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Escherichia coli methionine-tRNAi/methionyl 
tRNA synthetase pairs induced protein initiation 
of interest (PII) expression
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Abstract 

The precise regulatory role in protein synthesis by facilitating interactions with mRNA codons for various tRNA modi-
fications is unclear. We previously reported that enhanced green fluorescent protein (GFP) reduced enhanced GFP 
mRNA expression in human methionine-conjugated initiator tRNA (tRNAi)/tRNA synthetase pairs under methionine-
deficient conditions. Here, we investigated the effect of non-formylated methionine-conjugated Escherichia coli 
tRNAi on the synthesis of the protein initiation of interest (PII) in HeLa cells under intracellular L-methionine levels. 
We found that E. coli methionine-tRNAi counteracts human methionine-tRNAi, indicating that E. coli methionyl tRNA 
synthetase can induce enhanced GFP expression due to increased stability of enhanced GFP mRNA. Both complexes 
could support translation initiation without being employed to introduce methionine residues in the subsequent 
elongation steps. The results indicated that E. coli methionine-tRNAi could offset human methionine-tRNAi, and E. coli 
methionine-tRNAi/methionyl tRNA synthetase pairs can drive enhanced GFP mRNA expression. Unlike the human 
methionine-tRNAi/methionyl tRNA synthetase pairs that were used as a positive control, the non-formylated E. coli 
methionine-tRNAi/methionyl tRNA synthetase pairs reduced the expression of enhanced GFP mRNA, resulting in 
reduced HeLa cell survival. Using tRNAs functions causes of heterologous origin, such as from prokaryotes, and modi-
fied, to enhance or suppress the synthesis of specific proteins in eukaryotic organisms into the potential may possess 
a more prominent advantage of E. coli methionine-tRNAi as approaches that can control PII. This study provides new 
insights on the E. coli methionine- tRNAi/methionyl tRNA synthetase pair induced PII synthesis and the relative viabil-
ity of cells could pave the way to regulate ecological/biological systems.
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Introduction
Protein  engineering  technologies based  on cellular  sys-
tems  (e.g., mammalian, microbial [bacteria and yeast], 
insects, plants, and transgenic  animals)  have been 
developed on an industrial scale [1]. Protein intiation 

of interest (PII) expression is introduced into protein 
folding, post-translational modification, and product 
assembly, which are important biological activities in 
mammalian cells [2–5]. The introduction of PIIs based on 
large-scale recombinant protein production using gene 
or promoter transcriptional tools/resources and human 
codons has been expanded for high-efficiency protein 
expression [6–9].

To introduce PII expression in the cellular environ-
ment, amino acids containing methionine were inte-
grated intracellular to obtain selective cellular metabolic 
labeling. The PII expression is an important component 
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of protein synthesis, post-translational modification, and 
product assembly, which are essential biological activi-
ties in mammalian cells [2–5]. Newly synthesized PII 
can occur through changes in both the structure and 
sequencing of tRNAi using an optimistic translation 
apparatus.

As one of the most complex biological processes 
involving cofactors and enzymes in cells, the initiation 
of protein synthesis can result in the production of vari-
ous tRNAi motifs [10, 11]. tRNAi is typically used for 
the initiation of protein synthesis [12–14]. tRNAi carries 
essential structural elements, including anticodon loops, 
variable loops, acceptor stems, dihydrouridine loops, and 
T ψ (psi) C loops, through which they can target the ribo-
somal P sites of newly synthesized proteins [12, 13].

According to previous studies [15, 16], tRNAi imparts 
a unique structural conformation on the anticodon loop, 
which may be important for centering the tRNAi on the 
ribosomal P-site during the initiation of protein transla-
tion [12].

