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Abstract: For a long time seryl-tRNA synthetases (SerRSs) stood as an archetypal, canonical aminoacyl-tRNA synthetases (aaRS), exhibiting only 
basic tRNA aminoacylation activity and with no moonlighting functions beyond protein biosynthesis. The picture has changed substantially in 
recent years after the discovery that SerRSs play an important role in antibiotic production and resistance and act as a regulatory factor in 
vascular development, as well as after the discovery of mitochondrial morphogenesis factor homologous to SerRS in insects. In this review we 
summarize the recent research results from our laboratory, which advance the understanding of seryl-tRNA synthetases and further paint the 
dynamic picture of unexpected SerRS activities. SerRS from archaeon Methanothermobacter thermautotrophicus was shown to interact with 
the large ribosomal subunit and it was postulated to contribute to a more efficient translation by the"tRNA channeling" hypothesis. Discovery 
of the atypical SerRS in a small number of methanogenic archaea led to the discovery of a new family of enzymes in numerous bacteria - amino 
acid:[carrier protein] ligases (aa:CP ligases). These SerRS homologues resigned tRNA aminoacylation activity, and instead adopted carrier pro-
teins as the acceptors of activated amino acids. The crystal structure of the aa:CP ligase complex with the carrier protein revealed that the 
interactions between two macromolecules are incomparable to tRNA binding by the aaRS and consequently represent a true evolutionary 
invention. Kinetic investigations of SerRSs and the accuracy of amino acid selection revealed that SerRSs possess pre-transfer proofreading 
activity, challenging the widely accepted presumption that hydrolytic proofreading activity must reside in an additional, separate editing do-
main, not present in SerRSs. Finally, the plant tRNA serylation system is discussed, which is particularly interesting due to the fact that protein 
biosynthesis takes place in three cellular compartments: cytosol, mitochondria and chloroplasts. Plant cytosolic SerRSs showed broad tRNASer 
specificity and flexibility, unlike SerRSs from other organisms. High fidelity of SerRS dually targeted to mitochondria and chloroplasts indicated 
its importance in plant organellar quality control. 
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INTRODUCTION 
MINOACYL-tRNA synthetases (aaRSs) are well known 
and well characterized enzymes with the fundamen-

tal role in the translation of the genetic code. Even before 
the exact mechanism of ribosomal translation was revealed 
and before the adaptor hypothesis was proposed,[1] it was 
known that some sort of "activating enzymes" were needed 
for in vitro incorporation of amino acids into newly synthe-
sized polypeptides.[2–6] The fundamental role of aminoacyl-
tRNA synthetases in protein biosynthesis is to provide amino-
acyl-tRNAs, synthesized in a two-step reaction (Scheme 1), 
which then serve as the activated precursors for the poly-
peptide synthesis during ribosomal translation of the 
mRNA. Furthermore, aaRSs are crucial for the accurate in-
terpretation and faithful translation of the genetic 

information, because aaRSs pair the correct amino acid 
with the corresponding tRNA.[7] 

amino acid + ATP → aminoacyl-AMP + PPi 

aminoacyl-AMP + tRNA → aminoacyl-tRNA + AMP 

amino acid + ATP + tRNA → aminoacyl-tRNA + AMP + PPi 

Scheme 1 

 Broadly speaking, incorporation of each of the 
twenty standard amino acids into the proteins is dependent 
on the existence of the corresponding aaRS, specific for 
that particular amino acid.[7] 
 Beside the well-established canonical role in the ri-
bosomal translation, many aaRSs are engaged in diverse 
cellular processes unrelated to protein biosynthesis. Such 
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unconventional functions are exemplified by mammalian 
bifunctional GluProRS which acts in translational gene si-
lencing as the part of the GAIT complex in the interferone-
γ-dependent inflammatory response.[8] Human LysRS is re-
cruited to the gene expression regulation, through interac-
tion with microphthalmia-associated transcription factor 
(MITF) and synthesis of diadenosine tetraphosphate (Ap4A) 
which acts as the second messenger and transcriptional ac-
tivator of the MIFT-targeted genes.[9] Mammalian TyrRS 
and TrpRS have extracellular cytokine activity and stimulate 
or suppress angiogenesis, respectively.[10,11] Yeast AspRS[12] 
and ThrRS[13] from Escherichia coli bind their own mRNA 
and autoregulate their expression on the level of transla-
tion. Mitochondrial TyrRS of Neurospora crassa works as a 
splicing factor through an interaction with a conserved 
tRNA-like structural motif in the group I intron.[14] Further-
more, the eukaryotic aaRS often assemble into multisyn-
thetase complexes incorporating additional noncatalytic 
scaffolding proteins. The best characterized multisynthe-
tase complexes are yeast GluRS:Arc1p:MetRS complex[15,16] 
and multisynthetase complex from vertebrates containing 
nine tRNA-aminoacylation activities and three additional 
scaffold proteins.[11,17] Noncanonical functions of the aaRSs 
beyond translation and the propensity to assemble into 
multisynthetase complexes are often linked to the accre-
tion of additional noncatalytical domains during evolu-
tion.[18] Involvement of the aaRSs in health and disease 
received broad research interest because many patholo-
gies have been linked to the aaRSs mutations.[19,20] 

Two Evolutionary Distinct SerRS Types 
Seryl-tRNA synthetase (SerRS) was the first class II aaRS 
whose crystal structure has been solved,[21] and provided 
the structural basis for the aaRS classification in two distinct 
classes, based on the conserved signature motifs[22] and ar-
chitecture of the catalytic domain.[23] Successive structural 
investigations[24–26] revealed many peculiarities of the tRNA 
serylation system. Seryl-tRNA synthetases are homodi-
meric enzymes. Each monomer is composed of the globular 
C-terminal catalytic domain and a distinctive N-terminal do-
main, consisting of two long (60 Å), solvent exposed anti-
parallel coiled-coils, comprised of about 90 residues (Figure 
1A). The N-terminal domain functions as a tRNA-binding 
domain and directs the acceptor arm of tRNASer into the ac-
tive site of the catalytic domain in the opposite subunit. 
Hence, tRNASer binds across the both subunits (Figure 1A). 
Remarkably, the anticodon of the tRNASer is solvent-ex-
posed and not recognized as an identity element by the 
SerRS.[26] Recent structural work on the SerRS system re-
vealed new exciting findings: the crystal structure of bovine 
mitochondrial SerRS[27] unveiled how the additional N- and 
C-terminal appendices compensate for the lost structural 
elements in deviant mitochondrial tRNASer isoacceptors; 

and the crystal structure of Methanosarcina barkeri 
SerRS[28] solved in our group exposed the unexpected idio-
syncrasies of atypical SerRS from methanogenic archaea 
(Figure 1B). The first idiosyncratic feature of the atypical 
SerRS from methanogenic archaea is that the N-terminal 
tRNA-binding domain has a completely different and unre-
lated fold compared to the conventional SerRS found in all 
three domains of life and exemplified by the bacterial coun-
terparts (Figure 1A). While typical SerRSs possess the ex-
tended coiled-coil N-terminal tRNA-binding domain, the N-
terminal domain of the atypical SerRS from M. barkeri is 
larger (approx. 170 residues) and it is composed of the six 
stranded β-sheet capped by 3 short α-helices (Figure 1B). 
The catalytic domain has additional insertions proven to be 
functionally important[29,30] but most remarkably, the archi-
tecture of the active site has changed: a zinc ion has been 
found in the active site and participates in serine binding. 
Thus, the atypical SerRS evolved a distinctive mechanism of 
substrate recognition. In the last few years the crystal struc-
ture of archaeal Pyrococcus horikoshii SerRS[31] (homolo-
gous to conventional, bacterial-type enzyme) has been 
solved, eukaryotic SerRS from fungus Candida albicans[32] 
and protozoa Trypanosoma brucei[33] have their structures 
deciphered and finally the structure of human SerRS was 
determined.[34] Nowadays, the complete repertoire of 
SerRS crystal structures is available, from all three domains 
of life, including lower and higher eukaryotes and different 
cellular compartments. The archaeal and eukaryotic SerRSs 
in general recapitulate the structure and characteristics of 
the bacterial enzymes except in the case of SerRSs from 
methanogenic archaea. Therefore, the majority of eukary-
otic and archaeal SerRSs that structurally resemble the bac-
terial counterparts are called canonical or typical or 
bacterial-type SerRSs, whereas the SerRSs from methano-
genic archaea are called noncanonical or atypical or meth-
anogenic-type SerRSs. 

