical 
archaeal tRNASec shown in this figure have been reported.
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significantly shorter than its bacterial homolog, and it follows that 
EFSec does not bind the SECIS element directly (Zavacki et al., 
2003). Instead, EFSec interacts with SECIS-binding protein 2 
(SBP2) to facilitate recognition of the SECIS element. In 
comparison to EFSec, aSelB possesses an even shorter domain IV 
(8 kDa) and also fails to bind the SECIS element (Rother et al., 
2001; Leibundgut et al., 2005). SelB, aSelB, and EFSec demonstrate 
extensive homology with the general elongation factors, 
containing four of the five guanosine triphosphate-binding 
domains found in EF-Tu/EF-1α (Fagegaltier et al., 2001). When 
compared to their corresponding general elongation factors, SelB, 
aSelB, and EFSec also contain four deletions of variable sizes in 
the common domain, with a fifth deletion in the aSelB of 
Methanococcus jannaschii. However, there is little sequence 
similarity between the CTD of SelB, aSelB, and EFSec, except for 
a single block of significant sequence conservation in domain IV 
of aSelB and EFSec (Fagegaltier et al., 2000). These similarities 
between the sequences and the properties of aSelB and EFSec 
further support the hypothesis that the archaeal Sec insertion 
mechanism resembles that of eukaryotes, suggesting the direct 
recognition between bacterial SelB and the SECIS element evolved 
into a mediated interaction in archaea and eukaryotes (Fagegaltier 
et al., 2001).

The SECIS element in archaea resides in the 3′-UTR of the 
mRNA (Wilting et al., 1997). Archaeal selenoprotein genes encode 
either one or two Sec residues, though only a single SECIS element 
has been found in each gene (Rother et al., 2000). This suggests 
one SECIS element functions to insert Sec at two different UGA 
codons within the same gene. The observed distance between the 
SECIS element and the Sec codons for which it regulates ranges 
between 70 and 1,500 nucleotides (Rother and Quitzke, 2018). 
One exception is the SECIS element for the fdhA gene in 
M. jannaschii. In this case, the SECIS element is in the 5′-UTR, 
450 nucleotides upstream of its cognate Sec codon (Wilting et al., 
1997; Rother and Quitzke, 2018). It is hypothesized that this is due 
to a distance constraint with the 3′-UTR being over 1,600 
nucleotides away from the Sec codon. Therefore, with the SECIS 
element located in the 5′-UTR, closer to the Sec codon, it can bend 
in similar manner as what is suggested for the 3′-UTR to regulate 
Sec insertion.

Though the SECIS structure is highly conserved, the sequence 
is quite variable among selenoproteins and organisms, suggesting 
no distinct evolutionary origin. It should be  noted that most 
archaeal SECIS elements have two apical loops, which is distinct 
from the singular apical loop in eukaryotic and bacterial SECIS 
elements (Figures 1B,C). However, recent work investigating these 
structures revealed that the SECIS element in Lokiarchaeota has 
only one apical loop (Mariotti et  al., 2016) and shares similar 
sequence elements to those in eukaryotes (Latrèche et al., 2009; 
Mariotti et  al., 2016). Since Lokiarchaeota express similar 
selenoproteins to those in other archaea, the differing features of 
the SECIS element further enhance the theory that Lokiarchaeota 
may be  the connection between archaea and eukaryotes. 
Moreover, the discovery of Lokiarchaeota supports the idea that 

the ability to encode Sec was introduced into eukaryotes from 
archaea through vertical gene transfer (Rother and Quitzke, 2018).

While SBP2 facilitates eukaryotic Sec insertion by recruiting 
the SECIS element to the UGA codon, no protein in archaea has 
yet been identified to be involved in binding to the SECIS element 
(Rother and Quitzke, 2018). However, homologs to the ribosomal 
protein L30 are encoded in M. jannaschii and Methanococcus 
maripaludis (Bult et  al., 1996; Poehlein et  al., 2018). L30  in 
eukaryotes binds the kink-turn structure of the eukaryal SECIS 
element and is thought to trigger insertion of Sec-tRNASec into the 
ribosomal A site (Rother and Quitzke, 2018). Ascertainment of 
the function of archaeal homologs of L30  in selenoprotein 
production has yet to be conducted as the closest homolog of 
L30 in M. maripaludis was shown to be essential, thus preventing 
the study of its function through using mutational analysis. 
Additionally, in vitro assays showed that purified L30 from 
M. maripaludis does not bind the archaeal SECIS element. Thus, 
the mechanism by which SelB, the ribosome, and the SECIS 
element communicate in archaea to insert Sec for recoding of the 
UGA codon remains unknown. Current research still needs to 
address the question of whether there are other potential binding 
proteins encoded in the archaeal genome that have yet to 
be discovered.

Pyrrolysine insertion

Genetic encoding of pyrrolysine was first discovered in the 
methylamine methyltransferase of Methanosarcina barkeri in 2002 
(Hao et al., 2002; Srinivasan et al., 2002). Since then, most archaea 
currently known to encode Pyl fall into two methanogen families: 
Methanosarcinaceae and Methanomassiliicoccus (Gaston et  al., 
2011a; Borrel et  al., 2014). However, recent discovery of the 
non-methanogenic lineage, Candidatus Sifarchaeia, indicated that 
Pyl is not exclusive to methanogens (Sun et al., 2021). The amino 
acid Pyl is biosynthesized by enzymes encoded through the pylB, 
pylC, and pylD genes (Gaston et al., 2011b). In contrast to the Sec 
biosynthesis and insertion pathway, Pyl is not synthesized in a 
tRNA-dependent manner. Instead, like canonical amino acids, 
there is a dedicated tRNA isoacceptor (tRNAPyl) and aminoacyl-
tRNA synthetase (pyrrolysyl-tRNA synthetase, PylRS) for 
insertion of Pyl at specific UAG (amber) codons (Blight 
et al., 2004).

In the genome of the Methanosarcinaceae, the pyl genes are 
present in an uninterrupted cluster as pylTSBCD, with pylT and pylS 
encoding tRNAPyl and PylRS, respectively (Borrel et  al., 2014). 
Methanohalobium evestigatum is an exception, containing two 
separate genomic clusters, pylTS and pylBCD (Gaston et al., 2011a). 
In the Methanomassiliicoccus family, the pyl genes are organized in 
a manner distinct from that of Methanosarcinaceae and from each 
other. In Candidatus Methanomethylophilus alvus Mx1201, the pyl 
genes are encoded as pylTSCD, with pylB separated from the cluster 
(Borrel et al., 2012). Methanomassiliicoccus luminyensis possesses 
two copies of the pylTSBCD cluster with an additional third isolated 
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copy of pylT (Borrel et al., 2014). The difference between the Pyl 
systems of Methanosarcinaceae and Methanomassiliicoccus is further 
reflected in the structures of their PylRS enzymes, discussed below.