In E. coli, protein synthesis is generally initiated using 
fMet-tRNAi. In contrast, in eukaryotic organelles, such 
as mitochondria and chloroplasts, protein synthesis is 
initiated by Met-tRNAi. tRNAi is used solely to initiate 
protein translation, whereas elongator tRNA is used for 
inserting methionine during protein translation [12, 14]. 
tRNAi does not bind to elongation factors in the ribo-
somal A-site. Studies of the E. coli system revealed that 
fMet-tRNAis are charged by E. coli methionyl tRNA syn-
thetase (EcMRS) [17, 18]. A strategy for cell-selective 
metabolic labeling of proteins in complex cellular mix-
tures using EcMRS (referred to as NLL-EcMetRS) was 
reported in 2009 [18, 19]. The heterologous expression of 
human tRNAi using mutant EcMRS incorporates azido-
norleucine (Anl) into proteins produced in HEK293 cells 
[17, 20]. This system can be used to engineer modified 
proteins for therapeutic and other applications, demon-
strating the use of enrichment and visualization of pro-
teins made at various stages of the cell cycle [17, 19].

Furthermore, tRNA modification promotes efficient 
and accurate translation, which influences the fidelity of 
protein synthesis, recognition by elongation aminoacyl 
tRNA synthetases (aaRS), and the efficiency of transla-
tion reading frames [21, 22].

Previous studies have revealed that fMet-tRNAi-
dependent mistranslation could lead to protein degrada-
tion, an essential function in cellular homeostasis, and 
the destruction of anomalous proteins [23–25]. Ami-
noacyl tRNA has a high level of substrate selectivity 
and undergoes reliable synthesis by editing non-cognate 
products via selective aaRS activity [26]. Therefore, the 
pairing of cognate tRNAs in aaRS can be used to deter-
mine the fidelity of protein translation. The acceptor end 

of the tRNA molecule involved in the formation of the 
tRNAi/aaRS pair complex remains controversial [27, 28].

In addition, aaRS determines the genetic code of the 
amino acid pair by catalyzing the correct aminoacyl 
ester-linked tRNA process through a two-step reaction.

Therefore, the tRNA sequence motif in MRS has a 
high degree of specificity for methionine and can distin-
guish tRNAi molecules with similar structures [28–30]. 
Expansion of the tRNA species facilitates correct or mis-
translation of the reading frame, selective genetic code, 
encoding translation, and engineered E. coli Met-tRNAi 
greatly improves our understanding of E. coli tRNAs.

Our study investigated protein synthesis by initiating 
the translational reading frames of E. coli tRNAi/aaRS 
pairs. A major function of methionine-containing amino 
acids is their action as substrates for the initiation of pro-
tein synthesis in mammalian cells [12, 31], where they 
play important roles in the regulation of cellular metab-
olism and proliferation rate; processes that are much 
more complex than protein synthesis. Similar to our 
fluorescent E. coli Met-tRNAi strategy, a green protocol 
and bactericidal biomaterial have recently been reported 
[32–34].

In this study, we investigated whether E. coli Met-
tRNAi can initiate PII synthesis in HeLa cells. We 
hypothesized that protein synthesis initiation in eukary-
otic cells is promoted via translation events involving 
E. coli Met-tRNAi/EcMRS pairs [35]. Here, we find and 
further support for the hypothesis that the association 
between protein synthesis initiation and a variety of ini-
tial-stage cell proliferation.

Materials and methods
Materials
Aminoacyl-tRNA synthetase from Escherichia coli 
(cat. no. 3646-10KU) and L-methionine (Met) (cat. no. 
M9625) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). In addition, 5-carboxyfluorescein (5-FAM), 
succinimidyl ester dye was purchased from Anaspec (San 
Jose, CA, USA) and used to fluorescently label the E. coli 
initiator methionine tRNA (E. coli tRNAi). tRNA was 
prepared using RNeasy Mini Kits (Qiagen, Hilden, Ger-
many) and amplified by qRT-PCR. HeLa cells, obtained 
from American Tissue Type Collection (Manassas, VA, 
USA), were cultured in MEM (without phenol red) pur-
chased from Welgene Inc. (Daegu, Republic of Korea). 
Lipofectamine 2000 was purchased from Invitrogen 
(Carlsbad, CA, USA).

