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Abstract: Aminoacyl-tRNA synthetases (AARSs) covalently couple amino acids to their cognate tRNAs, providing aminoacyl-tRNAs for ribosomal 
protein synthesis. Given their essential role and the challenge of maintaining high fidelity despite the presence of similar amino acids and tRNAs 
in the cell, AARSs have acquired various domains, making them interesting models for studying protein modularity. Here, we used Priestia 
megaterium isoleucyl-tRNA synthetase (IleRS) to explore how the simultaneous removal of multiple domains distant from the aminoacylation 
active site affects activity. Yet we found that eliminating editing and C-terminal domains, with or without further removal of the CP2 domain, 
drastically increases IleRS propensity for aggregation. We succeeded in producing a small amount of the soluble truncated variant, which 
showed about a 4,000-fold decrease in activity. Our data suggest that during the evolution of IleRS, accessory domains couple with the rest of 
the protein scaffold to maintain the productive fold of the active site.  
 
Keywords: aminoacyl-tRNA synthetases, multi-domain proteins, modular proteins, protein aggregation propensity, truncated proteins. 
 
Abbreviations: AARS – aminoacyl-tRNA synthetase, AA-AMP – aminoacyl-adenylate, AMP – adenosine 5’-monophosphate, ATP – adenosine  
5’-triphosphate, CP1 – connective peptide 1, CP2 – connective peptide 2, IleRS – isoleucyl-tRNA synthetase, LeuRS – leucyl-tRNA synthetase, 
PPi – pyrophosphate, SerRS – seryl-tRNA synthetase. 
 
 

INTRODUCTION 
MINOACYL-tRNA synthetases (AARSs) play a crucial 
role in ribosomal protein biosynthesis. They serve as 

translators of the genetic code by pairing amino acids with 
their corresponding transfer RNAs (tRNA). This pairing, 
called aminoacylation, occurs through a two-step reaction 
at the synthetic active site (Figure 1a).[1–3] First, the amino 
acid is activated by the nucleophilic attack of the carboxyl 
oxygen on α-phosphorus of the ATP to form the aminoacyl-
adenylate intermediate (AA-AMP) (Figure 1b). The inor-
ganic pyrophosphatase enzymes rapidly hydrolyse the 
released pyrophosphate byproduct to ensure the 
directionality of the reaction.[4–6] In the second step, the  
2’ or 3’ hydroxyl group of the tRNA terminal adenosine 
(A76) performs the nucleophilic attack at the AA-AMP 
carbonyl carbon to form the aminoacylated tRNA (Figure 
1c). Aminoacyl-tRNA (AA-tRNA) is released from the AARS 
and carried by the elongation factor Tu to the ribosome, 
where the amino acid will be incorporated into the growing 
polypeptide chain. 

 Based on their structural similarities, AARSs are 
divided into two evolutionarily distinct classes, I and II.[7] 
The most notable difference between the classes is their 
active-site architecture. Class I AARS are characterised by 
the HUP domain design,[8,9] which contains two highly 
conserved catalytic motifs, HIGH and KMSKS. Both motifs 
participate in substrate binding at the ground or transition 
states. The Class II active site comprises three motifs, 
designated as 1, 2, and 3. Motif 1 is involved in protein 
dimerisation, while motifs 2 and 3 participate in the 
catalysis.[10,11] Motif 1 is moderately conserved, while 
Motifs 2 and 3 exhibit higher conservation.[12,13] 
 Contemporary AARS are modular enzymes. AARSs of 
both classes have a synthetic domain, where both 
activation and aminoacyl transfer occur, and a tRNA-
binding domain, which, in most cases, recognises the 
anticodon. In addition to these domains, some AARSs have 
an editing domain that corrects errors. Furthermore, 
enzymes from both classes may contain auxiliary domains 
with diverse functions that may not be directly involved in 
catalysis.  
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 How did AARSs evolve into such complex structures, 
and what did the “first AARS” look like? Schimmel’s 
operational code hypothesis proposed that the primordial 
AARSs likely contained only synthetic domains and used a 
code that relied on recognition of the discriminatory base 
at the tRNA acceptor stems.[14–18] This code likely preceded 
the canonical genetic code, which uses tRNA anticodon for 
recognition. Possible remnants of this activity are reflected 
in the observation that contemporary AARSs of each class 
can aminoacylate tRNA minihelices, which comprise only 
the acceptor and TΨC stems and are considered 
evolutionary precursors of modern tRNAs.[14] The addit-
ional AARS domains, such as anticodon-binding or editing 
domains, likely arose later.  
 There has been some research on truncating AARS 
into smaller units. To explore minimal functional modules, 
Carter designed AARS urzymes, a module comprising fewer 
amino acids than a synthetic domain, whose catalytic 
activity could still be traced.[19–24] Another avenue of 
research produced domain-truncated AARSs to examine 
the roles of specific domains. This showed that deleting the 
editing domain of prolyl-tRNA synthetase led to a 
significant loss of the activation activity.[25,26] Opposite to 
that, the removal of the N-terminal tRNA-binding arm of 
seryl-tRNA synthetase (SerRS)[27] or the C-terminal tRNA-
binding domain of leucyl-tRNA synthetase (LeuRS)[28] does 
not affect amino acid activation. However, as expected, 
removal of these domains reduces aminoacylation activity 
as it requires tRNA binding.[27,28] 
 Driven by the idea of going backwards towards a 
simpler protein structure and of exploring how domain 
composition influences AARS function, we used Priestia 
megaterium isoleucyl-tRNA synthetase type 2 (PmIleRS2) 
as a model enzyme. IleRS2 is a class I enzyme of modular 
structure. Besides a synthetic domain (also called HUP), it 
contains a helix bundle (often called anticodon binding),  