PylRS

PylRS has a CTD with a structure similar to that of other class 
II aminoacyl-tRNA synthetases (aaRSs; Eriani et al., 1990). It is 
notable that the structure of PylRS resembles that of phenylalanyl-
tRNA synthetase, as both enzymes belong to the same subclass 
within the class II aaRSs (Kavran et al., 2007). The CTD of PylRS 
contains the highly conserved catalytic core, which accommodates 
Pyl and ATP for aminoacylation (Kavran et  al., 2007). Some 
classes of PylRS enzymes also include an N-terminal RNA-binding 
domain that does not resemble any currently known protein 
domains (Jiang and Krzycki, 2012; Wan et al., 2014). In archaea, 
PylRS is commonly encoded by a single pylS gene, whereas the 
CTD and NTD of all bacterial and certain archaeal PylRS are 
encoded by two separate genes, pylSn and pylSc (Yuan et  al., 
2010b; Guo et al., 2022). The PylRS enzymes found in archaea can 
be classified into three major classes: the PylSn-PylSc fusion class, 
the PylSn+PylSc class, and the ΔPylSn class (Figure  3A; 
Dunkelmann et al., 2020; Krahn et al., 2020; Guo et al., 2022).

PylSn-PylSc fusion class
Archaeal PylRS enzymes of the PylSn-PylSc fusion class, such 

as those from Methanosarcinaceae, have both a CTD and NTD, 
joined together by a linker. Although in vitro experiments suggest 
the NTD is dispensable, activity in vivo is not possible without the 
recruitment of tRNAPyl by the PylRS NTD (Herring et al., 2007; 
Nozawa et al., 2009; Suzuki et al., 2017).

Crystal structures revealed that the NTD of Methanosarcina 
mazei PylRS interacts with the T-loop and variable loop of 
tRNAPyl, while the CTD interacts with the other side of tRNAPyl 
(Suzuki et al., 2017). This interaction distinguishes tRNAPyl with 
its small (three nucleotide) variable loop (Figure 3) from the other 
canonical tRNAs with four or more nucleotides. Among the PylRS 
enzymes of the PylSn-PylSc class, there is a wide range of sequence 
variability. In particular, the linker region varies greatly in length, 
from the Methanococcoides burtonii linker that is 14 amino acids 
in length, to the Myceliophthora thermophila linker of 72 amino 
acids (Herring et al., 2007). In addition, unlike the aaRSs for most 
canonical amino acids, there are no interactions between the 
anticodon of tRNAPyl and the CTD or NTD of PylRS, facilitating 
the application of PylRS for encoding non-canonical amino acids 
at different codons.

PylSn+PylSc class
Recently, seven archaeal genomes have been found to encode 

the NTD and CTD as two distinct genes, pylSn and pylSc, as 
commonly seen in bacteria (Figure 3A; Guo et al., 2022). Two 
examples are the PylRS enzymes found in the Methanomicrobia 
archaeon JdFR-19 and Candidatus Hydrothermarchaeum 

profundi (Guo et al., 2022). In these cases, the pylSc sequences of 
these two archaeal lineages more closely resemble bacterial pylSc 
sequences in Acetohalobium arabaticum and Halarsenatibacter 
silvermanii, rather than those in archaea. Aligning with previously 
discovered similarities between the Pyl operon in A. arabaticum 
and archaea, the similarities between the pylSc of these archaeal 
and bacterial lineages further support the hypothesis of LGT of 
the Pyl operon from archaea to bacteria (Borrel et al., 2014; Guo 
et al., 2022).

Though the PylRS of JdFR-19 belongs to the PylSc+PylSn 
class, this archaeon is a closely related relative of the 
Methanosarcinaceae, which encodes PylRS of the PylSc-PylSn 
fusion class (Guo et  al., 2022). Another close relative to 
Methanosarcinaceae is the organism Methermicoccus shengliensis, 
which encodes the ΔPylSn class of PylRS (Cheng et al., 2007). In 
combination, these two observations suggest fusion of the PylSc 
and PylSn domains occurred in an ancestor of the 
Methanosarcinaceae (Guo et  al., 2022). As this class of PylRS 
enzyme has only been recently discovered in archaea and mostly 
in uncultivated lineages, the sequences and structures of these 
enzymes still need to be further explored.

ΔPylSn functional classes A and B
In certain species of the Methanomassiliicoccus and 

Candidatus Sifarchaeia lineages, pylS genes are truncated by about 
140 residues, resembling that of pylSc in bacteria (Borrel et al., 
2014). Genomic searches revealed that there are no genes 
resembling bacterial pylSn, thus, these PylRS enzymes belong to 
the ΔPylSn class and have been named ΔNPylRS (Borrel et al., 
2014; Willis and Chin, 2018). Despite the necessity of the NTD for 
recruitment and aminoacylation activity in vivo, enzymes from 
the ΔPylSn class demonstrate an equal or higher level of activity 
in comparison to those of the PylSc-PylSn fusion class (Willis and 
Chin, 2018; Dunkelmann et al., 2020). Additionally, there is strong 
sequence and structural alignment between the ΔPylSn PylRS and 
the CTD from the PylSc-PylSn fusion class, suggesting the 
catalytic ability of these enzymes in the absence of the NTD 
depends on the unique structure of their cognate tRNAs (Krahn 
et al., 2020). It has yet to be confirmed whether the PylSc-PylSn 
fusion class or the ΔPylSn class is the ancestral form of 
PylRS. However, given that a greater number of Pyl-encoding 
archaea and bacteria contain both the CTD and NTD of PylRS, it 
is likely that the ancestral PylRS included both the CTD and NTD, 
and the N-terminus of the pylS gene was then lost in the 7th order 
methanogens (Borrel et al., 2014).