In vitro human initiator tRNA and E. coli initiator tRNAs 
synthesis
The PCR product described above was used as a template 
for in  vitro transcription [36] by T7 RNA polymerase 
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(Promega, Madison, WI, USA) to synthesize the E. coli 
initiator tRNA (tRNAi) sequences [16, 37] (Fig.  1). The 
conservation of the AUCG sequence among eukary-
otic initiator tRNAs suggests that this sequence plays an 
essential role in the properties of initiator tRNAs (Addi-
tional file 1: Fig. S1A). The Watson–Crick base pair indi-
cates unique characteristics at the end of the acceptor 
stem and the presence of a purine acceptor stem of E. coli 
initiator tRNAs (Additional file 1: Fig. S1B). Prokaryotic 
and eukaryotic initiator tRNAs include three guanines 
and three cysteines within the amino acid-anticodon 
stem, which form three GC pair repertories.

Modified initiator tRNA methionylation
To prepare human fluorophore-conjugated methio-
nyl initiator tRNA (fluorescent Met-tRNAi) and E. coli 
fluorescent Met-tRNAi, the in  vitro transcribed human 
initiator tRNAs were aminoacylated with purified fluoro-
phore-conjugated methionine using refined human MRS 
[38] in the reaction buffer. The fluorophore 5-FAM added 
to the Met-tRNA(Met) after aminoacylation. The meth-
ionylation process was conducted in a reaction mixture 
containing 30 mM HEPES (pH 7.4), 100 mM potassium 
acetate, 10 mM magnesium acetate, and 100 mM ATP to 
produce the methionine-charged initiator tRNA. The E. 
coli initiator tRNAs were aminoacylated with purified flu-
orescent-labeled methionine, using purified preparations 
of E. coli methionyl-tRNA synthetase (MRS) and human 

MRS. After incubation at 37 °C for 10 min, 0.1 volume of 
2.5  M NaOAc (pH 4.5) was added to the reaction mix-
ture. E. coli tRNA was then extracted with 10 mM phe-
nol-saturated NaOAc (pH 4.5), ethanol-precipitated, and 
centrifuged. The fluorescent-labeled methionine E. coli 
tRNAi in the pellet was dissolved in RNase-free water for 
subsequent methionylation of the human initiator tRNA.

Isolation of fluorescent‑labeled methionine‑charged 
initiator tRNA
The amine reactive group of the N-terminal methionine 
was conjugated with the fluorophore Cy5 (GE Healthcare, 
Piscataway, NJ) and 5-FAM dye (Sigma-Aldrich, St Louis, 
MO, USA). Fluorophore-conjugated methionine was pre-
pared by conjugating the α-amino group of L-methionine 
with 5-FAM dye. Briefly, 0.1 mg of 5-FAM NHS ester dye 
was dissolved in 0.1  ml of 62.5  mM sodium tetraborate 
buffer (pH 8.5). After adding about 1 mg of L-methionine 
in 62.5 mM sodium tetraborate buffer (pH 8.5, 1.0 mL) at 
room temperature, the mixture was incubated overnight.

Analysis of L‑methionine (L‑Met) 
and fluorophore‑conjugated methionine 
with high‑performance liquid chromatography
The in  vitro transcription of human tRNAi (73 
base pairs) and charged methionine E. coli tRNAi, 
using T7 RNA polymerase (Promega, Madison, WI, 
USA), was detected by agarose gel separation and 

Fig. 1 Schematic depiction of the maintenance of the reading frame for the translational initiation of non-formylated methionine Escherichia 
coli initiator tRNA (E. coli Met-tRNAi). Structure of single fluorescent methionine E. coli initiator tRNA (fluorescent Met-tRNAi), which initiates the 
expression of proteins of interest (enhanced green fluorescent protein or Tat). First, a non-formylated group was attached to the free amino group 
of Met-tRNAi. Met-tRNAi was fluorescent-labeled via a reaction with its amine reactive group. Methionylation via E. coli methionyl tRNA synthetase 
(EcMRS) charged E. coli Met-tRNAi for incorporation into the proteins of interest in HeLa cells
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SEC–high-performance liquid chromatography-fluo-
rescence detection (SEC-HPLC). The analysis of fluores-
cent-labeled methionine was purified by reverse phase 
chromatography using a C18 column (4.6 × 250  mm) 
on an Agilent HPLC system. Analysis of purification 
by reverse-phase chromatography showed that the sol-
vent system consisted of solvent A (0.1% trifluoroacetic 
acid (TFA), 99.5% purity) (Sigma-Aldrich) and solvent 
B (0.1% TFA in acetonitrile), and was linear against sol-
vent B, with a gradient of 20–100% and a flow rate of 
1 mL/min. Purity was confirmed to be > 95%.