C-terminal, CP1 (connective peptide 1), CP2 (connective 
peptide 2), and editing domains (Figure 2a). The CP1 
domain participates in the aminoacylation reaction[29] 
while the CP2 domain has presumably a structural role. The 
editing domain, which is inserted into the CP1 domain, 
plays a well-understood role in post-transfer editing, 
namely the hydrolysis of misaminoacylated tRNAs.[30–34] 
The helix-bundle domain and the C-terminal domains 
participate in tRNA anticodon recognition.[31] 
 To this end, we constructed two truncated PmIleRS2 
variants; one lacking both the C-terminal and editing 
domains, and another lacking, in addition, the CP2 domain. 
Both variants were poorly expressed and showed a strong 
tendency to aggregate, despite painstaking optimisation of 
expression and purification protocols. Kinetic analysis 
showed that the truncated IleRS exhibits low activity in the 
activation step. Our data indicate that domains distal to the 
active site may play important roles in maintaining the 
protein functional fold required for catalysis. 
 

EXPERIMENTAL SECTION 
Construction of Truncated  

PmIleRS2 Genes 
Recombinant pET28b plasmids carrying truncated PmIleRS2 
(E.C. 6.1.1.5) genes with a His tag at the N-terminus were 
acquired from TwistBioscience. Two truncated variants of 
PmIleRS2 were constructed: i) PmIleRS2_ΔEDΔCD, lacking 
both the editing domain (ED, D199-S383) and C-terminal 
domain (CD, E786-C-end), and ii) PmIleRS2_ΔEDΔCDΔCP2, 
having, in addition, removed the CP2 domain (S445-V513) 
(Figure 2b and 2c). In both constructs, Gly-Ser linkers were 
inserted in place of the editing and CP2 domains. Both genes 
were ordered as codon-optimised for expression in E. coli, 
while PmIleRS2_ΔEDΔCDΔCP2 was, in addition, ordered in 
the original sequence.  

 

Figure 1. a) Reaction scheme of a two-step aminoacylation by aminoacyl-tRNA synthetases. b) Reaction mechanism of amino 
acid activation by ATP. c) Reaction mechanism of aminoacyl transfer to the tRNA. 
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Table 1. Sequences of the primers used for amplification of truncated constructs from the pET28 plasmid and introducing 
desired restriction sites for subsequent cloning into pMAL-c2x and pGEX-6P-3 plasmids. 

Targeted  
cloning plasmid Truncated protein 

Primer  
posi�on 

Restric�on site 
introduc�on Primer sequence 

pMAL-c2x  
(MBP tag) 

PmIleRS2_ΔEDΔCD 
Forward EcoRI 5' GAGAGGAATTCATGAAGGAAGTCAATGTTCGCGA 3' 

Reverse PstI 5' GAGAGCTGCAGTTAATTAACTTTAGTCTGGTCGC 3' 

PmIleRS2_ΔEDΔCDΔCP2 
Forward EcoRI 5' GAGAGGAATTCATGAAGGAAGTCAATGTTCGCGA 3' 

Reverse PstI 5' GAGAGCTGCAGTCAGTTCACTTTCGTTTGATCAC 3' 

pGEX-6P-3  
(GST tag) 

PmIleRS2_ΔEDΔCD 
Forward BamHI 5' GAGAGGGATCCATGAAAGAAGTGAATGTCCGAGA 3' 

Reverse XhoI 5' TGGTGCTCGAGTTAATTAACTTTAGTCTGGTCGC 3' 