Within the ΔPylSn class, there are two clusters of PylRS 
enzymes (class A and class B) distinguished by their sequences 
(Dunkelmann et al., 2020). Similar clustering is reflected in the 
cognate tRNAPyl based on characteristic differences. Some ΔPylSn 
class A enzymes are active with tRNAΔNPyl (tRNAPyl that is 
recognized by ΔNPylRS) from both classes with a preference for 
class A tRNAΔNPyl, while others are naturally orthogonal 
(Dunkelmann et al., 2020). Class B enzymes, on the other hand, 
are only active with tRNAΔNPyl from the same class (Dunkelmann 
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FIGURE 3

PylRS domain architectures and tRNAPyl secondary structures in archaea. (A) Domains of the PylRS genes from the different enzyme classes 
highlight the lack of an N-terminal domain for the class A and class B ΔNPylRS and the encoding of the CTD and NTD of PylRS in separate genes 
for the PylSc+PylSn class. tRNAPyl secondary structures recognized by (B) PylSc-PylSn fusion class PylRS, (C) class A ΔNPylRS, and (D) class B 
ΔNPylRS (Dunkelmann et al., 2020). The identity elements for all three classes of tRNAPyl molecules are outlined in yellow. The tRNAPyl recognized 
by class A and B ΔNPylRS (tRNAΔNPyl) noticeably contain a break or bulge in the anticodon stem (pink). For the class A tRNAΔNPyl, nucleotides 
highlighted in red represent bases that are missing in the sequence of other class A tRNAΔNPyl, whereas circles without nucleotides represent those 
that are missing in the Ca. M. alvus sequence but present in others of the same class.
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et al., 2020). This specificity suggests the amino acid sequences of 
class A and B ΔNPylRS evolved to recognize the class-specific 
identity elements of tRNAΔNPyl. Furthermore, many ΔNPylRS are 
orthogonal to the cognate tRNAPyl of PylRS in the PylSc-PylSn 
fusion class (Dunkelmann et  al., 2020). However, this 
orthogonality is unidirectional, as PylRS of the PylSc-PylSn fusion 
class are active with both class A and B tRNAΔNPyl. To achieve full 
orthogonality, the variable loop of class A and B tRNAΔNPyl need 
to be expanded to avoid recognition by PylSc-PylSn fusion class 
PylRS (Suzuki et  al., 2017; Dunkelmann et  al., 2020). Taking 
advantage of the specificity of these ΔNPylRS enzymes for 
tRNAΔNPyl within the same class, they have become an important 
element in strategies for engineering orthogonality to insert 
multiple non-canonical amino acids in the same protein.

tRNAPyl structure

All characterized tRNAPyl have a well-conserved structure 
consisting of some distinguishing features: a three-base variable 
loop, a small D-loop of 3–5 nucleotides, and a long anticodon 
stem of 6–8 bases in length (Tharp et al., 2018; Figure 3). These 
tRNAPyl also contain the G73 discriminator base, recognized by 
PylRS. Given the recent discovery of archaea encoding 
PylSc+PylSn class PylRS, the sequences and structures of the 
tRNAPyl isoacceptors for this class of PylRS enzymes has yet to 
be explored (Guo et al., 2022). Thus, our discussion of tRNAPyl 
structures below will be  limited to those recognized by the 
PylSc-PylSn fusion class and the ΔPylSn class of archaeal PylRS, 
for which there are additional distinguishing traits which 
separate their respective tRNAPyl. Despite these differences, it is 
still unknown whether the differences between tRNAΔNPyl and 
other tRNAPyl molecules is a result of adaptation to the loss of 
the NTD of PylRS, or whether mutations producing tRNAΔNPyl 
promoted the loss of the NTD (Borrel et al., 2014; Willis and 
Chin, 2018).

tRNAPyl recognized by PylSc-PylSn fusion 
enzymes

The tRNAPyl sequence of the PylSc-PylSn class is quite 
divergent; however, there are distinct secondary structure 
features that are conserved and different from tRNAPyl from 
other PylRS classes. These unique structural elements include a 
D-loop of 5 bases and a single base separating the D-stem from 
the acceptor stem, an identity element in bacterial tRNAPyl 
(Gaston et al., 2011a; Figure 3B). The small D-loop of tRNAPyl 
is essential for forming the compact core, which is recognized 
by tRNA binding domain 1, the C-terminal tail, and the α6 helix 
of the opposing protomer that forms the core binding surface 
of PylRS (Nozawa et al., 2009). Sequence-specific recognition of 
tRNAPyl by PylRS is regulated by the presence of the U33 and 
A37 nucleotides flanking the anticodon, the G53:C63 T-stem 
base pair, and the G1:C72 acceptor stem base pair (Ambrogelly 
et al., 2007).

tRNAPyl recognized by class A and B ΔNPylRS 
enzymes

For tRNAΔNPyl of the 7th order methanogens, certain members 
of this archaeal lineage encode for multiple pylT genes with 
different sequences within the genome (Borrel et al., 2014). The 
sequences of tRNAΔNPyl also vary greatly (Figures  3C,D). In 
comparison to tRNAPyl recognized by the PylSc-PylSn class, the 
D-loop of tRNAΔNPyl is shortened to only 3 or 4 bases. The D-stem 
and acceptor stem may be separated by up to 2 bases, and the 
conserved variable loop sequence CAG matches that of tRNAPyl 
found in the bacterial species Desulfitobacterium hafniense. 
However, the most notable feature of tRNAΔNPyl is the broken 
anticodon stem (Figures 3C,D). This is characteristic of tRNAΔNPyl 
from all 7th order methanogens, although the shape of the small 
loop formed by this break varies between species. The tRNAΔNPyl 
molecules recognized by class A ΔNPylRS contain A37 adjacent 
to the CUA anticodon (Figure  3C), like in tRNAPyl of 
Methanosarcinaceae, whereas the tRNAΔNPyl molecules recognized 
by class B ΔNPylRS contain C37 (Dunkelmann et  al., 2020; 
Figure 3D). The C37A mutation in the class B tRNAΔNPyl molecules 
leads to higher levels of amber codon suppression by the class B 
ΔNPylRS/tRNAΔNPyl pair (Figure 3D). Other differences in the 
sequence of class A and class B tRNAΔNPyl molecules are found in 
the acceptor stem, T-stem, and T-loop. Sequence diversity also 
exists within the class A and B tRNAΔNPyl, but the secondary 
structure of the tRNAΔNPyl molecules is conserved within each 
class (Figures 3C,D).

Regulation of Pyl insertion

In contrast to the strict sequence constraints for Sec 
insertion, Pyl insertion is likely regulated by competition 
between Pyl-tRNAPyl and an archaeal release factor at 
ambiguous UAG codons, thus requiring no additional proteins 
or mRNA motifs for Pyl-specific insertion (Zhang et al., 2005). 
Following this model of competition, if early termination occurs 
at a Pyl-encoded UAG codon, the truncated proteins are 
degraded (Alkalaeva et al., 2009). Conversely, unintended read-
through of UAG codons with Pyl is controlled by termination 
at a UAA or UGA codon located closely downstream (Zhang 
et al., 2005). Analysis of Pyl-encoding genomes has revealed a 
stem-loop structure similar to that of the SECIS element, 
termed the PYLIS element, immediately downstream of UAG 
codons in certain Pyl-encoding gene sequences (Hemmerle 
et al., 2020). However, the PYLIS element is not present in all 
genes that code for Pyl, nor is it necessary for Pyl insertion 
(Alkalaeva et  al., 2009). There is also little sequence and 
structure conservation between the PYLIS element of different 
species (Ambrogelly et al., 2007).