Noncanonical Roles of SerRS 
Discoveries of diversified noncanonical cellular roles of the 
aaRS at first circumvented the SerRS system. SerRS was per-
ceived as a "well behaved", archetypal class II aaRS, without 
documented additional or moonlighting functions. In 2005 
extensive review of SerRSs by Weygand & Cusack[35] placed 
emphasis on structural and mechanistic insights of seryla-
tion, determinants of tRNASer recognition, complicated and 
paraphyletic evolution of the seryl-tRNA synthetases. How-
ever, recent findings convincingly break the view of SerRSs 
as the exemplar aaRS dedicated exclusively to the transla-
tion of genetic information. First, in several bacterial spe-
cies duplications of SerRS have been detected, and were 
shown to be linked to the antibiotic production or re-
sistance. In both cases the telltale observation was that the 
additional, duplicated SerRS gene was located in the gene 
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cluster for antibiotic biosynthesis. Streptomyces sp. strain 
ATCC 700974 produces albomycin, the siderophore which 
upon cell entry proteolytically releases a nucleoside moiety 
conjugated to siderophore in a parent compound albomy-
cin. The released nucleoside is a potent inhibitor of SerRS, 
so a divergent SerRS resistant to the inhibitor encoded by 
albomycin biosynthetic cluster protects the producer from 
self-poisoning .[36] On the other hand, a duplicated SerRS 
within the valanimycin biosynthesis cluster from Strepto-
myces viridifaciens apparently provides building blocks for 
valanimycin synthesis, since it was shown that seryl-tRNASer 
is one of the valanimycin precursors[37] and SerRS gene in-
activation diminishes the antibiotic production.[38] It is 
noteworthy that in both examples of albomycin and valani-
mycin biosynthesis, duplicated SerRSs still play their aborig-
inal role – tRNASer serylation. 
 However, the SerRS paralogue in Drosophila melano-
gaster is a different story. Beside the genes for cytosolic 
and mitochondrial SerRS, a third gene coding for a SerRS-
like protein can be found in all available insect genomes. 
The third SerRS paralogue is the result of mitochondrial 

SerRS gene duplication and the protein - called SLIMP 
(seryl-tRNA synthetase-like insect mitochondrial protein) 
has no catalytic activity.[39] SLIMP localizes to the mitochon-
dria, and it is essential for the proper mitochondrial func-
tion and morphogenesis. SLIMP is an example of an aaRS-
like protein that has acquired a new role, similar to the sec-
ondary regulatory roles of the metazoan aaRS. 
 Distinctive feature of the eukaryotic cytosolic SerRSs 
is a C-terminal extension, known as UNE-S (domain unique 
to SerRS), not present in the bacterial counterparts.[40] Two 
independent forward-genetic studies in zebrafish demon-
strated involvement of  vertebrate SerRS in vascular devel-
opment.[41,42] Random chemical mutagenesis introduced 
premature stop-codons within the gene for cytosolic SerRS, 
leading to abnormal blood vessel formation and defective 
blood circulation in the zebrafish embryo. The human SerRS 
also affects angiogenesis, and SerRS influence on vascular 
development is independent of its catalytic activity.[41]  
The noncanonical activity was linked to the dysregulation 
of vascular endothelial growth factor A (VEGFA) expression, 
a key regulator of angiogenesis and vasculogenesis.[41] 

Figure 1. The structure of seryl-tRNA synthetases and homologous amino acid:[carrier protein] ligases. 
The model of canonical or bacterial-type SerRS (A) and atypical or methanogenic-type SerRS (B) in complex with tRNA. Bacterial-
type SerRS complex with tRNA is modelled according to the published structure of Thermus thermophilus SerRS complex.[26]

The model of methanogenic-type SerRS:tRNASer complex is based on M. barkeri SerRS structure[28] on which the tRNA was 
superposed, based on structural and experimental considerations. Dimeric structure of the enzymes is emphasized by different 
shades of colors. C-terminal catalytic domains are shown in gray and yellow, and the N-terminal tRNA binding domains are 
shown in light and dark magenta. The tRNA backbone is shown in teal. The location of the active site is signposted by aminoacyl-
adenylates bound within and shown in sticks. 
The structure of Gly:CP ligase from Bradyrhizobium diazoefficiens in complex with cognate CP[130] is shown in panel C. The CP is 
shown in teal, and the helix responsible for CP binding is shown in light and dark magenta in respective subunits (gray and 
yellow). The cyan spheres in panel B and C denote the zinc ions located in the active site of atypical SerRS and Gly:CP ligase. 
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Subsequent work on human SerRS revealed that UNE-S 
harbors a strong nuclear localization signal (NLS) directing 
SerRS to the nucleus where SerRS decreases VEGFA 
expression,[34] by antagonizing c-Myc, the major 
transcription factor promoting VEGFA expression.[43] In 
conclusion, vertebrate SerRS acts as a regulator of gene 
expression and the noncanonical role of SerRS essential for 
vascular development depends on UNE-S. 
 Recent research substantially reshaped our view on 
seryl-tRNA synthetases, revealing several unexpected non-
canonical functions of SerRS and SerRS-like proteins. In this 
paper we review contribution of Ivana Weygand-
Đurašević’s work to the SerRS field - her lifelong main field 
of scientific interest. The research of Ivana Weygand-
Đurašević and coworkers in recent years was focused on 
fundamental, mechanistic questions of tRNA serylation of 
both bacterial-type and methanogenic-type SerRS. SerRS 
does not have an editing domain, but the work on yeast 
SerRS provided evidence of proofreading activity in the 
SerRS active (synthetic) site. Another topic of research in-
terest was investigation of the previously unexplored plant 
SerRSs, leading to their better characterization and analysis 
of  intracellular localization. Further research on atypical 
SerRS from methanogenic archaea (reviewed in S. Bilokapić 
et al. (2009)[44]) led to the discovery of SerRS interaction 
with ArgRS and translating ribosomes. The implications of 
the SerRS interaction with translating machinery is dis-
cussed in this review. The presence of homologous short-
ened genes similar to atypical archaeal SerRS in genomes of 
many bacterial species drew our attention, resulting in the 
discovery and characterization of a novel enzyme family 
called amino acid:[carrier protein] ligases (aa:CP ligases). 
These SerRS paralogs charge distinctive carrier proteins in-
stead of tRNA with various amino acids, and clearly have 
abandoned the conventional role of aaRS in ribosomal 
translation. Structural, biochemical and computational 

studies provided an in depth analysis of the interaction 
between the aa:CP ligase and cognate carrier protein, 
revealing an unanticipated mode of interaction between 
the enzyme and its macromolecular partner. SerRS and 
SerRS-like proteins continue to unveil exciting discoveries 
and still represent an active field of research. 
 