PmIleRS2_ΔEDΔCDΔCP2 
Forward BamHI 5' GAGAGGGATCCATGAAAGAAGTGAATGTAAGGGA 3' 

Reverse XhoI 5' TGGTGCTCGAGTCAGTTCACTTTCGTTTGATCAC 3' 

 

 

Figure 2. Structure of P. megaterium IleRS2 and its truncated variants. a) Structure of full-length P. megaterium IleRS2 (PDB ID: 
8C8V). b) AlphaFold generated structure of PmIleRS2_ΔEDΔCD. c) AlphaFold generated structure of PmIleRS2_ΔEDΔCDΔCP2. 
The domains are highlighted in different colours: HUP domain in pink, CP1 domain in blue, editing domain in purple, CP2 domain 
in green, helix-bundle domain in orange and C-terminal domain in grey. The same colouring is used in the corresponding 
schematic representation of domain structure, with numbers representing the primary sequence range. 
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 To replace His tag with MBP and GST, truncated  
ileS2 constructs were amplified by PCR using 
pET28_PmIleRS2_ΔEDΔCD or pET28_PmIleRS2_ΔEDΔCDΔCP2 
as templates (Table 1). PCR mixture comprised 0.002 U mL–1 
Q5 High-Fidelity DNA polymerase (New England Biolabs), 2 
ng µL–1 DNA template, 0.5 µmol dm–3 forward/reverse 
primer, 200 µmol dm–3 dNTPs, and 1 × Q5 buffer. The 
reaction program is shown in Table 2. PCR products were 
purified using the Qiagen PCR purification kit. Plasmids 
(pMAL-c2x for MBP tag on the N-terminus and pGEX-6P-3 
for GST tag on the N-terminus) and purified PCR products 
were cleaved by the corresponding restriction endo-
nucleases (Table 1). Cleaved DNAs were purified using the 
Qiagen PCR purification kit. Plasmids and PCR products 
were ligated using T4 DNA ligase (Thermo). Recombinant 
plasmids were identified by sequencing (Macrogen). 

Truncated Protein Overexpression and 
Purification 

E. coli BL21(DE3) carrying truncated ileS2 constructs  
co-transformed with a plasmid carrying chaperone set 1 
pG-KJE8 (dnaJ, dnaK, groES, groEL and tig)[35,36] were  
grown in LB media supplemented with 1 mmol dm–3 ZnCl2,  
1 mmol dm–3 MgCl2, 30 µg mL–1 kanamycin and 34 µg mL–1 
chloramphenicol at 200 RPM and 37 °C up to  
OD600 = 0.5 – 0.8. Cells were then cooled to 4 °C for 45 min, 
and overexpression was induced with 0.05 mmol dm–3 
IPTG, 5 ng mL–1 tetracycline, and 0.5 mg mL–1 L-arabinose. 
The latter two are used to induce the overexpression of 
chaperones from the pG-KJE8 plasmid. Overexpression was 
left overnight, typically for 14 to 16 hours at 16 °C. Cells 
were pelleted and resuspended in the lysis buffer,  
25 mmol dm–3 Tris, pH = 8.0, at 25 °C, 500 mmol dm–3 NaCl, 
20 mmol dm–3 MgCl2, 10 mmol dm–3 imidazole, 5 mmol dm–3 
2-mercaptoethanol, v/v = 1 % Tween20, 1 mmol dm–3 PMSF, 
and 3 µg mL –1 DNase I. Cells were lysed by sonication. 
Proteins with His tag were purified on Ni-NTA resin as 
described previously.[37,38] Constructs with the MBP tag 
were purified on the MBPTrap 1 mL HP column (Cytiva). 
Proteins were bound to the column in a buffer containing 
20 mmol dm–3 Hepes, pH = 7.5, 200 mmol dm–3 NaCl,  
5 mmol dm–3 2-mercaptoethanol, and eluted with the 

addition of 10 mmol dm–3 maltose. GST tagged constructs 
were purified on the GSTrap 1 mL FF column (Cytiva). 
Proteins were bound to the column in a buffer containing 
30 mmol dm–3 phosphate buffer, pH = 7.3, 140 mmol dm–3 
NaCl, 500 mmol dm–3 KCl, and 10 mmol dm–3 2-mercapto-
ethanol. Elution was performed with the following buffer: 
50 mmol dm–3 Tris, pH = 8.0, 10 mmol dm–3 reduced 
glutathione, and 10 mmol dm–3 2-mercaptoethanol. 
Fractions containing truncated variants were further 
separated from contaminations and soluble aggregates by 
size-exclusion chromatography at Superdex 200 10/300 
(Cytiva) using 25 mmol dm–3 Tris, pH = 8.0 at 25 °C,  
50 mmol dm–3 NaCl, 10 mmol dm–3 2-mercaptoethanol,  
v/v = 10 % glycerol, and v/v = 1 % Tween20 as a mobile phase. 