The Pyl system is highly concentrated in a limited number of 
bacterial species and in members of the methanogenic archaeal 
phyla Halobacteriota and Thermoplasmatota, which are sister 
groups (Zhang et al., 2022). Thus, the current state of the field 
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supports the idea that Pyl was added to the genetic code of the 
common ancestor of Halobacteriota and Thermoplasmatota to 
better survive in extreme environments, only to be lost later in 
evolutionary history (Brugère et al., 2018). In particular, many 
Pyl-encoding archaeal species are methylotrophic methanogens 
that inhabit anoxic environments. In this case, possessing Pyl 
machinery is necessary to produce methylamine 
methyltransferase, an enzyme which generates methylamines for 
methanogenesis (Ambrogelly et al., 2007). Subsequently, the Pyl 
system may have been introduced into bacteria through lateral 
gene transfer (LGT) from the 7th order methanogens, as the 
Methanomassiliicoccus lineage has closer evolutionary relations to 
bacteria than the Methanosarcinaceae (Borrel et al., 2014). In this 
case, LGT would have occurred prior to the loss of the NTD in the 
7th order methanogens. Further discussion of the Pyl system in 
archaea can be found in previous reviews (Krzycki, 2013; Wan 
et  al., 2014; Baumann et  al., 2018; Brugère et  al., 2018; Tharp 
et al., 2018).

tRNA-dependent amino acid 
biosynthesis

Faithful translation of a protein gene sequence depends on 
the successful creation of aminoacyl-tRNAs (aa-tRNAs) 
through correct aminoacylation of an amino acid onto its 
cognate tRNA. The most direct path for aa-tRNA production 
is through aminoacylation of a cognate tRNA by its designated 
aaRS (Figure 4A). However, archaea do not encode specific 
aaRSs for the full set of 20 canonical amino acids, thus 
resulting in indirect creation of aa-tRNAs through tRNA-
dependent amino acid biosynthesis (Wilcox and Nirenberg, 
1968). Similar to Sec biosynthesis, a specific tRNA isoacceptor 
is misacylated by a non-cognate aaRS, and the misacylated 
aa-tRNA is converted to the desired aa-tRNA through tRNA-
dependent enzymes (Sheppard et al., 2008b). In archaea, three 
of the 20 canonical amino acids can be  synthesized in this 
tRNA-dependent manner: cysteine (Cys), glutamine (Gln), 
and asparagine (Asn; Figures 4B–D). For all three amino acids, 
tRNA-dependent biosynthesis progresses through the 
formation of a complex—the transsulfursome for Cys and the 
transamidosome for Gln and Asn (Mukai et al., 2021). The 
formation of a complex in these cases prevents the misacylated 
aa-tRNA from existing freely inside the cell and being 
recognized by the elongation factor, protecting against 
misincorporation, while also efficiently shuttling the 
intermediate between the enzymes. The similarities between 
these indirect biosynthesis routes with that of Sec biosynthesis 
suggest the possibility of a PSTK:SepSecS:tRNASec complex 
(Mukai et  al., 2021). However, as tRNASec is recognized by 
EFSec rather than the general elongation factor, the Sec 
biosynthesis pathway prevents mistranslation even without 
complex formation, warranting further investigation of the 
Sec biosynthesis pathway.

Cysteine biosynthesis

In most organisms, translation of Cys occurs through the 
canonical path involving aminoacylation of Cys-specific tRNA 
isoacceptor (tRNACys) by cysteinyl-tRNA synthetase (CysRS). 
However, certain bacteria, class I  methanogens, and 
Asgardarchaeota either lack or do not require the gene encoding 
CysRS (Sauerwald et  al., 2005; Mukai et  al., 2021). In these 
archaeal lineages, Cys is biosynthesized on tRNACys, forming 
Cys-tRNACys through a pathway similar to that of Sec biosynthesis 
(Figures  1, 4B). First, tRNACys is acylated with Sep by 
O-phosphoseryl-tRNA synthetase (SepRS) to produce 
Sep-tRNACys, which is then converted by Sep-tRNA:Cys-tRNA 
synthase (SepCysS) to Cys-tRNACys (Figure 4B). For incorporation 
into proteins, Cys-tRNACys is delivered to the ribosome by the 
archaeal elongation factor 1 alpha (EF-1α) and inserted at 
Cys codons.

SepRS exists as an α4 tetramer with each SepRS monomer 
containing an N-terminal extension, a catalytic domain, an 
insertion domain, and a C-terminal anticodon-binding domain 
(Fukunaga and Yokoyama, 2007). SepRS is specific for the amino 
acid Sep and the GCA anticodon. Methylated G37, the G1-C72 
base pair, and the U73 discriminator base serve as identity 
elements on tRNACys for SepRS binding (Fukunaga and Yokoyama, 
2007). SepRS is designed to also prevent EF-1α from binding 
Sep-tRNACys and misincorporating Sep at Cys codons. This is 
accomplished through the SepRS insertion domain blocking the 
EF-1α binding site. In addition, gel filtration chromatography 
experiments have demonstrated that SepRS, SepCysS, and 
SepCysE form the SepRS:SepCysE:SepCysS complex in class 
I methanogens (Liu et al., 2014; Mukai et al., 2017). It has been 
proposed that SepCysE first facilitates an interaction between 
SepRS and SepCysS to form a complex for recognition of tRNACys 
(Liu et  al., 2014). Once tRNACys is bound by the 
SepRS:SepCysE:SepCysS complex, the CCA tail of tRNACys is 
aminoacylated with Sep by SepRS, then transferred to the catalytic 
site of SepCysS for Sep to Cys conversion (Liu et al., 2014). The 
SepRS:SepCysE:SepCysS complex releases Cys-tRNACys once the 
conversion is complete (Liu et al., 2014; Figure 4B). However, the 
mechanism of tRNA-dependent Cys biosynthesis differs slightly 
in Asgardarchaeota, as their SepCysE proteins lack the N-terminal 
helix needed for binding of SepRS (Mukai et  al., 2021). This 
suggests that SepRS is separate from the SepCysS:SepCysE 
complex in these organisms.