SerRS: A PROOFREADING 
ENZYME WITHOUT THE 

ERROR-CORRECTION DOMAIN  
The fidelity of a cognate amino acid recognition is fre-
quently jeopardized by the structurally and chemically sim-
ilar, non-cognate amino acids that compete for the 
interaction with the corresponding aaRS. To prevent mis-
takes in the aminoacyl-tRNA synthesis and a subsequent 
fall in cellular viability and fitness, the error-prone aaRSs 
evolved hydrolytic editing reactions (Figure 2) to eliminate 
the incorrect aminoacyl-adenylate intermediates and/or 
misaminoacylated tRNAs.[45,46] Post-transfer editing is the 
key proofreading pathway and it comprises rapid hydrolysis 
of misacylated tRNA in a separate dedicated protein do-
main. In addition, pre-transfer editing eliminates a non-
cognate aminoacyl-AMP intermediate within the synthetic 
site. This activity can be stimulated by tRNA. Elucidation of 
the pre-transfer editing mechanism was challenging, par-
tially because of the aminoacyl-adenylates’ inherent insta-
bility, which precluded their routine use in mechanistic 
studies. It was initially proposed[47] that both pre- and post-
transfer editing reactions reside in the same hydrolytic site 
at a domain specialized for editing. Yet, our comprehensive 
work on the mechanism of pre-transfer editing proved the 
model wrong and demonstrated that pre-transfer editing 
reactions actually reside within the confines of the syn-
thetic site.[48–52] SerRS was the highly important player in 
establishing this new pre-transfer editing model. as this 

 

Figure 2: Flowchart of plausible synthetic and proofreading enzymatic activities of seryl-tRNA synthetases. 
Synthetic reactions are shown in the middle section of the flowchart and different proofreading reactions are shown above and 
below. Pre-transfer editing (1–3) can occur through several pathways: enhanced dissociation of the non-cognate aminoacyl-
adenylate (1) or its enzymatic hydrolysis (2, 3). These activities may be tRNA-independent (1, 2) or tRNA dependent (3). 
Deacylation of mischarged tRNA is called posttransfer editing (4). Experimentally observed and proven catalytic activities for 
SerRS are shown in black, and tRNA-dependent proofreading activities (3, 4) absent in SerRS are shown in gray. 
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enzyme, in all domains of life, naturally lacks a domain 
specialized in editing.[21,28,34,53,54] In spite of that, it may 
hydrolyze both non-cognate and non-natural aminoacyl-
AMPs, apparently within the synthetic module.[48,55] Work 
on the yeast SerRS provided the first strong indication that 
the pre-transfer editing reactions do not depend on the 
separate editing module. This contradicted the broadly ac-
cepted view in which a proofreading aaRS requires a do-
main dedicated for proofreading, and opened a completely 
new perspective on  tRNA synthetase editing. 

Yeast SerRS Exhibits tRNA-independent 
Pre-transfer Editing 

SerRS from yeast Saccharomyces cerevisiae can activate 
non-cognate threonine and cysteine with the efficiency 
that is close to the tolerated discrimination factor in protein 
biosynthesis.[48] The discrimination factor is defined as 
([kcat/KM(cognate)]/[kcat/KM(non-cognate)]) and it ex-
presses the protein’s misactivation frequency; the values 
below 3300 manifests a misactivation that is more frequent 
than the measured overall translational mistake. To pre-
vent a potential error in serylation, the enzyme evolved an 
error-correction step prior the aminoacyl transfer to tRNA 
(pre-transfer editing). The observed threonine- and cyste-
ine-dependent AMP formation (kobs = 3 × 10–3 s–1) was 10-
fold faster than the rate of non-enzymatic hydrolysis of the 
corresponding aminoacyl-AMPs (0.2 × 10–3 s–1), demon-
strating that both threonyl- and cysteinyl-AMP were hydro-
lyzed within the SerRS synthetic site. Cognate tRNASer did 
not stimulate aminoacyl-AMP hydrolysis, providing clear 
evidence that SerRS utilizes only the tRNA-independent 
pre-transfer editing pathways. The reported weak pre-
transfer editing may argue against the biological relevance 
of SerRS proofreading. The rates of transfer of cysteinyl and 
threonyl moiety to tRNASer were not determined, preclud-
ing any direct comparison of the competing reactions 
within the SerRS synthetic site (aminoacyl transfer to tRNA 
or to water). Nevertheless, the observed insensitivity of the 
AMP accumulation rate on the presence of tRNA may sug-
gest that aminoacyl-AMP hydrolysis and the aminoacyl 
transfer step do not compete significantly. Thus, it is rea-
sonable to assume that to some extent tRNA-independent 
editing contributes to the fidelity of serylation. This is con-
sistent with our hypothesis[51] in which synthetic site-based 
pre-transfer editing is primordial, less effective and prefer-
entially tRNA-independent proofreading, which may still be 
found in some contemporary aaRSs.  
 Elimination of non-cognate aminoacyl-AMP from the 
reaction pathway may take place through the enzyme 
based hydrolysis or via enhanced dissociation of aminoacyl-
AMP followed by its non-enzymatic hydrolysis in solution 
(often named as the selective release pathway, Figure 2). 
Yeast SerRS employs both pathways when eliminating thre-
onyl-adenylate.[48] The analogous mechanism was reported 

for non-cognate alanine elimination by prolyl-tRNA synthe-
tase (ProRS) from humans and Methanococcus jan-
naschii,[56] and for clearing seryl-AMP by threonyl-tRNA 
synthetase (ThrRS) from yeast mitochondria.[57] In all cases, 
the enzyme-catalyzed aminoacyl-AMP hydrolysis was the 
dominant form of editing, with a "selective release" of non-
cognate adenylate from the active site constituting a minor 
pathway. Both ProRS and ThrRS naturally lack editing do-
mains in the aforesaid cases, while they still comprise the 
separate editing module in majority of organisms. Thus, it 
appears that SerRS is the only enzyme deprived of the sep-
arate editing module in all domains of life which clearly 
demonstrate the pre-transfer editing activity. 

Activated Serine Hydroxymate is Cleared 
by Pre-transfer Editing 

Work on SerRS further contributed to a novel perception 
about editing by showing that this activity is not necessarily 
a consequence of the long-term evolution against natural 
non-cognate substrates, but may also exist towards the un-
natural amino acids or their analogues. This "unexpected" 
aaRS features may pose a problem for incorporation of un-
natural amino acids into proteins. This follows from our 
finding that the yeast SerRS exhibited the most prominent 
editing activity with an unnatural serine analogue, serine 
hydroxamate.[48] This analogue, which has a hydroxamate 
group instead of carboxylate, inhibits E. coli growth[58] pri-
mary through the inhibition of E. coli SerRS.[59] Besides the 
E. coli enzyme, it also inhibits yeast SerRS but with some-
what lower inhibitory constant.[60,61] We have recently 
shown that both canonical and atypical SerRSs also differ in 
sensitivity to serine hydroxamate.[62] The analogue is acti-
vated by yeast[61] and atypical SerRS from Methanosarcina 
barkeri[63] with high misactivation frequencies (discrimina-
tion factor was below 100). Yet, no detectable transfer of 
serine hydroxamate to tRNASer has been observed in case 
of the yeast enzyme, while a very low activity was meas-
ured for the atypical SerRS,[63] explaining the inhibitory ef-
fect of the analogue. Surprisingly, serine hydroxamate is 
eliminated through hydrolysis of its adenylate within the 
synthetic active site of both canonical[48] and atypical 
SerRSs.[55] As anticipated, this activity was not stimulated 
by tRNA. 
 