Labelling of tRNAs 
P. megaterium tRNAIle was a gift from V. Zanki. Preparation 
and purification are described.[39] Labelled [32P]tRNA for 
aminoacylation experiments was prepared as described.[32] 
In short, 5 µmol dm–3 tRNAIle was incubated for 1 min at  
37 °C with 5 µmol dm–3 tRNA nucleotidyltransferase in a 
buffer containing 1 µmol dm–3 [α-32P]ATP (specific activity of 
3000 Ci mmol–1), 200 mmol dm–3 Tris, pH = 8.0, 20 µmol dm–3 
MgCl2, 5 mmol dm–3 Na4P2O7, and 0.5 mmol dm–3 DTT. 
Afterwards, 0.1 U µL–1 of thermostable inorganic pyro-
phosphatase (Sigma) was added to shift the equilibrium 
towards [α-32P]ATP incorporation, and the mixture was 
incubated for 2 min at room temperature. tRNAIle was 
purified by phenol/chloroform extraction followed by two 
consecutive chromatography steps on Bio-Spin P-30 columns 
(Bio-Rad) to remove the remaining [α-32P]ATP. The [32P]tRNA 
sample was dialysed against 10 mmol dm–3 Hepes, pH = 7.5. 

Amino Acid Activation Using 
Radiolabelled [32P]-γ-ATP 

Amino acid activation was followed by the modified version 
of the ATP-PPi exchange assay, [40–42] which uses radio-
labelled [32P]-γ-ATP instead of radiolabelled pyro-
phosphate.[43] The assay was performed at 30 °C in a buffer 
containing 50 mmol dm–3 HEPES, pH = 7.5, 40 mmol dm–3 
MgCl2, 25 mmol dm–3 ATP, spiked with [32P]-γ-ATP,  
0.01 mg ml–1 BSA, 5 mmol dm–3 DTT, 1 mmol dm–3  
Na4P2O7, 20 mmol dm–3 Ile, and 3.26 µmol dm–3 
PmIleRS2_ΔEDΔCDΔCP2. Reactions were quenched by 
mixing 1.5 µL of the reaction mixture with 3 µL of the 
quench solution (m/v = 0.15 % mass fraction SDS and 600 
mmol dm–3 NaOAc, pH = 4.5, at 25 °C). Formed [32P]-PPi was 
separated from the remaining [32P]-ATP by thin-layer 
chromatography on polyethyleneimine plates (Macherey-
Nagel) in 4 mol dm–3 urea and 750 mmol dm–3 KH2PO4,  
pH = 3.5, at 25 °C. Signal visualisation was performed on a 
Typhoon Phosphoimager (Cytiva) and quantified with 
ImageQuant software as described.[44] 

Table 2. PCR program used for amplification of truncated 
constructs from the pET28 plasmid. 

Step θ / °C t / s Cycles 

Ini�al denatura�on 98 30 1 

Denatura�on 98 10 

32 Annealing 62 20 

Elonga�on 72 55 

Final elonga�on 72 120 1 
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Steady-state Aminoacylation 
Two-step aminoacylation of tRNAIle was followed at 30 °C 
in a buffer containing 20 mmol dm–3 Hepes, pH = 7.5,  
10 mmol dm–3 MgCl2, 150 mmol dm–3 NH4Cl, v/v = 1 % 
Tween20, 2 mmol dm–3 ATP, 0.008 U/µl TIPP, 0.01 mg ml–1 
BSA, 50 µmol dm–3 tRNAIle spiked with [32P]-tRNAIle,  
20 mmol dm–3 Ile, and 2 µmol dm–3 PmIleRS2_ΔEDΔCDΔCP2. 
The reactions were stopped by mixing 1.5 µL aliquots of the 
reaction with 3 µL of the quench solution (m/v = 0.15 % 
mass fraction SDS and 600 mmol dm–3 NaOAc, pH = 4.5  
at 25 °C). 1.5 µL of the quench reaction mixture was  
mixed with 3 µL of P1 nuclease (Sigma) (≥ 0.01 U/µl in  
300 mmol dm–3 NaOAc, pH = 5.0 at 25 °C, and 0.15 mmol dm–3 
ZnCl2) and incubated for 1 hour at room temperature to 
cleave phosphodiester bonds. Formed [32P]-AMP and  
aa-[32P]-AMP, reflecting non-aminoacylated and amino-
acylated tRNA, respectively, were separated by thin- 
layer chromatography using polyethyleneimine plates 
(Macherey-Nagel) in a mobile phase of 100 mmol dm–3 
NaOAc and v/v = 5 % acetic acid. Signal visualisation was 
performed on a Typhoon Phosphoimager (Cytiva) and 
quantified with ImageQuant (Cytiva) software as 
described.[44] 