SepCysS binding occurs through the recognition of U73 
on tRNACys, while the CTD of SepCysE binds tRNACys in a 
non-specific manner (Chen et  al., 2017). Through the 
formation of this complex, Sep-tRNACys bypasses release into 
solution and the risk of being bound by EF-1α. Homologs of 
the NTD of SepCysE also exist in other archaeal genomes, 
either as an additional domain of SepCysS or as a split gene 
upstream of the SepCysS gene, which may suggest LGT events 
between the class I, II, and III methanogens and Lokiarchaeota 
(Mukai et al., 2017). Though no archaea have been found to 
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FIGURE 4

tRNA-dependent biosynthesis of amino acids in archaea. (A) Schematic of the traditional tRNA-independent biosynthesis of amino acids, 
(B) cysteine (Cys), (C) glutamine (Gln), and (D) asparagine (Asn) proceed through different mechanisms. (B) Protein complex formation precedes 
binding of tRNACys. The two-step process of Cys biosynthesis occurs through O-phosphoseryl-tRNA synthetase (SepRS) and SepCysS, while the 
protein-tRNACys complex remains intact until phosphoseryl is converted to Cys. (C) tRNA-dependent Gln biosynthesis also begins with protein 
complex formation followed by binding of tRNAGln. After non-discriminating glutamyl-tRNA synthetase (ND-GluRS) aminoacylates tRNAGln with 
glutamic acid (Glu), ND-GluRS dissociates for the GatDE heterodimer to catalyze the conversion of Glu to Gln. (D) Non-discriminating aspartyl-
tRNA synthetase (ND-AspRS) and GatCAB form a complex through binding tRNAAsn. This complex remains intact even after ND-AspRS 
aminoacylates tRNAAsn with aspartic acid (Asp), and the complex only dissociates once GatCAB converts Asp to Asn. In all pathways, archaeal EF-1α 
brings the aminoacyl-tRNAs (aa-tRNAs) to the ribosome.

https://doi.org/10.3389/fmicb.2022.1007832
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Meng et al. 10.3389/fmicb.2022.1007832

Frontiers in Microbiology 11 frontiersin.org

encode two copies of SepRS, which has high specificity for 
tRNACys, some archaea contain two copies of the more 
ambiguous SepCysS gene (Mukai et  al., 2017). These two 
SepCysS gene copies can belong to the same clade or to 
different clades, but both genes produce SepCysS enzymes that 
serve the same function (Mukai et al., 2017). The duplication 
of SepCysS may enhance tRNA-dependent Cys biosynthesis 
under stressful environmental conditions.

Although not all methanogens lack CysRS and require the 
tRNA-dependent Cys biosynthesis pathway, SepRS and SepCysS 
are conserved in all methanogenic species, except 
Methanobrevibacter and Methanosphaera (Liu et  al., 2014). 
Structural analysis also supports that SepRS and SepCysS evolved 
prior to the tRNA-independent Cys biosynthesis pathway (Zhang 
et al., 2012). Thus, the tRNA-dependent strategy is believed to 
be the ancestral mode of Cys biosynthesis. However, once tRNA-
independent Cys biosynthesis evolved in bacteria, LGT introduced 
bacterial CysRS into class II and III methanogens, causing them 
to lose SepCysE, which is only found in class I  methanogens 
(O'Donoghue et al., 2005; Fukunaga and Yokoyama, 2007; Liu 
et  al., 2014). Since Sep-tRNACys is vulnerable to hydrolysis in 
higher temperatures, it follows that an accessory protein would 
be  advantageous for maintaining Cys-tRNACys biosynthesis, 
leading SepCysE to coevolve with SepRS and SepCysS to overcome 
the extreme conditions inhabited by class I methanogens (Liu 
et al., 2014).

Glutamine biosynthesis

All known archaeal and most bacterial lineages lack the 
gene encoding glutaminyl-tRNA synthetase (GlnRS). Thus, 
Gln is biosynthesized on its tRNA isoacceptor, tRNAGln, in a 
two-step process as observed with Cys biosynthesis (Sheppard 
et  al., 2008b; Figures  4B,C). tRNAGln is first aminoacylated 
with glutamic acid (Glu) by the non-discriminating glutamyl-
tRNA synthetase (ND-GluRS) to produce Glu-tRNAGln 
(Figure  4C). At this point, Glu-tRNAGln is converted to 
Gln-tRNAGln through glutamyl-tRNAGln amidotransferase 
(Glu-AdT; Wilcox and Nirenberg, 1968; Lapointe et al., 1986; 
Schön et al., 1988). In archaea, the heterodimer GatDE serves 
the role of Glu-AdT (Tumbula et  al., 2000). During 
biosynthesis, ND-GluRS and GatDE form a tRNA-independent 
complex, the archaeal-specific transamidosome 
(ND-GluRS:GatDE), forming interactions on surfaces not 
required to bind the tRNA (Rampias et  al., 2010). GatDE 
increases the affinity of ND-GluRS for tRNAGln by initiating 
the reaction needed to discriminate between tRNAGln and 
tRNAGlu through interaction of GatDE with the D-loop and the 
A1:U72 base pair of tRNAGln (Oshikane et al., 2006; Rampias 
et  al., 2010). Once the transamidosome binds tRNAGln, 
forming ND-GluRS:GatDE:tRNAGln, the ND-GluRS 
aminoacylates the 3′-end of tRNAGln (Figure  4C). After 
aminoacylation, the ND-GluRS unbinds, resulting in 

GatDE:Glu-tRNAGln, and a conformational change occurs to 
flip the glutamylated end of tRNAGln into the catalytic site of 
GatE for transamidation of Glu to Gln (Rampias et al., 2010). 
ND-GluRS must unbind after aminoacylation since both 
ND-GluRS and GatDE bind the minor groove of the tRNA 
acceptor stem, thus ND-GluRS blocks the 3′-end of the tRNA 
from accessing the catalytic pocket of GatDE (Rampias et al., 
2010). It has also been proposed that Gln-tRNAGln may 
be biosynthesized without the formation of a transamidosome, 
though this method of Gln biosynthesis is less efficient due to 
the reduced ability of ND-GluRS to discriminate against 
tRNAGlu (Rampias et  al., 2010). In this case, ND-GluRS 
aminoacylates tRNAGln and releases Glu-tRNAGln. The free 
Glu-tRNAGln then undergoes transamidation by GatDE 
(Rampias et al., 2010).

The absence of a gene encoding GlnRS in all archaeal species 
is an anomaly given the common phenomenon of LGT for aaRS 
genes between the three domains (Woese et al., 2000). This is 
hypothesized to be  a result of the many differences between 
tRNAGln preventing recognition by the eukaryotic and bacterial 
GlnRS (Tumbula et al., 2000). In fact, archaeal tRNAGln differs 
from bacterial tRNAGln at over half of the identity elements. 
Notably, archaeal tRNAGln contains the A73 discriminator base, 
whereas bacterial tRNAGln contains the G73 discriminator base 
and eukaryotic tRNAGln uses U73 (Marck and Grosjean, 2002). In 
contrast to the highly conserved G1:C72 base pair and G12:C23 
base pair in eukaryotic tRNAGln, archaeal tRNAGln possess A1:U72 
and C12:G23 (Marck and Grosjean, 2002; Mallick et al., 2005). An 
alternate explanation for the unique identity elements of archaeal 
tRNAGln is for adaption to the tRNA-dependent Gln 
biosynthesis route.