INSIGHTS INTO FUNCTIONAL AND 
CELLULAR PROPERTIES OF 

PLANT SerRSs 
In general, plant aminoacyl-tRNA synthetases are less stud-
ied than the aaRSs from other organisms. The distinctive 
feature of the plant cellular biology is that the protein bio-
synthesis occurs in three separate cellular compartments. 
Therefore, the presence of aminoacyl-tRNA synthetases is 
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required in chloroplasts, mitochondria and the cytosol, and 
their subcellular localization is of special interest in plant 
aaRSs research. Localization studies were mostly directed 
towards  Arabidopsis organellar aaRSs where it was shown 
that dual localization is the rule and that the organellar 
aaRSs were either dually localized to mitochondria and 
chloroplasts or to mitochondria and cytosol.[64,65] 

Localization in Maize and 
Arabidopsis Thaliana 

Bioinformatics analysis of the maize genome data identified 
only two separate SerRS genes encoding two dissimilar 
SerRS proteins.[66] Thus, one of them should be dually tar-
geted to account for the SerRS function needed in three 
protein synthesizing compartments. One of the identified 
maize SerRS proteins is targeted exclusively to maize cyto-
sol[67] (Figure 3), aminoacylates yeast and maize cytosolic 
tRNAsSer and complements the function of the yeast cyto-
solic SerRS.[68] The other SerRS protein complements the 
function of the E. coli SerRS[69] and aminoacylates efficiently 
mitochondrial and chloroplasts tRNAsSer,[70] indicating its 
organellar function. Using combination of complementary 
methods, including in vitro import assay into purified orga-
nelles, in vivo GFP-tagging and immunodetection we 
demonstrated that this protein is dually targeted to both 
maize mitochondria and chloroplasts[71] (Figure 3). This 
dual localization of organellar SerRS is established by the 
virtue of the ambiguous targeting peptide at its N-terminus 
that contains features characteristic of mitochondrial 
presequences and plastid transit peptides. In chloroplasts, 
the organellar SerRS was not associated with thylakoids, 
but was targeted to the plastid stroma, which is the most 
plausible site for aaRS action in plastids. Moreover, we ob-
served targeting of protein to stromules, the stroma-filled 
plastid tubules, highly dynamic thin protrusions emanating 
from the plastid surface.[72] Maize organellar SerRS is the 
first example of dually targeted monocot aaRS, and one of 
the very few examples of dually targeted proteins to plas-
tids and mitochondria in maize.[73,74] 
 During our analysis of plant SerRSs we noted that the 
cytosolic SerRS from Arabidopsis thaliana contains several 
amino acid sequences that resemble bipartite nuclear local-
ization signals.[75] This observation raised the possibility 
that, in addition to being present in the cytosol for protein 
biosynthesis, Arabidopsis SerRS might also be directed to 
the nucleus, as it was previously shown for the human 
SerRS.[34,76] However, our thorough immunolocalization 
and GFP-localization studies in plant protoplasts and trans-
genic plants revealed exclusive cytosolic localization of Ar-
abidopsis SerRS.[75] Considering that localization of the 
protein can vary in different conditions[77] and that Ara-
bidopsis cytosolic SerRS was implicated in the early re-
sponse to stress elicited by cadmium exposure,[78] we also 

tested whether Arabidopsis cytosolic SerRS protein can be 
redirected to nucleus under various stress conditions. Our 
results with transgenic seedlings expressing GFP-SerRS con-
struct revealed that the abiotic stress conditions do not 
change cytosolic location of SerRS.[75] 

Specific Features of tRNA  
Recognition and Aminoacylation 

The recognition of tRNA by aaRSs is facilitated by both pos-
itive and negative identity elements contained within the 
tRNA structure that ensure binding to the proper en-
zyme.[79] Recognition studies performed with the compo-
nents of serylation systems from different species revealed 
that some, but not all, determinants have been conserved 
during evolution.[35,44,80,81] The main recognition element 
required for  productive SerRS:tRNASer complex formation 
is the long variable arm of tRNASer, present in all organisms 
except in animal mitochondria. Length and orientation of 
the variable arm were shown to be important for proper 

ZmcSerRS-GFP 

   

ZmoSerRS-GFP 

   

Figure 3: Localization of two maize seryl-tRNA synthetases 
ZmcSerRS and ZmoSerRS visualized by confocal fluorescent 
microscopy. 
Proteins fused with GFP were transiently expressed in maize 
protoplasts. Upper panel: ZmcSerRS is localized in cytosol. 
Lower panel: Dual targeting of organellar ZmoSerRS to 
chloroplasts and mitochondria. Yellow color represents 
superposition of green and red indicating colocalization of 
ZmoSerRS and chloroplasts (middle) and ZmoSerRS and 
mitochondria (right). GFP, GFP fluorescence, GFP + 
chlorophyll represents merging of GFP (green) and 
chlorophyll (red) fluorescent signals. Chlorophyll identifies 
chloroplasts. GFP + Mitotracker represents merging of GFP 
(green) and Mitotracker (red) fluorescent signals. 
Mitotracker is a fluorescent dye specific for mitochondria. 
Scale bars, 10 μm. 
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recognition of tRNASer by SerRS enzymes and they differ 
among three domains of life.[82–85] Cross-species recogni-
tion of the tRNASer determined from in vitro aminoacylation 
and in vivo complementation assays is shown in Table 1. 
 As a general rule, efficient recognition of the tRNA by 
aaRS is dependent on evolutionary origin of both tRNA and 
aaRS.[86] For example, bacterial SerRS is not able to amino-
acylate tRNASer of eukaryotic origin.[70,87] Similarly, the 
maize organellar SerRS showed clear preference for organ-
ellar substrates of endosymbiotic bacterial origin, while no 
or poor aminoacylation was observed for plant and yeast 
cytosolic eukaryotic tRNAsSer.[69,70] Yeast cytosolic SerRS can 
recognize bacterial type tRNASer, albeit with a very low 
efficiency.[88] These observations were explained by the 
fact that, due to different evolutionary origin, eukaryotic 
and bacterial tRNAsSer have different length and spatial 
orientation of variable arm. By using in vitro experiments it 
has been shown that the atypical methanogenic-type 
archaeal SerRS recognizes tRNAsSer from all three domains 
of life, probably due to the fact that archaeal tRNAsSer show 
mixed bacterial and eukaryotic features.[84,89] However, this 
SerRS was unable to complement the function of bacterial 
and yeast SerRSs in vivo.[90] 
 Recently we demonstrated that the maize cytosolic 
SerRS can efficiently aminoacylate in vitro and in vivo bac-
terial tRNAsSer[67] and eukaryotic cytosolic tRNAsSer.[67,68] 
Thus, despite its eukaryotic features and strong similarity 
to other eukaryotic cytosolic SerRSs,[70] the maize cytosolic 
SerRS was able to efficiently recognize bacterial tRNAsSer 
that are clearly distinguishable from maize cytosolic 
tRNAsSer, which show typical eukaryotic characteris-
tics,[67,84] Similar broad tRNAsSer specificity and flexibility 
was also shown for Arabidopsis cytosolic SerRS.[75] Broad 
tRNASer specificity may be related to the evolutionary origin 
of plant SerRSs. Phylogenetic analysis has shown that  
the Arabidopsis cytosolic and organellar SerRS genes 
originated from a duplication event of a gene inherited 
from Actinobacteria.[91] It is possible that during evolution 
plant cytosolic SerRS retained efficient recognition of 

bacterial-type tRNASer species, a functional characteristic 
that was inherent to the gene product of the bacterial 
ancestral gene. 