Complementation Assay 
E. coli Bl21(DE3) strains transformed with one of the following: 
pET28_PmIleRS2_ΔEDΔCD, pET28_PmIleRS2_ΔEDΔCDΔCP2, 
pET28b_E.coli_IleRS (mupirocin susceptible; negative 
control), pET28_PmIleRS2 (mupirocin resistant; positive 
control) and empty pET28 (negative control) were grown 
overnight in LB medium containing 30 µg mL–1 kanamycin. 
Bacterial cultures were diluted to an OD600 = 1.7. From this, 
serial dilutions ranging from 10-fold to 104-fold were made 

in MiliQ. Starting culture and corresponding dilutions were 
spotted (10 µL) on an LB agar plate containing 30 µg mL–1 
kanamycin, 0 – 0.2 mmol dm–3 mupirocin, 1 mmol dm–3 
ZnCl2, and 0.1 mmol dm–3 IPTG. Due to the increased 
propensity of truncated proteins for aggregation, cells were 
incubated at 20 °C and 30 °C for 2 days and analysed. 
Alternatively, the assay was performed using overnight 
cultures in which truncated variants were overexpressed 
with 0.05 mmol dm–3 IPTG at 16 °C prior to plating the cells 
on mupirocin-containing plates. Both experimental designs 
gave the same results. 
 

RESULTS 
Optimisation of Truncated PmIleRS2 

Variants Overexpression and 
Purification 

We designed two truncated variants of PmIleRS2: 
PmIleRS2_ΔEDΔCD, lacking editing and the C-terminal 
domains, and PmIleRS2_ΔEDΔCDΔCP2, lacking the CP2 
domain in addition. Both genes were codon-optimised for 
expression in E. coli. To explore whether codon usage may 
play a role in truncated protein expression, we also ordered 
PmIleRS2_ΔEDΔCDΔCP2 with the original sequence, which 
proved to be better expressed than the codon-optimised 
variant. PmIleRS2 was chosen for two reasons: i) it has an 
experimentally solved structure and ii) it is resistant to the 
antibiotic mupirocin, which enabled us to test the 
functionality of truncated variants in vivo by complementation 
assay (see Complementation Assay in previous chapter). 
 First, we generated AlphaFold[45] structures of the 
truncated PmIleRS2 variants to explore how domain 
removal may influence the overall fold. We did not observe 
significant structural distortions related to the absence of 

 

Figure 3. Purification of N-His-tag_PmIleRS2_ΔEDΔCDΔCP2 construct after HisTrap by size exclusion chromatography on 
Superdex 200 Increase GL 10/300 column (Cytiva). The dominant peak at ca. 8 mL represents soluble aggregate formation, 
which elutes at the void volume. Truncated protein monomers elute around 14 mL and are shown in the inset.  
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various domain combinations. The chosen variants 
(PmIleRS2_ΔEDΔCD and PmIleRS2_ΔEDΔCDΔCP2) have 
predicted structures that largely retain the original fold in 
the remaining protein scaffold (Figure 2).  
 However, producing tag-less, soluble, truncated 
PmIleRS2 variants in reasonable yield has proved nearly 
unattainable. During the optimisation process, multiple 
conditions were explored (Table 3). We tried to 
overexpress truncated constructs tagged with His, GST, and 
MBP. The latter two were used for their benefits in 
increasing protein solubility. The GST tag has not affected 
protein solubility, while the MBP tag has increased it. 
Additionally, we used PROSS, a protein-stability design 
method,[46] to enhance the solubility of truncated IleRS 
variants. PROSS uses a primary sequence and a 3D structure 
(in our case, predicted structures) as input and outputs a 
series of primary sequences with a certain number of 
mutations intended to increase protein stability. Residues 
comprising the synthetic active site and their  
primary contacts were excluded from in silico muta-
genesis. We opted for three PROSS constructs of 
PmIleRS2_ΔEDΔCDΔCP2 variant with 19, 42, and 57 
mutations, respectively. However, upon expression in  
E. coli and purification, we did not obtain a higher yield 
compared to the original variant. Finally, building on the 
increased stability of proteins from extremophiles, we also 
constructed, expressed, and purified T. thermophilus 
IleRS2_ΔEDΔCDΔCP2. As with PROSS, we have not obser-
ved any increase in the preference for the soluble state.  
 Regarding the expression system, several E. coli 
strains were used. Standard BL21(DE3), Rosetta(DE3) to 