Asparagine biosynthesis

The majority of archaea and bacteria do not encode 
asparaginyl-tRNA synthetase (AsnRS), thus these archaeal and 
bacterial lineages also biosynthesize Asn through 
transamidation and the formation of a transamidosome, in a 
process that parallels that of tRNA-dependent Gln biosynthesis 
(Sheppard et al., 2008b; Figures 4C,D). Non-discriminating 
aspartyl-tRNA synthetase (ND-AspRS) first aminoacylates 
asparaginyl-tRNA (tRNAAsn) with aspartic acid (Asp), and 
Asp-tRNAAsn amidotransferase (Asp-AdT) converts 
Asp-tRNAAsn to Asn-tRNAAsn (Curnow et  al., 1996; Becker 
et al., 1997). In archaea, the heterotrimeric enzyme GatCAB 
acts specifically as the Asp-AdT, while GatCAB functions as 
both the Glu-AdT and Asp-AdT in bacteria (Sheppard et al., 
2008a,b). Additionally, the structure of the archaeal and 
bacterial Asn-transamidosomes differ given the absence of the 
GAD domain in the archaeal transamidosome, resulting in 
slower release of Asn-tRNAAsn (Suzuki et al., 2015). In contrast 
to Gln biosynthesis, the transamidosome formed for Asn 
biosynthesis (ND-AspRS:tRNAAsn:GatCAB) is dependent on 
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tRNAAsn binding and is stable throughout the sequential 
reactions (Bailly et  al., 2007). This complex functions to 
protect Asn-tRNAAsn from deacylation and prevent 
Asp-tRNAAsn from being recognized by archaeal EF-1α as the 
intermediate is kept within the transamidosome until 
Asn-tRNAAsn is produced (Bailly et al., 2007; Huot et al., 2007; 
Liu et al., 2014). Differences between the two transamidosomes 
may be due to their recognition sites. Both ND-GluRS and 
Glu-AdT bind the minor groove and therefore cannot both 
interact with the tRNA at the same time. However, ND-AspRS 
binds the tRNA major groove, opposite to GatCAB, relying on 
the tRNA to make contact (Arnez and Moras, 1997; Bailly 
et al., 2007).

Phylogenetic analysis of tRNAAsn shows that division between 
tRNAAsn sequences of archaea, bacteria, and eukaryotes are not 
very rigid (Sheppard and Söll, 2008). Additionally, archaeal 
tRNAAsn possesses the G73 discriminator base and the GUU 
anticodon, which are identity elements needed for recognition by 
bacterial AsnRS (Giegé et al., 1998; Sheppard and Söll, 2008). The 
presence of these identity elements supports the possibility of 
LGT, resulting in certain archaeal species encoding for AsnRS and 
losing the tRNA-dependent Asn biosynthesis system.

For the indirect biosynthesis of Gln and Asn, comparative 
phylogenetic analysis suggests both GatDE and GatCAB were 
present in LUCA, despite GatDE now only being found in archaea 
(Sheppard and Söll, 2008). The specificity of archaeal GatDE for 
bases on archaeal Glu-tRNAGln suggests the two co-evolved, 
resulting in a great divergence of archaeal tRNAGln from its 
bacterial and eukaryotic homologs and the lack of LGT of GlnRS 
to archaea. In contrast, archaeal GatCAB evolved selection against 
Glu-tRNAGln instead of recognition of Asp-tRNAAsn, leading to 
conserved characteristics between tRNAAsn of all three domains 
and the potential for LGT of AsnRS to archaea (Namgoong et al., 
2007). It is also possible that subpopulations of LUCA encoded 
only GatCAB while others encoded for both GatCAB and 
GatDE. In this situation, bacteria evolved from the subpopulation 
containing only GatCAB, whereas archaea evolved from those that 
possessed both AdTs (Sheppard and Söll, 2008).

Multiple genetic coding systems 
within one organism

Archaea are the first domain of life to be found containing 
multiple genetic code systems (Mukai et al., 2017). As many 
archaeal species inhabit extreme conditions, this is their 
strategy to survive and overcome various environmental 
challenges, including heat, high salt concentrations, and 
anoxic conditions (Reed et al., 2013). Within these archaea, 
the tRNA isoacceptors and enzymes associated with amino 
acid biosynthesis or aminoacylation are often unique in 
structure and sequence from those of the canonical archaeal 
tRNA and aaRSs (Mukai et al., 2017; Sun et al., 2021; Zhang 
et  al., 2022). As many of these archaeal lineages belong to 

recently discovered or characterized phylogenetic groups 
(Mukai et al., 2017; Sun et al., 2021; Zhang et al., 2022), further 
study of these archaea and the different coding systems they 
possess will shed light on the evolutionary history of different 
amino acids of the genetic code and their 
biosynthesis strategies.

Co-occurrence of Sec and Pyl coding 
systems

The recently discovered Asgardarchaeota lineage, 
Candidatus Sifarchaeia, is the first identified 
non-methanogenic archaea to encode all the necessary pyl 
genes (Sun et  al., 2021). This is likely due to Sifarchaeia 
encoding a Pyl-containing methylamine methyltransferase 
involved in a methanogen-like pathway, which is not seen in 
other Asgardarchaeota genomes. The organization of the pyl 
genes in Sifarchaeia is also unique, as pylTS are encoded in a 
separate cluster from pylBCD, differing from the uninterrupted 
pylTSBCD cluster seen in most archaeal genomes (Gaston 
et al., 2011a). However, the tRNAPyl encoded by Sifarchaeia is 
unusual as it contains a GC tail (Sun et  al., 2021), 
discriminating it from archaeal tRNAPyl homologs that contain 
a CCA tail (Tharp et al., 2018). Furthermore, Sifarchaeia have 
a significantly higher usage of the UAG codon as a genuine 
termination signal in comparison to other Pyl-encoding 
archaea (Zhang et al., 2005). The high usage of the UAG stop 
codon introduces the question of how Sifarchaeia differentiates 
between insertion of Pyl or termination, as there have yet to 
be any signals or factors discovered to regulate Pyl insertion 
in the way Sec insertion is regulated (Sun et  al., 2021). A 
hypothesis is that Pyl biosynthesis may only become active in 
the presence of methylamines.