Cell culture and enhanced green fluorescent protein (EGFP) 
transfection via methionine presence in media
MEM medium without phenol red (Welgene Inc., 
Daegu, South Korea) was cultured in HeLa cells, sup-
plemented with 10% fetal bovine serum (v/v) and 1% 
penicillin/streptomycin (v/v) in 5%  CO2 at 37  °C. The 
cells were transfected with 2 μL of Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) at 60–90% confluence 
using 500  ng plasmid per 2 ×  106 cells. The grown cell 
medium was washed twice with 1 × phosphate buffered 
saline (PBS) at pH 7.4, and once more with 1 × PBS (pH 
7.4). For EGFP expression, a change to methionine-
free MEM (without phenol red) was performed before 
3–6  h co-transfections (Welgene Inc., Daegu, Repub-
lic of Korea) [39, 40] of EGFP plasmid. E. coli initiator 
tRNA (< 100 pmol per 2 ×  106 cells), plus L-methionine, 
were performed using Lipofectamine 2000, at 37 °C, for 
24 h (Fig. 4). HeLa cells were co-transfected with EGFP 
plasmid and 5-FAM-labeled methionine E. coli initiator 
tRNA using Lipofectamine 2000. Briefly, the expression 
of 5-FAM-labeled nascent proteins with initiator tRNA, 
involved the co-transfection of a mixture of EGFP plas-
mid and 5-FAM-labeled methionine E. coli initiator 
tRNA, were co-transfected using Lipofectamine 2000 at 
37 °C for 24 h.

Construction of expression plasmid (EGFP)
An EGFP gene (720 nucleotide pairs) was obtained by 
the PCR amplification of a pEGFP-N1 vector (Takara 
Bio, Ann Arbor, MI, USA) using the following PCR con-
ditions: 95 °C for 10 min, 25 cycles at 94 °C for 1 min, 
50 °C for 1 min, 72 °C for 2 min, followed by 72 °C for 
5 min.

The forward primer was 5’-GGC ACA AGC TGG 
AGT ACA AC-3’ and the reverse primer was 5’-ATG 
CCG TTC TTC TGC TTG TC-3’. The PCR product was 
then cloned into pcDNA3.1 + (Invitrogen), at the KpnΙ 
and SalΙ sites, using the standard restriction cloning 
methods.

Flow cytometry for determination of E. coli initiator tRNA 
activity
The level of EGFP expression was assessed in two differ-
ent growth stages, namely the logarithmic and station-
ary stages. EGFP expressed in HeLa cells was harvested 
by trypsinization, centrifuged at 3000  rpm for 15  min, 
washed, resuspended at  106 cells/ml in PBS, and stored 
on ice. Harvested EGFP cells were analyzed on a FAC-
SCalibur flow cytometer (Becton Dickinson, Franklin 
Lakes, NJ, USA) equipped with a 15  mV, 488  nm, air-
cooled argon ion laser. The FACS caliber flow cytometry 
results recorded 50,000 events, and EGFP expression 
was assessed in  Met‒ or  Met+ medium. The EGFP fluo-
rescence of each cell was identified and calculated using 
standard optics. Color compensation was performed to 
eliminate artifacts due to the overlap of EGFP fluores-
cence. Analysis of EGFP overexpression was performed 
using laser-induced fluorescence and a BD FACSVerse 
flow cytometer. The flow cytometry histograms of EGFP 
protein expression were determined using EGFP fluo-
rescence.  EGFP fluorescence obtained images by flow 
cytometry were normalized to the same intensity range, 
with an acquisition time of 2.5 s. Flow cytometric analy-
sis was performed using BD FACSuite software and Flow 
Jo (Becton, Dickinson & Company, Franklin Lakes, NJ, 
USA).