 

Figure 5. Structure of PmIleRS2 and AlphaFold model of PmIleRS2_ΔEDΔCDΔCP2 shown in surface mode. Domains are depicted 
in different colours: HUP domain in pink, CP1 domain in blue, editing domain in purple, CP2 domain in green, helix-bundle 
domain in orange and C-terminal domain in grey. Electrostatic potentials were calculated using PyMol APBS plugin with default 
settings, for the surfaces exposed upon domain removal in PmIleRS2_ΔEDΔCDΔCP2. Residues used for calculation had at least 
one atom within 5 Å distance from any deleted domain.  

 

Figure 4. In vivo complementation assay plates for survival 
of E. coli BL21(DE3) cells on LB agar supplemented with  
150 – 200 µmol dm–3 mupirocin and 0.1 mmol dm–3 IPTG, 
incubated at 20 and 30 °C. Different E. coli strains were used: 
pET28_PmIleRS2_ΔEDΔCD, pET28_PmIleRS2_ΔEDΔCDΔCP2, 
pET28b_E. coli_IleRS (mupirocin susceptible; negative 
control), pET28_PmIleRS2 (mupirocin resistant; positive 
control) and empty pET28 (negative control). Plates without 
mupirocin serve as a control, indicating the functionality of 
all strains. Plates with mupirocin show survival only for the 
strain overexpressing PmIleRS2. 
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overcome rare codons in codon non-optimised gene 
(construct PmIleRS2_ΔEDΔCDΔCP2), Tuner(DE3) for better 
control over IPTG concentration and expression level, and 
SoluBL21, which was developed specifically for the 
production of highly insoluble proteins. Standard 
BL21(DE3) gave the best compromise between yield and 
quality. As expression rate and protein folding are 
correlated to temperature, overexpression was carried out 
at 10 °C, 16 °C, 30 °C, and 37 °C. Higher temperatures led to 
more inclusion bodies, while expression levels at 10 °C were 
too low to give reasonable yields; thus, we opted for 16 °C. 
Overexpression was induced with 0.05, 0.1, or 0.25 mmol dm–3 
IPTG, and we did not observe significant differences in 
expression levels or protein quality. To facilitate protein 
folding in some experiments, we also performed cold 
shock, heat shock, the addition of v/v = 3% ethanol, and, 
finally, the addition of 1 mmol dm–3 MgCl2.[47] Neither of 
these resulted in noticeably better solubility. We also 
attempted coexpression of truncated proteins with 
chaperones, including dnaJ, dnaK, groES, groEL, grpE and 
tig, in various combinations (sets 1–5).[35,36] This proved 
crucial as set 1 (dnaJ, dnaK, groES, groEL, grpE) indeed 
helped generate stable monomers. Proteins were 
expressed for 4–70 hours, and various cell lysis methods 
were explored, including BugBuster (Merck), sonication, 
and cell disruption. The duration of overexpression had 
little effect on folding quality, but it did affect the yield. 
Sonication was selected as the method of choice because it 
was most compatible with the chosen lysis buffer. The 
composition of the lysis buffer and mobile phases for 
affinity chromatography was also varied. Most notably, we 
used several additives previously reported to help prevent 
protein aggregation: arginine, glutamate, urea, Tween 20, 
and Tween 80.[47] To summarise, in basically all tested 
conditions, overexpressed proteins were exclusively found 
in the cell precipitate. Moreover, the soluble proteins were 
mainly present within soluble aggregates (Figure 3, peak at 
ca. 8 mL). The conditions that yielded the best results were 

constructs with or without the MBP tag, the BL21(DE3) 
strain, IPTG at 0.25 mmol dm–3, overexpression at 14–16 h 
at 4 °C, coexpression with chaperone set 1, sonication lysis, 
and the addition of v/v = 1 % Tween 20. Even though initial 
purification of MBP constructs resulted in better gain, 
removal of the MBP tag by the TEV protease and 
subsequent separation of the truncated protein resulted in 
the same yield as that obtained through the purification of 
the construct without the MBP tag. Thus, we opted for the 
latter. So, despite extensive optimisation of overexpression 
and purification of truncated PmIleRS2 variants, none  
of the procedures yields monomeric proteins at even 
remotely high yields. The approximate yield was below  
0.1 mg per 1 L of cell culture.  