Besides the complete Pyl machinery, the canonical Sec 
biosynthesis machinery is also present in Sifarchaeia to encode 
three selenoproteins (Figure 5; Sun et al., 2021). Notably, tRNASec 
in these organisms have a 6 bp D-stem, a common characteristic 
of eukaryotic and bacterial tRNASec, as well as other insertions and 
deletions that distinguish tRNASec in Sifarchaeia from canonical 
archaeal tRNASec (Santesmasses et al., 2017). Lokiarchaeota, which 
is found in the same phylum, also encode these same three 
selenoproteins, though it contains the canonical 7 bp D-stem of 
archaeal tRNASec (Mariotti et al., 2016; Sun et al., 2021).

While Sifarchaeia is the only lineage within Asgardarchaeota 
that possesses complete Pyl machinery, pylT is found in other 
Asgardarchaeota, including the Lokiarchaeota and Thorarchaeota 
phyla (Figure 5; Sun et al., 2021). Current research suggests that 
the Sec and Pyl systems coexisted in the last Asgardarchaeota 
common ancestor, with Pyl recoding lost in other Asgardarcheota 
lineages through evolution and Sec recoding maintained. The only 
other known lineages to encode both Sec and Pyl is the bacterial 
lineage Desulfobacterota and the methylotrophic methanogen Ca. 
Bathyarchaeota (Borrel et al., 2014; Guo et al., 2022). All three 
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lineages are found in anoxic marine sediments. The existence of 
these three lineages in such an environment suggests the synthesis 
of selenoproteins may have yielded benefits to surviving the harsh 
conditions through energy conservation and protection from 
oxidative stress (Sun et al., 2021).

Co-occurrence of Pyl and 
tRNA-dependent Cys biosynthesis

Certain archaea, such as strains of the methanogenic 
M. shengliensis that use trimethylamines as precursors to methane, 
possess both the Pyl and the tRNA-dependent Cys biosynthesis 
systems (Figure 5; Mukai et al., 2017). The coexistence of the Pyl 
and indirect Cys biosynthesis systems may be due to the fact that 

Pyl-containing enzymes used in methylamine metabolism require 
iron–sulfur (Fe-S) proteins for anaerobic methanogenesis (Rother 
and Krzycki, 2010). In this case, the usage of SepCysS, an Fe-S 
protein, may provide an additional advantage to Pyl-containing 
enzymes over CysRS, which is not an Fe-S protein (Liu et al., 2016).

Archaeal lineages that make use of the Pyl and tRNA-
dependent Cys biosynthesis systems mostly live in anoxic 
conditions, another extreme environment. For example, PylRS 
and SepRS co-occur in certain subgroups of Archaeoglobus and 
methanogens in the Terrestrial Miscellaneous Crenarchaeota 
group (TMCG), found in hot spring metagenomes (Figure 5; 
Mukai et al., 2017). In this case, archaea of the TMCG might 
favor the indirect Cys biosynthesis pathway due to the stability 
of Sep at high temperatures (Makino et al., 2016). Analyzing the 
metagenome of a deep marine ecosystem has also revealed three 

FIGURE 5

Summary of the genetic code systems found in various archaeal lineages. Lineages positioned within a section possess the complete machinery 
for the designated system, while those located on the border of a section possess only partial machinery. An asterisk (*) indicates that only certain 
species within the lineage utilize the specified system. All archaea utilize the tRNA-dependent Gln biosynthesis system. Gln, glutamine; Sec, 
selenocysteine; Pyl, pyrrolysine; Cys, cysteine; Asn, asparagine; TMCG, Terrestrial Miscellaneous Crenarchaeota group; HMET1, Candidatus 
Methanohalarchaeum thermophilum HMET1; JdFR-19, Methanomicrobia archaeon JdFR-19; MSBL1, Mediterranean Sea Brine Lakes 1 archaeon 
SCGC-AAA382A20.
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additional archaeal species that possess SepRS and PylRS 
(Mukai et al., 2017). In this case, phylogenetic analysis of these 
three archaeal species sheds light on the evolutionary process 
behind the distribution of the Pyl coding system in different 
domains. The sequences for the PylRS of these three species 
divide the bacterial PylRS clade, supporting the idea for LGT of 
the Pyl system between bacteria and archaea.

Co-occurrence of Sec and 
tRNA-dependent Cys biosynthesis

Certain class I  methanogens, including M. jannaschii, 
encode both the Sec and tRNA-dependent Cys biosynthesis 
systems (Figure  5). Moreover, a few Sec-encoding archaea 
outside of the class I  methanogens also produce SepCysE, 
including Lokiarchaeota (Figure 5; Mukai et al., 2017). The 
presence of both these genetic code systems in these two 
archaeal groups suggests emergence of archaea prior to 
divergence of class I methanogens and Lokiarchaeota. Though 
SepCysS has specificity for the U73 determinant of tRNACys, it 
is also found to bind Sep-tRNASec with a G73 in the absence of 
SepCysE (Yuan et al., 2010a). One Archaeoglobi species with 
components for tRNA-dependent Cys biosynthesis (SepRS 
and SepCysS) has a divergent Sec-encoding system which has 
a system to prevent tRNA ambiguity (Figure  5). This 
Archaeoglobi species has PSTK and SelB fused in a single open 
reading frame, similar to what is found in Ca. Bathyarchaeota, 
which also contain all machinery for tRNA-dependent Cys 
biosynthesis except for the SepCysE (Figure 5; Mukai et al., 
2017). In the absence of SepCysE, this PSTK-SelB fusion is 
suggested to prevent unintended recognition of Sep-tRNASec 
by SepCysS. This hypothesis does not hold for the Sifarchaeia 
lineage, also encoding SepRS and SepCysS, but lacking 
SepCysE (Figure 5; Sun et al., 2021). In this lineage, PSTK and 
SelB are not fused together, suggesting an alternate role and 
potential overlap between the Sec and Cys systems. The 
possible Sec/Cys cross-talk in Sifarchaeia is similar to how 
bacteria and eukaryotes are able to misincorporate Cys and 
Sec. This suggests that the eukaryotic Sec-encoding system 
may have evolved from the Sifarchaeia lineage (Turanov et al., 
2009; Xu et al., 2010).

Co-occurrence of two distinct PylRS and 
tRNAPyl pairs

Though most archaea only encode for a single PylRS and 
tRNAPyl pair, two distinct and mutually orthogonal PylRS/
tRNAPyl pairs have been identified to coexist in the methanogenic 
species M. luminyensis B10 and the extremely halophilic 
euryarchaeal methanogen Candidatus Methanohalarchaeum 
thermophilum HMET1 (Figure  5; Zhang et  al., 2022). 
Phylogenetic reconstruction suggests the duplication of pylS and 

pylT genes occurred independently in the two species. In 
addition, the Pyl biosynthesis genes pylB, pylC, and pylD are also 
present twice in the M. luminyensis B10 genome, whereas only 
pylB was duplicated in HMET1.