qRT‑PCR
Total HeLa cell RNA for qRT-PCR was extracted using 
RNeasy Mini Kits (Qiagen) according to the manufac-
turer’s instructions. Total RNA (0.15 μg) was used to pre-
pare single-stranded cDNA, using Superscript III Reverse 
Transcriptase (Invitrogen) and an oligo dT primer. Real-
time qPCR was performed using 15 ng of cDNA, SYBR 
Green (LightCycler® 480 SYBR Green I Master), and 
LightCycler PCR equipment (Roche Diagnostics, Basel, 
Switzerland). The PCR conditions were as follows: 95 °C 
for 5 min, followed by 40 cycles of 10 s at 95 °C for 15 s, 
56 °C, and 72 °C for 20 s. The EGFP forward primer was 
5’-GGC ACA AGC TGG AGT ACA AC-3’ and the reverse 
primer was 5’-ATG CCG TTC TTC TGC TTG TC-3’. All 
measurements were normalized to GAPDH.

Mass analysis of the modified initiator tRNA
Fluorescent-labeled methionine was purified using 
human Met-tRNA synthetase preparations. After incu-
bation at 37  °C for 10 min, 0.1 volume (2.5 M) (pH 4.5) 
was added to the reaction mixture. The tRNA was then 
extracted with phenol saturated with 10  mM NaOAc 
(pH 4.5), ethanol precipitated, and centrifuged. The flu-
orescent-labeled methionine initiator tRNA pellet was 
dissolved in RNase-free water. The in vitro transcription 
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of fluorescent methionine human initiator tRNA via 
T7 RNA polymerase human initiator tRNA (73 bp) was 
detected by agarose gel separation and MALDI-TOF/
TOF 5800 (AB Sciex, Toronto, Canada) in the linear and 
positive ion modes [41]. For all experiments, the matrix 
solution consisted of 3-hydroxypicolinic acid (50  g/L in 
 H2O) and diammonium citrate (50  g/L in  H2O). With 
external calibration using sinapinic acid for BSA, the 
mass accuracy was estimated to be approximately 0 + 1%, 
or 25 kDa, for tRNAs of this size. An internal calibration 
was performed.

Fluorescent and biotin labeling Tat protein detection
Tat protein was produced via in  vitro translation, com-
plexed with fluorescent-methionine-E. coli initiator 
tRNA, separated by SDS-PAGE, and identified by stain-
ing with Coomassie blue (lower panel). The amount of 
fluorescent Tat protein expression was separated by 
SDS-PAGE and visualized. For the freeze–thaw lysis of 
mammalian cells, HeLa cells were plated on 6-cm dishes 
(2 ×  104/dish) (Nalge Nunc, Rochester, NY, USA) and 
lysed with FT LYSIS Buffer containing 600  mM KCl, 
20  mM Tris–Cl (pH 7.8), and 20% glycerol. The HeLa 
lysate was centrifuged at 15,000 rpm at 4 °C for 15 min, 
and the clarified supernatant was then loaded onto His-
Pur™ Ni–NTA Spin Columns (Pierce Biotechnology, 
Rockford, IL, USA). The composition of the binding and 
elution reactions was 50  mM sodium phosphate and 
300  mM sodium chloride (PBS) without 10  mM imida-
zole at pH 7.2 and pH 5.8, respectively. The fluorescent-
labeled Tat was separated by SDS-PAGE and stained with 
Coomassie Blue. Fluorescence image analysis of fluores-
cent biotinylated Tat expression was conducted using 
an inverted fluorescence microscope (IX71; Olympus, 
Japan) (10 × magnification). The fluorescence images 
were normalized to the same intensity range: 488  nm 
and 545 nm laser lines were used for the green filter. The 
laser was focused on the channel using a 20 × objective 
lens. The fluorescence signals were collected using the 
same lens and were optically filtered. Green filter set 
U-MWIBA3 EGFP shift-free (BP460-495 BA510-550) 
was used to detect green fluorescence.