PmIleRS2_ΔEDΔCDΔCP2 is  
Catalytically Active 

For kinetic characterisation, we chose the variant 
PmIleRS2_ΔEDΔCDΔCP2 because it was expressed at the 
highest yield. We first followed the amino acid activation 
step and observed a very low rate (0.0161 s–1, Table 4), 
which precluded the determination of kcat and Km. 
Interestingly, the observed rate is still 109-fold faster than the 
analogous non-enzymatic rate, which is around 10–11 s–1.[21] 
Thus, the truncated variant exhibits considerable 
enzymatic activity, albeit 4000-fold lower than that of the 
full-length PmIleRS2.[39] As none of the excluded domains 
contains side chains that directly participate in amino acid 
activation or form part of the first-contact shell of the active 
site, the drastic decrease in enzymatic activity of the 
truncated variant relates to the indirect role of the distal 
domains in maintaining proper catalytic fold.  
 Regarding the two-step aminoacylation, the 
truncated variant exhibits a 4800-fold lower activity than 
the full-length PmIleRS2.[39] The additional decrease in the 
aminoacylation relative to the amino activation step can be 
attributed to the absence of the C-terminal domain, which 
is involved in anticodon recognition. 

Table 3. Explored conditions for overexpression of truncated PmIleRS2 constructs. 

Constructs E. coli strains 
Expression 

temperature 
(and �me) 

Media addi�ves/specific 
condi�ons 

Protein 
coexpres

sion 
Lysis method Purifica�on addi�ves 

N-His-tag_PmIleRS2_ 
ΔEDΔCD/ΔEDΔCDΔCP2 

N-GST-tag-His-tag_PmIleRS2_ 
ΔEDΔCD/ΔEDΔCDΔCP2 

N-MBP-tag-His-tag_PmIleRS2_ 
ΔEDΔCD/ΔEDΔCDΔCP2 

BL21(DE3) 
Roseta(DE3) 
Tuner(DE3) 
SoluBL21 

4 °C (70 h) 
16 °C (14-16 h) 

25 °C (3-5 h) 
30 °C (3-5 h) 
37 °C (2-4 h) 

0.05/0.1/0.25 mmol dm–3 
IPTG 

v/v = 5% EtOH (added 
before IPTG) 
Cold shock(a) 

Heat shock(b) 

1 mmol dm–3 ZnCl2 
1 mmol dm–3 MgCl2 

dnaK 
dnaJ 
grpE 
groES 
groEL 

�g 

Sonica�on 
BugBuster 

High-
pressure 

homogenisa�
on 

50 mmol dm–3 
arginine + 50 mmol 

dm–3 glutamate 
0.5 mmol dm–3 urea 
v/v = 1% Tween 20 
v/v = 1% Tween 80 

The listed parameters were tested in multiple combinations during expression optimization and do not represent one-to-one experimental conditions by row. 
Conditions that proved to yield the best results are bolded. 
(a) Cold shock was performed by cooling the culture on ice in the cold room at 4 °C for 30 – 60 min. 
(b) Heat shock was performed by heating the cultures for 5 min at 47 °C, adding IPTG, and then incubating the culture for an additional 30 min at 47 °C before 

transferring it to the desired overexpression temperature.  



 
 
 
8 (not final pg. №) I. ŽIVKOVIĆ et al.: Features of Truncated Isoleucyl-tRNA Synthetase 
 

Croat. Chem. Acta 2026, 99(2) DOI: 10.5562/cca4270 

 

 

 

Truncated IleRS Variants do not Support 
the in vivo Aminoacylation 

To explore the ability of truncated enzymes to perform 
aminoacylation in vivo, we used a complementation assay 
in which plasmid-born PmIleRS2 can functionally replace 
endogenous E. coli IleRS when inhibited by the antibiotic 
mupirocin. The IPTG-induced overexpression of mupirocin-
resistant PmIleRS2[39,48,49] enables E. coli to grow on 
mupirocin plates. We reasoned that if truncated proteins 
exhibit some activity in vivo, a weak complementation 
should be observed. To test that, we grew E. coli on plates 
(Figure 4), with varying concentrations of mupirocin. Two 
different temperatures (20 and 30 °C) were used to slow 
expression and facilitate folding of the truncated PmIleRS2 
variants. We could not find evidence that the truncated 
PmIleRS2 variants support the growth of E. coli on 
mupirocin plates, suggesting they cannot uphold protein 
translation in vivo, in agreement with minimal amino-
acylation activity observed in vitro.  
 