In depth analysis of the PylRS systems in HMET1 revealed 
their mutual orthogonality (Zhang et al., 2022). Both enzymes 
belong to the ΔPylSn class and share 53% of their sequences. 
While predicted to adopt similar 3D structures, the motif 2 loop 
of PylRS2 is shorter by a single amino acid compared to PylRS1. 
This minor difference is sufficient to discriminate between the 
two tRNAPyl. PylRS1 with the complete motif 2 loop sequence 
recognizes tRNAPyl1, the tRNAPyl isoacceptor containing the 
G73 discriminator base (pylTG), while PylRS2 recognizes 
tRNAPyl2, the tRNAPyl with the non-canonical A73 discriminator 
base (pylTA; Guo et al., 2022). Moreover, there are additional 
base substitutions in the variable loop of pylTA tRNA which 
contribute to their mutual orthogonality (Zhang et al., 2022). 
From current research, the implications of the coexistence of 
these two orthogonal PylRS systems in HMET1 have yet to 
be  determined, though it is suggested that they may each 
be  under different environmental control or have different 
amino acid specificity.

Found in the same hypersaline environment as HMET 1, two 
copies of PylRS have also been found in the Mediterranean Sea 
Brine Lakes 1 archaeon SCGC-AAA382A20 (MSBL1) lineage 
(Figure 5; Guo et al., 2022). However, only pylTA was found in the 
MSBL1 genome while pylTG is absent (Guo et  al., 2022). 
Additionally, the gene encoding SepRS has been found in MSBL1, 
though no other components of tRNA-dependent Cys biosynthesis 
have been identified (Figure 5; Mukai et al., 2017). As MSBL1 is 
an uncultured archaeal lineage, its genome is still currently 
incomplete (Mwirichia et al., 2016), thus further characterization 
of the MSBL1 genome may reveal the missing components of 
these genetic code systems.

Co-occurrence of multiple 
tRNA-dependent amino acid biosynthesis 
systems

As all known archaea biosynthesize Gln indirectly and 
many also biosynthesize Asn indirectly, the co-occurrence of 
multiple tRNA-dependent amino acid biosynthesis pathways 
is common. Archaeal species that are known to lack the gene 
encoding AsnRS and perform both tRNA-dependent Gln and 
Asn biosynthesis include Aeropyrum pernix, Archaeoglobus 
fulgidus, Halobacterium salinarum, Methanothermobacter 
thermoautotrophicum, M. jannaschii, M. mazei, and two 
Sulfolobus species (Figure  5; Tumbula et  al., 2000). 
Furthermore, the species M. thermoautotrophicum and 
A. fulgidus also contain machinery for tRNA-dependent Cys 
biosynthesis, and M. jannaschii contains both Sec and tRNA-
dependent Cys biosynthesis machinery, resulting in the 
co-occurrence of up to four unique genetic code systems 
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(Figure 5; Sauerwald et al., 2005; Fukunaga and Yokoyama, 
2007). The coexistence of the three different tRNA-dependent 
amino acid biosynthesis routes within a singular organism is 
likely facilitated by the fact that all three systems are believed 
to have been present in LUCA.

Outlook

These diverse archaeal genetic code systems have been 
known to exist for over a decade, if not much longer. However, 
the exact mechanisms involved for biosynthesis and regulation 
for some of these coding systems have yet to be elucidated 
(Yuan et al., 2010b; Mukai et al., 2021). The archaeal domain 
was the last domain of life to be recognized, therefore new 
archaeal species are still being discovered owing to advances 
in technology and bioinformatics (Tahon et al., 2021). The 
most widely used method for discovery and characterization 
of archaeal lineages is still through rRNA diversity surveys by 
amplifying the universal 16S rRNA gene (Baker et al., 2020). 
The non-specific primers used in these studies often fail to 
target the diversity of archaeal genomes (Baker et al., 2006). 
Instead, methods like genomic recovery and reconstruction, 
through metagenomic assembly and binning, have exposed 
archaeal genomes which had been overlooked (Baker et al., 
2020). Additionally, single-cell genome sequencing has been 
used to access the genetic information of uncultivated archaeal 
lineages (Rinke et al., 2013). Single-cell genomics is also useful 
in analyzing the diversity in complex archaeal populations, as 
fine-scale heterogeneity can be observed from the genomes of 
individual cells, which is lost by other genomic techniques that 
composite data from multiple cells or strains (Blainey, 2013). 
These new strategies have caused an expansion of the archaeal 
phylogenetic tree and continued data mining will cause 
constant growth, to fill in current gaps in knowledge about 
archaeal translation.

Additionally, studying the unique genetic code systems in 
archaeal lends itself to applications in genetic code expansion, 
taking advantage of the natural stop codon recoding in these 
organisms. The Pyl system has already been readily adapted for 
the incorporation of noncanonical amino acids (ncAAs) at diverse 
codons given its natural orthogonality to endogenous aaRS/tRNA 
pairs in prokaryotes and eukaryotes, the anticodon-independent 
recognition of tRNAPyl, and the ability of the PylRS active site to 
accept non-natural substrates (Dunkelmann et  al., 2020). By 
introducing mutations to further increase the orthogonality 
between different classes of PylRS and tRNAPyl, the Pyl system can 
be used to incorporate multiple ncAAs within the same peptide. 
The feasibility of this idea was demonstrated when HMET1 
PylRS1/tRNAPyl1 and PylRS2/tRNAPyl2 were used simultaneously 
to incorporate two different ncAAs into a single protein (Zhang 
et al., 2022).

A greater understanding of archaeal genomes also serves to 
elucidate the evolutionary relationship between archaea, 

bacteria, and eukaryotes. Originally grouped with bacteria as 
single-celled organisms, the complexity of archaeal mechanisms 
and processes is similar to that of eukaryotes (Gribaldo and 
Brochier-Armanet, 2006). The analysis of archaeal lineages like 
Lokiarchaeota and its Sec machinery have contributed to 
illustrate the transition between archaea and eukaryotes by 
displaying characteristics of both domains (Mariotti et al., 2016). 
As more archaeal genomes are analyzed and compared with 
those of bacteria and eukaryotes, the gaps in the evolutionary 
tree will be filled.

Ultimately, dedicated research on archaea has only just 
begun, and much is still left to be explored. In particular, the 
capacities of organisms in this domain to withstand a variety 
of extreme conditions have yet to be fully explained, though 
comparisons with the better understood mechanisms of these 
systems in bacteria or eukaryotes may inform understanding 
of the archaeal pathways. Analysis of the differences between 
organisms of these three domains may inspire strategies to 
engineer enhanced properties in bacteria and eukaryotes by 
borrowing natural archaeal machinery. Like the environments 
they inhabit, archaea possess a diverse range of applications, 
serving as a wealth of potential for future discovery 
and innovation.
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