Cell viability assay
The HeLa cell lines viability status was determimned 
using a D-Plus™ CCK cell viability assay kit (Dongin 
LS, Seoul, Korea) in accordance with the manufacturer’s 
protocol. HeLa cells were seeded in 96-well plates that 
contained 100  μl of 3 ×  103 cells/well. After the seeded 
cells had been cultured for 24 h at 37 °C, the maintained 
MEM medium was changed between methionine—MEM 

(without phenol red) and Methionine + MEM (with-
out phenol red) (Welgene Inc., Daegu, South Korea), 
respectively.

To assess toxicity following E. coli initiator tRNA treat-
ment, the cells were treated with diluent concentrations 
(0,1,5 and 10  nM) of E. coli initiator tRNA from E. coli 
initiator tRNA (10 μM/mL) for 24 h.

Following culturing the cells (1 ×  104 cells per ml) for 
24  h, the methionine-free MEM- or methionine-treated 
MEM was added with 100 μL of CCK working solution 
to each well, and the pate contained cells were further 
incubated for 4 h at 37 °C. The absorbance was measured 
at 450  nm using a SpectraMax i3 Multi-Mode Platform 
Microplate Detection (Molecular Devices, LLC, Sunny-
vale, CA, USA). The OD value of control cells was con-
sidered to represent 100% viability[42].

Statistical analysis
All values are expressed as means. Error bars indicate the 
standard deviation. Graph Adobe CS7 software was used 
for graphing and statistical analysis.

Results
Engineering‑based synthesis of fluorescent‑labeled 
non‑formylated methionine‑conjugated E. coli initiator 
tRNA (Met‑tRNAi) and protein translation
Figure  1 displays the non-formylated methionine pro-
cess for protein synthesis in eukaryotic cells using E. coli 
Met-tRNAi. First, we engineered and heterologously 
expressed fMet-tRNAi, wherein two types of E. coli Met-
tRNAi were introduced: E. coli Met-tRNAi/EcMRS and 
E. coli Met-tRNAi/human methionyl tRNA synthetase 
(HMRS). We compared the activity of human Met-tRNAi 
and E. coli Met-tRNAi by monitoring the expression of 
PII such as green fluorescent protein (GFP) or fluorescent 
N-term-labeled HIV transcription activator protein (Tat) 
as PII model proteins. Human Met-tRNAi was used as a 
positive control for the fluorescence-labeled E. coli Met-
tRNAi-transfected cells (Fig. 1). Codons and amino acids 
were then assigned to individual tRNAs through selective 
aminoacylation of the tRNAs using aminoacyl tRNA syn-
thetases [43]. Additional file 1: Fig. S1 [42, 43] shows that 
tRNAs have a cloverleaf structure and contain all invari-
ant and semi-invariant sequences in both prokaryotic 
and eukaryotic initiators [44–47].

The preservation of the sequence in eukaryotic tRNAis 
is a unique property of tRNAi (Additional file 1: Fig. S1A). 
The unique characteristics of prokaryotic tRNAi may 
explain the strong conservation of the Watson–Crick 
base pair at the end of the receptor stem and the presence 
of the 11-purine:24-pyrimidine base pair (instead of the 
11-pyrimidine:24-purine base pair) (Additional file 1: Fig. 
S1). Three consecutive GC pairs, including sequences 
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of three guanines and three cysteines, were formed in 
the anticodon stem in both prokaryotic and eukaryotic 
tRNAis (Table 1). The schematic in Fig. 1 summarizes the 
experiment and compares the activity of human and E. 
coli tRNAis during the initiation of PII synthesis in mam-
malian cells.