Fidelity of Serylation in Plants 
The important aspect of the aaRS activity is the fidelity of 
the tRNA aminoacylation, from both functional and practi-
cal standpoints. Research on the role of aaRSs in maintain-
ing translational accuracy in plants is very limited. This issue 
is not only important from the functional and evolutionary 
point of view, but it should also be considered in biotech-
nology, namely in the recombinant protein production in 
plant cytosol or chloroplasts. Errors in translation could po-
tentially affect the quality of produced proteins, which is 
especially relevant in the case of therapeutic recombinant 
proteins. Proofreading activities were shown for only few 
plant aaRSs.[92–94] Findings that yeast and archaeal SerRSs 
showed low or moderate misactivation of near-cognate 
amino acids and serine analogue SerHX[28,55,95] prompted us 
to explore the fidelity of the maize cytosolic and dually tar-
geted organellar SerRSs,[67] Organellar SerRS exhibited 
higher discrimination against threonine, cysteine and 
SerHX as compared to its cytosolic counterpart. Both en-
zymes showed pre-transfer editing activity towards tested 
compounds implying their high overall accuracy.[67] Taking 
into account that neither of the maize enzymes possesses 
editing domains, the observed hydrolytic activity towards 
near-cognate aa-AMPs and SerHX-AMP seems to reside 
within the synthetic site, as was shown for other 
SerRSs.[48,55] Our investigation of the maize organellar SerRS 
is the first and only report on the fidelity of a synthetase 
serving its role in both mitochondria and plastids.[67] Re-
quirements of both plant organelles for translational qual-
ity control have not been extensively studied. Two 
observed fidelity mechanisms of the maize organellar 
SerRS, high discriminatory power and proofreading, indi-
cate that plant organelles require a high level of transla-
tional quality control and that aaRSs in general may play an 
important role in plant organellar quality control. 

Table 1. Cross-species recognition of tRNASer determined from in vitro (aminoacylation) and in vivo (complementation) assays 

SerRS In vitro (aminoacylation) 
(kcat / KM)/(s–1 μmol–1 dm3) In vivo (complementation) 

 Ec tRNASer Sc tRNASer EcSerRS ScSeRS 

EcSerRS 4.64[135] n.a.[87] ++ [60] n.d. 

ScSerRS 2.5 × 10–4 [60] 1.2[60] + [60] ++ [68] 

MmSerRS 3.47*,[89] 1.16*,[89] – [90] – [136] 

ZmoSerRS 2.4[70] n.a.[69] + [69] n.d. 

ZmcSerRS 1.28[67] 1.43[68] ++ [67] ++ [68] 

EcSerRS, Escherichia coli SerRS; ScSerRS, Saccharomyces cerevisiae SerRS; MmSerRS, Methanococcus maripaludis SerRS; ZmoSerRS, organellar Zea mays SerRS; 
ZmcSerRS, cytosolic Zea mays SerRS; n.a., no detectable aminoacylation activity; n.d., not determined; *, the values indicate kobs / min–1;   ̶, no complementation; 
+, weak complementation; ++, efficient complementation. 
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Emerging Noncanonical Roles 
As noted earlier, aaRSs have evolved a wide array of non-
canonical functions both inside and outside transla-
tion.[96,97] Many of those alternative functions arise from 
interaction of aaRSs with other proteins.[98] There is only 
one report on alternative function of plant aaRS outside 
translation. Detection of pathogen-associated molecular 
patterns during the early stages of pathogen infection in Ar-
abidopsis boosts transcription of the aspartyl-tRNA synthe-
tase gene and triggers translocation of aspartyl-tRNA 
synthetase from ER to the cytosol where it activates de-
fense mechanisms against pathogen attack.[99] Thus far, 
protein interactors of plant aaRSs were not identified. Re-
cently, using high throughput interactome technologies we 
identified a protein involved in the metabolism of brassino-
steroid hormones which acts as a protein interactor of Ara-
bidopsis cytosolic SerRS (M. Kekez and J. Rokov-Plavec, in 
preparation). This interaction indicates a possible non-
canonical role of plant SerRS linking hormone metabolism 
with translation. The exact biological function of the SerRS 
complex is currently under investigation.  
 

Participation of SerRS in tRNA 
Recycling and Optimization of 

Translation 
Association of several aaRSs within multi aminoacyl-tRNA 
synthetase complexes (MSC) is the key feature of organiza-
tion of the translation apparatus. In eukaryotes these com-
plexes tend to be larger than those discovered in bacteria 
and archaea and also perform a wider range of functions 
that include both aminoacylation and noncanonical roles 
beyond translation.[17,100,101] Previous studies have sug-
gested a link between the tRNA aminoacylation and high-
molecular-weight cellular complexes such as the cytoskele-
ton or ribosomes.[102–104] In all three domains of life, aaRSs 
form a variety of complexes with each other and with the 
non-enzymatic factors,[17,100] which may promote associa-
tion of aaRSs with the ribosome.[102–104] However, the struc-
tural basis of these interactions and potential mechanistic 
implications are not well understood. Bacterial-type SerRS 
rarely interacts with other proteins and only a few interact-
ing partners have been identified to date. SerRS was found 
in a complex with several proteins involved in a DNA repli-
cation in TAP-MS proteome-wide screen of Mycoplasma 
pneumoniae.[105] Our work on the yeast system revealed 
that S. cerevisiae SerRS predominantly interacts via its char-
acteristic C-terminal extension with peroxin Pex21p, which 
facilitates tRNA binding and serylation.[106–107] 
 In archaea, macromolecular associations of aaRSs 
were first described in the extreme halophile Haloarcula 
marismortui.[108] The tRNA aminoacylation activity of 

several aaRSs was detected in Thermococcus kodakarensis 
polysome fractions isolated by sucrose gradients.[104] In 
Methanothermobacter thermautotrophicus, lysyl-tRNA-
synthetase (LysRS) was found to be associated with leucyl-
tRNA-synthetase (LeuRS) and prolyl-tRNA-synthetase 
(ProRS).[109–111] Besides, LeuRS forms a complex with elon-
gation factor EF-1 alpha[100] adding this interaction to a 
relatively short list of associations found to be formed 
between EF-1 alpha and various aaRSs.[109,112] 