DISCUSSION 
To investigate the impact of domain removal on protein 
activity, we prepared two truncated variants of PmIleRS2. 
The first, PmIleRS2_ΔEDΔCD, lacks the editing and C-terminal 
domains, and the second, PmIleRS2_ΔEDΔCDΔCP, lacks the 
editing, C-terminal, and CP2 domains. We did not anticipate 
major problems in producing PmIleRS2_ΔEDΔCD, as its 
AlphaFold model[45] acquired a canonical fold, and the 
structural data (Figure 2) indicate that the editing and  
C-terminal domains are distal to the protein core and 
establish relatively few contacts with the part of the 
structure retained after truncation. We were more 
concerned about PmIleRS2_ΔEDΔCDΔCP2, as CP2, a zinc-
binding domain, has a structural role and is closer to the 
active site. 
 However, both truncated variants were difficult to 
overexpress and purify. Several avenues were pursued to 
increase yield. We tried i) different protein tags, ii) PROSS-
guided mutations for higher solubility, iii) IleRS from 
thermophiles, iv) different expression strains, v) various 
expression conditions (temperature, length and IPTG 
concentration), vi) various additives, and vii) different lysis 

and purification methods. Even after painstaking 
optimisation, we still struggled to produce soluble 
truncated variants in reasonable amounts. Thus, it appears 
that removing the editing, C-terminal, and, optionally, CP2 
domains dramatically increases protein propensity to 
aggregate, likely by disrupting proper folding. The final 
protocol for purifying monomers included coexpression 
with chaperones and purification of truncated proteins 
with the addition of Tween 20 (Table 3). Here, we were 
particularly surprised that the introduction of PROSS-
guided mutations did not improve the yield of protein 
monomer form. Most of the PROSS-introduced mutations 
were distal to the active site and located on the enzyme 
surface. Previous work by the Åqvist group has shown that 
introducing distal surface mutations can modulate enzyme 
flexibility, thereby enhancing activity in some cases.[50] 
However, in our case, the negative effects of domain 
removal appear to have outweighed any potential benefits 
of distal surface mutations introduced by PROSS.  
 To further explore the reasons for variants’ 
increased aggregation propensity, we visualised the 
exposed surfaces of the AlphaFold models of 
PmIleRS2_ΔEDΔCD and PmIleRS2_ΔEDΔCDΔCP2 (Figure 5). 
This analysis showed that removing the editing and  
C-terminal domains exposed 18 residues. In contrast, 
deletion of the CP2 domain appears to have a much larger 
effect (59 residues). Calculating the surface electrostatic 
potential using PyMol’s APBS plugin with default settings 
revealed that the removal of the editing domain results in 
exposed residues that are predominantly neutral. This is 
not observed for the C-terminal or CP2 domains, where a 
larger fraction of charged residues is found in the regions 
exposed by domain deletion. Therefore, assuming that the 
truncated variants adopt structures similar to their 
AlphaFold models, the instability and aggregation 
propensity of the truncated proteins are likely due to the 
exposure of hydrophobic amino acids, particularly in place 
of the editing domain. This observation is consistent with 
previous findings that hydrophobic interactions primarily 
drive inter-domain stabilisation in multi-domain 
proteins.[51] However, limitations of structure prediction 
algorithms in folding truncated variants cannot be ruled 
out, and the folded structures of truncated IleRSs may 
differ significantly from the predicted models. To further 
explore this hypothesis, we analysed SerRS and LeuRS, in 
which the removal of the N-terminal and C-terminal 
domains, respectively, does not affect amino acid 
activation. In both enzymes, these deletions do not expose 
new residues. In the SerRS Δ35–97 construct, this is 
because part of the N-terminal region remains preserved, 
whereas in LeuRS the C-terminal region (D798–end) is 
spatially separated from the rest of the protein. These 
observations suggest that the deleted domains are 

Table 4. Kinetic data obtained for activation and 
aminoacylation of isoleucine by truncated P. megaterium 
isoleucyl-tRNA synthetase constructs. 

 
kobserved / s–1 

Ac�va�on Aminoacyla�on 

PmleRS2_ΔED_ΔCD_ΔCP2 0.0161 ± 0.0033 0.0002 ± 0.0001 

The values represent the average ± SEM from at least two independent 
experiments. 
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structurally independent and/or distant from the enzyme 
core, allowing the catalytic site to retain its proper fold and 
activity in amino acid activation. 
 Kinetic analysis shows that the PmIleRS2_ΔEDΔCDΔCP2 
variant exhibits a 4,000-fold decrease in activation rate 
relative to the full-length enzyme. Interestingly, this is on 
par with the catalytic rates observed for AARS urzymes, the 
minimal catalytic module of the synthetic domain,[52] 
suggesting that removing domains distal to the synthetic 
core has a detrimental effect on protein activity. It appears 
that once these domains have been incorporated into 
ancient IleRS variants, they co-evolve with the rest of the 
protein and subsequently become essential for maintaining 
the functional protein fold. 
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