Macromolecular Interactions of  
Atypical SerRS 

We analyzed protein-protein interactions between the 
atypical methanogenic-type SerRS from M. thermauto-
trophicus and other components of the archaeal translation 
machinery by yeast two-hybrid (Y2H) screen using SerRS as 
a bait. Using the Y2H methodology we found that the ar-
chaeal SerRS can interact with ribosomal proteins and Ar-
gRS.[113] We found that the key functional outcome of the 
complex formation between ArgRS and SerRS in archaea is 
its stimulating effect on the rate of serylation. The optimal 
activity of SerRS is achieved in a complex with ArgRS at 
200–300 mM NaCl and at the temperature of 65 °C which 
is in accordance with the growth of M. thermautotrophicus 
under elevated osmolarity and temperature.[114] On the 
other hand, the archaeal SerRS serylates tRNASer extremely 
slowly at low ionic strength. The higher concentrations of 
salt did not abolish the interaction between SerRS and Ar-
gRS, suggesting that the interaction between these two 
aaRSs is fairly robust. Our data support the notion that 
SerRS:ArgRS complex may constitute a part of the thermo- 
and osmoadaptation mechanisms of thermophilic meth-
anogenic archaea, by providing an optimal microenviron-
ment for the tRNA aminoacylation under a wide range of 
conditions.[113] 
 Beside ArgRS, the Y2H screen identified the riboso-
mal protein L3 as a SerRS interactor, indicating a possible 
interaction of the archaeal aaRSs with the ribosome. In fur-
ther characterization of interactions of archaeal aaRSs with 
the ribosome we showed by microscale thermophoresis 
(MST) that atypical SerRS and an archaeal ArgRS bind to the 
large ribosomal subunit with micromolar affinities.[115] 
Based on crosslinking data, surface plasmon resonance 
(SPR) and microscale thermophoresis, three major contact 
sites were identified between the 50S ribosomal subunit 
and the investigated aaRSs. The interaction point with the 
ribosome was narrowed down to several ribosomal pro-
teins that build the P0/P1 stalk and the nearby ribosomal 
proteins located at the base of the P0/P1 stalk of the 50S 
subunit. The P0/P1 stalk is a specialized protein-protein in-
teraction platform on the large ribosomal subunit in a prox-
imity to ribosomal A-site, functioning in the recruitment of 
translation factors EF-1 alpha and EF-G[116] to the ribosome. 
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Aminoacyl-tRNAs are inserted into the ribosomal A-site by 
the activated EF-1 alpha during translation. The interac-
tions of aaRSs with the ribosomal proteins of the P0/P1 
stalk could therefore enrich aaRS enzymes in this region, 
enabling the efficient transfer of their aa-tRNA products to 
elongation factors and to the translating ribosome. Given 
the overlapping set of the interaction partners of SerRS  
and ArgRS on the 50S subunit in the area of P0/P1 stalk 
(Figure 4A), and the previous observation that SerRS and 
ArgRS form a complex in M. thermautotrophicus, these two 
tRNA synthetases could possibly approach the ribosome as 
a pre-formed complex. 

tRNA Channeling Hypothesis 
The hypothesis of tRNA channeling during transla-
tion[102,103,117,118] suggests that the synthesis of aa-tRNAs by 
aaRSs occurs in a close proximity to the translating ribo-
some (Figure 4A). The interior of the cell is highly crowded 
with macromolecules, and the tRNAs may not diffuse far 
after exiting the ribosome. Indeed, they may remain in the 

vicinity of the ribosome to be recharged and reused for an-
other cycle of elongation.[118] The examination of coding se-
quences of M. thermautotrophicus genome revealed a bias 
for clustering of synonymous codons (codons that code for 
the same amino acid). On top of that, a bias to cluster those 
synonymous codons that are recognized by the same tRNA 
isoacceptor (i.e., identical codons and isoaccepting codons) 
was also observed. Once a particular codon has been used, 
subsequent occurrences of the same amino acid do not use 
codons randomly, but favor codons that use the same tRNA 
(Figure 4B).[118] Our bioinformatics analysis of the distribu-
tion of the synonymous codons in M. thermautotrophicus 
genome showed a biased serine (Ser) and arginine (Arg) co-
don ordering in M. thermautotrophicus, indicating a possi-
bility of reuse of tRNASer and tRNAArg on the ribosome.[115] 
Therefore, the codon choice may be influenced by the pre-
vious upstream codon for the same amino acid; a design 
that could be favorable for the translation process.[119] This 
supports a model in which the deacylated tRNAs may be 
recharged by aaRSs bound to the ribosome and reused at 

Figure 4: Schematic representation of 50S ribosomal subunit showing the tRNA recycling model and synthetase binding region. 
(A) Schematic model for tRNA recycling in polysomes. aaRSs (stars) are recruited by the ribosomes in the region of P0/P1 stalk. 
In polysomes, recycling of tRNAs exiting from the E-site of one ribosome to the next ribosome in the polysome (black lines) may 
be favored over recycling to the same ribosome (dashed line). (B) 
(B) Example of isoacceptor codon autocorrelation. The following example illustrates a part of a hypothetical protein sequence
with possible codons marked below. Amino acid serine occurs four times in this sequence and is translated by tRNASerGGA or 
tRNASerGCT taking into account the classical wobble hypothesis. Serine codons recognized by isoacceptor tRNASerGGA are shown 
in gray, while serine codon recognized by tRNASerGCT is boxed. For the decoding of first three serine codons in this example, it 
is not required to change the isoacceptor tRNA by the ribosome. For the decoding of the fourth serine codon (boxed), 
isoacceptor tRNA has to be changed for the decoding process (arrow). Since the number of required tRNA changes by the 
ribosome quantifies autocorrelation, autocorrelation of serine codons in this example is considered strong because only one 
tRNA change is required for decoding serine along this string of amino acids. 
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the next occurrence of an isoaccepting codon (Figure 4A). 
Based on that hypothesis we proposed a tRNA recycling 
model in which the archaeal SerRS and ArgRS associate 
with P0/P1 stalk region of the ribosome to recapture the 
tRNAs released from the preceding ribosome in the poly-
somes.[115] It is noteworthy that multiple ribosomes simul-
taneously engaged in translation become spaced along 
single mRNA molecules in polysomes. Under these condi-
tions, the juxtaposition of the L1-stalk/E-site side of one ri-
bosome to the P0/P1 stalk/A-site side of the following 
ribosome on the mRNA may enable the recycling of a tRNA 
exiting from one ribosome to translation factors and aaRSs 
bound at the P0/P1 stalk of the next ribosome. Tomo-
graphic reconstructions of bacterial and eukaryotic poly-
somes in situ suggest that such an arrangement is 
possible.[120,121] 
 

AMINO ACID:[CARRIER PROTEIN] 
LIGASES: THE HOMOLOGUES OF 

ATYPICAL ARCHAEAL SerRS 
CHARGING THE 

CARRIER PROTEINS 
With the advent of microbial genome sequencing projects, 
it became apparent that the homologues of the atypical 
SerRS from methanogenic archaea can be found in many 
bacteria. Although the sequence similarity between atypi-
cal SerRS and their bacterial homologues is rather low (15 –
21 %) and well in "the twilight zone", a thorough sequence 
analysis has shown that the aaRS class II signature motifs 
are detectable and conserved[122] in these newly discovered 
hypothetical proteins. The residues necessary for the zinc 
binding within the active site of atypical archaeal SerRS are 
strictly conserved in their bacterial homologues. These 
SerRS homologues are truncated in comparison to the 
known atypical archaeal SerRS, and they lack the tRNA 
binding domain. Hence, the sequence similarity is limited 
to the catalytic domain of the atypical SerRS. The bacteria 
hosting the genes encoding these unusual truncated SerRS 
homologues harbored the genes for conventional full-
length SerRS as well, so we hypothesized that the truncated 
SerRS homologues of atypical archaeal SerRS might serve a 
novel role, possibly unrelated to ribosomal protein biosyn-
thesis.[122] In some organisms, like Bradyrhizobium diazoef-
ficiens (previously known as B. japonicum), two separate 
genes for truncated SerRS homologues can be found. 

Amino Acid Activation by  
SerRS Homologues 

Preliminary biochemical characterization of three repre-
sentative SerRS homologues, two from Bradyrhizobium di-
azoefficiens and one from Agrobacterium fabrum (renamed 

from Agrobacterium tumefaciens) confirmed overall simi-
larity to the atypical archaeal SerRS: the homologues were 
homodimeric proteins and they possessed two zinc ions per 
dimer. But only the A. fabrum enzyme was capable of ser-
ine activation, while both B. diazoefficiens enzymes ap-
peared inactive in the active site titration assay with serine. 
The paradox was resolved when a panel of amino acids was 
tested as substrates in the ATP – pyrophosphate exchange 
assay: the B. diazoefficiens enzymes were fully active when 
glycine was offered as a substrate, while the preferred sub-
strate for the A. fabrum homologue was alanine, although 
the enzyme was also capable of serine and glycine activa-
tion to a lesser extent.[122] The switch in amino acid speci-
ficity was unexpected, because this feature is usually 
strictly preserved in the aaRS family. The amino acid speci-
ficity of aaRSs was established early in their evolutionary 
history, in most cases in the dawn of life and before the split 
of three domains of life, and remained fixed for billions of 
years.[123] This holds true even for other truncated aaRS 
homologues dedicated to physiological roles unrelated to 
the tRNA aminoacylation, such as MshC, CysRS homologue 
involved in mycothiol biosynthesis in actinomyceta[124] or 
YadB, GluRS homologue catalyzing tRNAAsp posttranscrip-
tional hypermodification.[125] The only known exemption is 
PoxA, the homolog of LysRS recruited to elongator factor P 
posttranslational modification, using (R)-β-lysine instead of 
proteinogenic lysine, i.e. (S)-α-lysine.[126] 
 The crystal structure of the B. diazoefficiens homo-
logue (Figure 1C) showed that the structure of the homo-
logue is remarkably similar to the atypical M. barkeri SerRS, 
although they share a weak sequence similarity (15 % iden-
tity).[122] The structure of B. diazoefficiens homologue reca-
pitulates the structure of M. barkeri SerRS catalytic domain, 
with very few differences within and close to the active site. 
Atypical SerRS possesses an idiosyncratic region called "ser-
ine ordering loop",[28] which is very flexible: it is unstruc-
tured in free enzyme, undergoes a profound induced-fit 
conformational change upon serine binding and, based on 
the structural considerations and experimental evi-
dence,[30,80] it apparently undergoes further rearrange-
ments and repositioning when the tRNA binds and tRNA 
acceptor end enters the active site. Curiously, the corre-
sponding region in the crystal structure of the B. diazoeffi-
ciens homologue exhibits a different conformation, it is 
located further away from the active site and does not par-
ticipate in the amino acid binding. The structures of the B. 
diazoefficiens homologue in a complex with the small mo-
lecular weight substrates (AMP, ATP, Gly-AMP analogue) 
provided a detailed picture of glycine activation, the first 
step of aminoacylation reaction. ATP binds to the active site 
in the bent conformation, in a manner unique to the class 
II aaRS.[122,127] The bent conformation of ATP positions the 
α-phosphate for an in-line nucleophilic attack of carboxylate 
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group of the amino acid and displacement of pyro-
phosphate as the leaving group. The analogue of Gly-AMP 
(5′-O-(N-glycyl-sulfamoyl)adenosine) binds into the active 
site of B. diazoefficiens enzyme in the same way the Ser-
AMP analogue binds to M. barkeri SerRS active site, and in 
both cases the amino group of aminoacyl- moiety is bound 
by a zinc ion. However, the Arg353 residue that helps to ori-
ent the serine hydroxyl-group in M. barkeri SerRS is re-
placed by Met174 in the B. diazoefficiens homologue, 
providing the structural rationale for the shift of amino acid 
specificity of SerRS homologues toward small aliphatic 
amino acids Gly and Ala.[122] Molecular dynamics (MD) sim-
ulations[127] further advanced our understanding of amino 
acid specificity of the bacterial SerRS homologues and es-
pecially the difference between selectivity of the B. diazoef-
ficiens and A. fabrum homologues. MD simulations have 
clearly shown that serine can bind the zinc ion within the 
active site, but it cannot be properly accommodated and 
oriented to perform nucleophilic attack of the carboxylate 
group to the α-P atom of ATP. The B. diazoefficiens enzyme 
preferentially activates glycine, whereas A. fabrum is less 
stringent in the amino acid recognition: it preferentially ac-
tivates alanine, but to a lesser extent glycine and serine as 
well. MD simulations pinpointed residue A281 in the B. di-
azoefficiens enzyme (equivalent to G296 in A. fabrum en-
zyme) as the major determinant of the differences in 
selectivity between the two enzymes. Based on the results 
of in silico analysis, A281G mutant of B. diazoefficiens en-
zyme was designed, and indeed its amino acid selectivity 
was altered as predicted: the B. diazoefficiens A281G mu-
tant efficiently catalyzed alanine activation, much better 
than glycine, without impairment of its catalytic activity.[127] 
This is one of the rare examples of a successful tailoring of 
enzyme amino acid specificity, without significantly crip-
pling its overall catalytic activity. 

The Second Step: Transfer of Activated 
Aminoacyl Moiety to a Protein Acceptor 
The next question was where do the activated amino acids 
end up and what is their final acceptor? Due to the lack of 
a tRNA binding domain, it was not expected that tRNA 
would act as an amino acid acceptor for this class of en-
zymes, at least not to any appreciable extent. In spite of 
thorough testing and different tRNA used as the substrate, 
no tRNA charging activity could be demonstrated.[128] Ser-
endipitously, genomic context of the atypical SerRS homo-
logues pointed to the candidate for the amino acid 
acceptor.[122] The genes for the SerRS homologues in bacte-
ria are usually accompanied by the genes for the small car-
rier proteins (CPs), predicted to carry 4'-phosphopante-
theinyl- prosthetic group. Such small proteins (80 – 100 
amino acids; Mr ≈ 10 000) with a characteristic structure of 
4 α-helix bundle carry activated (amino)acyl residues on 

their prosthetic group in diverse metabolic pathways: fatty 
acid synthesis, nonribosomal peptide and polyketide 
synthesis, synthesis of membrane derived oligosaccharides, 
signal molecules, cell wall components, etc.[129] In vitro 
characterization proved that CPs are excellent substrates 
for the SerRS homologues.[122] Therefore, the shortened 
bacterial homologues of the atypical SerRS from methan-
ogenic archaea were renamed amino acid:[carrier protein] 
ligases (AMP forming), abbreviated aa:CP ligases. 
 Subsequent biochemical analysis has shown many 
interesting details regarding CP aminoacylation. MS analy-
sis and chemical fluorescent labelling unequivocally 
showed that sulfhydryl group of the 4'-phosphopantothe-
ine (Ppant) prosthetic arm is the site of amino acid attach-
ment.[122] Kinetic analysis revealed that aa:CP ligases 
specifically recognize and charge cognate CPs, whose genes 
are found close to the ligase genes, and will not charge the 
acyl- CPs devoted to fatty acid synthesis (FAS ACPs). Not 
surprisingly, aa:CP ligases were capable of aminoacylation 
of other thiols, such as coenzyme A, dithiothreitol, cysteine, 
etc., but not as efficient as cognate CPs.[128] The fact that 
aa:CP ligases do not charge FAS ACPs, lead us to speculate 
that protein:protein interactions between the CP and the 
enzyme are predominant for CP binding, and that Ppant 
arm does not contribute significantly to the binding. How-
ever, apoCP (CP without the Ppant prosthetic group) did 
not form a stable complex with the homologue, as evi-
denced by pull-down and kinetic assays, nor the complex 
formation could be detected by isothermal titration calo-
rimetry.[130] Furthermore, the apoCP did not act as a com-
petitive inhibitor in a kinetic assay. These experimental 
observations were corroborated by the in silico study, 
which confirmed that apo- and holoCP bind with signifi-
cantly different affinities despite having the same confor-
mation, leading to the conclusion that Ppant arm is 
required for high affinity binding of CP.[131] 
 The crystal structure of B. diazoefficiens Gly:CP ligase 
in a complex with the cognate CP was solved[130] and dis-
closed true surprises. The CP binds to Gly:CP ligase in an 
unanticipated manner, completely unrelated to the mode 
of tRNA binding to class II aaRS. The Ppant prosthetic group 
enters the active site from a completely different direction, 
compared to the tRNA acceptor end and class II aaRS (Fig-
ure 1C), through a tunnel not present in M. barkeri SerRS. 
Furthermore, the opening used by the prosthetic group to 
access the active site of Gly:CP ligase would be covered by 
the N-terminal tRNA-binding domain in M. barkeri SerRS.[130] 
Conversely, the opening used by the tRNA acceptor end in 
class II aaRS to approach the active site is constricted in B. 
diazoefficiens Gly:CP ligase. The interaction between the 
carrier protein and the aa:CP ligase relies solely on the 
interaction with distinctive helix within the region 
corresponding to "serine ordering loop" in the atypical 
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SerRS. Therefore, the aa:CP ligase helix which mediates the 
interaction with the CP is called "CP-binding" or "CP-
recognition helix". The analogous region in atypical SerRS 
has a completely different structure and function, as al-
ready described. The CP-recognition helix of the ligase in-
teracts extensively with CP helices II and III. The CP helices 
II and III form a cleft and grasp around the CP-recognition 
helix.[130] The complex of CP and ligase was solved in the 
presence of small substrates and the reaction intermedi-
ates (AMP, ATP, Gly + ATP, Gly-AMP analogue) as well.[130] 
Together with previous crystallographic work,[122] these 
structures provided the snapshots of the whole catalytic cy-
cle and allowed us to propose a possible catalytic mecha-
nism of CP aminoacylation. The first step of amino acid 
activation proceeds through a conventional in-line dis-
placement mechanism by nucleophilic attack of the glycine 
carboxylate group to α-phosphate of ATP,[122] as already 
mentioned. In the second step, transfer of activated amino 
acid to sulfhydryl group of Ppant arm advances through nu-
cleophilic attack of the Ppant sulfhydryl group on the glycyl-
adenylate carbonyl leading to the thioester bond for-
mation. We have proposed that the thioester bond forma-
tion proceeds through a substrate-assisted concerted me-
chanism without direct participation of the protein residues 
acting as the general base during amino acid transfer. Rather, 
the active site residues guide the reaction through transition 
state by properly orienting the substrates, additional pola-
rization and stabilization of the reacting groups.[130] 
 Curiously, the sequence conservation of the CP-
recognition helix is rather low, and the analysis of CP and 
aa:CP ligase phylogeny reveals higher evolutionary diver-
gence of CPs and aa:CP ligases from B. diazoefficiens and A. 
fabrum Ala:CP ligase than anticipated.[130] As the conse-
quence, heterologous aminoacylation of the CPs by the en-
zyme from the different organism is quite inefficient in the 
case of B. diazoefficiens and A. fabrum. Since the interac-
tion between the ligase and the cognate CP is dependent 
exclusively on the CP-binding helix, we have replaced the 
CP-binding helix in B. diazoefficiens Gly:CP ligase with the 
counterpart from the A. fabrum Ala:CP ligase.[130] The chi-
meric enzyme turned out to be fully active, and effectively 
charged heterologous A. fabrum CP with glycine, whereas 
cognate B. diazoefficiens CP was charged with appreciably 
lower affinity. The complete reversal of specificity toward 
CPs was achieved with replacement of only 11 residues, 
demonstrating once again that recognition between the 
two proteins relies exclusively on the CP-recognition helix. 

A Link With Nonribosomal 
Peptide Synthesis 

The physiological role of aa:CP ligases and the fate of acti-
vated amino acids bound to distinctive CPs is currently un-
known. It is tempting to speculate that aa:CP ligase may be 

involved in a nonribosomal peptide synthesis - a wide-
spread method of non-templated secondary metabolite 
production,[132] due to the mechanistic similarity of aa:CP 
ligases with adenylation domains, which funnel amino acids 
into this biosynthetic machinery. Adenylation domains like 
aaRSs catalyze the two-step reaction of peptidyl carrier 
protein aminoacylation, with enzyme-bound aminoacyl-ad-
enylate as the intermediate.[133] However, adenylation do-
mains are members of the so-called ANL superfamily 
(together with firefly luciferase and acyl-CoA synthetases) 
and structurally and evolutionary are unrelated to the class 
I and II aaRS. Engagement of aa:CP ligases in nonribosomal 
peptide synthesis would be a long-sought link between the 
two fundamentally different systems for peptide synthesis, 
and it would be an interesting example of the evolutionary 
crosstalk or module exchange between ribosomal and non-
ribosomal peptide synthesis.[122,134] Some authors specu-
late that discovery of aa:CP ligases supports the "thioester 
world" hypothesis,[134] in which a thioester chemistry of 
nonribosomal peptide synthesis preceded the "RNA world", 
emergence of nucleic acids and the template-directed ribo-
somal protein synthesis. Whatever the fate of acylated CPs 
turns out to be, it is clear that activated amino acids are di-
verted from ribosomal translation and that aa:CP ligases 
adapted to sustain a novel, yet unknown, biosynthetic 
pathway. 
 

CONCLUSION AND OUTLOOK 
After decades of research, the SerRS is nowadays well char-
acterized representative of aminoacyl-tRNA synthetases. 
The structural data is abundant and spans all three domains 
of life, including peculiar and divergent SerRSs like the 
mammalian mitochondrial and the atypical archaeal 
SerRSs. Although SerRS kept its basic two-domain organiza-
tion during the evolution (comprising N-terminal tRNA-
binding domain and C-terminal catalytic domain), it was re-
markably amenable to evolutionary invention: additional 
extensions appeared to complement its function in the 
mammalian mitochondrial translation or to recruit it as an 
angiogenesis regulatory factor in vertebrates. Atypical 
SerRSs and their truncated bacterial homologues – aa:CP 
ligases continue to intrigue. Interaction of atypical SerRS 
with the ribosome and other components of translational 
machinery may be functionally important and lead to opti-
mized and more efficient translation. This possibility neatly 
extends the tRNA channeling hypothesis. Direct experi-
mental evidence would be valuable, but it is difficult to ob-
tain in methanogenic archaea. The biological function of 
aa:CP ligases is currently unknown, and it is the subject of 
our scientific interest. 
 Research on the fidelity and proofreading of aaRS in-
tensified in recent years and re-emerged as a hot topic in 
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the aaRS field due to the rising appreciation that proofread-
ing activity may protect the proteome from incorporation 
and infiltration of non-proteinogenic and/or unnatural 
amino acids. The fact that SerRS possesses pre-transfer ed-
iting activity raises the question of its biological signifi-
cance, so our future research will focus on the editing 
activity in mammalian systems and its role in protection 
against a challenge with non-proteinogenic amino acids.  
Plant aaRSs are not extensively studied compared to the 
aaRS from other kingdoms of life. Our comprehensive re-
search of the plant SerRSs contributed to their better char-
acterization in terms of their localization, tRNA recognition 
and fidelity. In addition, the organellar SerRS emerged as a 
new important player in the plant organellar protein quality 
control. Future research of the plant cytosolic SerRS will be 
directed towards elucidation of the new noncanonical func-
tion discovered by our group. 
 In conclusion, the research of the seryl-tRNA synthe-
tases in our and other laboratories has proven that even 
the old players in the aaRS field can perform new tricks, and 
we are eager to decipher the secrets and untold abilities 
they may be hiding from us. 
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