Verification of the quality of single fluorescent 
methionine‑conjugated E. coli initiator tRNAs
We assessed E. coli fluorescent Met-tRNAi, using the 
size-exclusion chromatography (SEC) method to sepa-
rate unlabeled methionine-conjugated E. coli tRNAi and 
5-FAM or methionine (Fig.  2A). The peaks shown on 
the left of Fig.  2A represent free methionine (210  nm, 
13 min), the fluorescent label alone (210 nm, 12 min), and 
the fluorescence detector (FLD). We previously reported 
the N-terminal labeling of target proteins with the strong 
chromophore Cy5-Met [48–51]. Purified Cy5-Met was 
chemically synthesized and then purified to validate the 
occurrence of protein synthesis mediated by single E. coli 
fluorescent Met-tRNAi.

We also chemically synthesized 5-FAM-Met, which 
was then coupled to synthetic E. coli tRNAi, as dem-
onstrated by magnetic resonance spectroscopy. E. coli 
tRNAi was generated via in vitro transcription and sep-
arated according to mass from 5-FAM (473.39  Da), E. 
coli tRNAi (26.07  kDa), and methionine alone (149  Da) 
(Fig.  2A). Here, 5-FAM-labeled methionine-charged E. 
coli tRNAi clearly overlaid the fluorescence detection 
spectra and could be distinguished by its absorbance 
peak of 210 nm at 5.3 min (Fig. 2B) and a peak at 260 nm 
at 5.3 min.

The peak corresponding to 5.3  min was further ana-
lyzed via matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry (Fig. 2C and Additional 
file 1: Fig. S2). As an additional control, we compared the 
methionylation of fluorescent methionine-conjugated 
human tRNAi with fluorescent methionine-conjugated 

E. coli  tRNAi using 2% agarose gel electrophoresis, fol-
lowed by imaging with 260-nm UV irradiation and an 
FLD (Additional file 1: Fig. S3). To study the effect of the 
non-formylated methionine-conjugated E. coli tRNAi on 
translation recognition in HeLa cells, we purified EcMRS 
based on its affinity for E. coli fluorescent Met-tRNAi. 
This enzyme is activated by the amine group of unpuri-
fied fluorescent methionine, indicating that non-for-
mylated, rather than formylated, methionine is charged 
by EcMRS. The effect on a single fluorescent methionine-
binding E. coli tRNAi was measured for fluorescently 
labeled synthetic proteins using E. coli Met-tRNAi/
EcMRS.

The fluorescent methionine‑conjugated E. coli initiator 
tRNA mediates the expression of Tat proteins in HeLa cells
To evaluate whether E. coli Met-tRNAi conjugated with 
the N-terminal fluorophore 5-FAM (Ex: 492  nm; Em: 
512 nm), HeLa cells were extracted from the C-terminal 
interaction partner fused to the AVI-Tagged Tat protein 
to confirm fluorescent Tat expression (Fig. 2D). To verify 
the translation efficiency of the fluorescence-labeled pro-
tein using E. coli Met-tRNAi/EcMRS pairs, we prepared 
a single fluorescent methionine-conjugated E. coli tRNAi 
with an optimized N-terminal recognition motif, and 
the C-terminal interaction partner was fused to AviTag. 
Fluorescent protein imaging was performed using biotin 
double-labeled Tat on polyethylene streptavidin-coated 
quartz slides.

Additional file 1: Fig. S4 presents gel images of the fluo-
rescence-labeled E. coli Met-tRNAi-mediated N-terminal 
labeling of Tat proteins. To assess E. coli tRNAi, we inves-
tigated whether the fluorescent E. coli Met-tRNAi was 
involved in the translation of the reading frame using the 
Tat protein, a factor essential for the transcription of the 
HIV-1 genome.

Fluorescent-labeled human tRNAi charged endog-
enous human MRS (lane 2) and E. coli tRNAi charged 

(See figure on next page.)
Fig. 2 Validation and spectral separation of single fluorescent non-formylated methionine-conjugated initiator tRNA (Met-tRNAi) and production 
of fluorescent biotin-labeled Tat proteins using non-formyl methionine Escherichia coli initiator tRNA (E. coli Met-tRNAi) and E. coli methionyl tRNA 
synthetase (EcMRS) in HeLa cells. A Chromatogram spectra for unlabeled E. coli initiator tRNA (tRNAi), L-methionine, and 5-carboxyfluorescein 
(excitation, 492 nm; emission, 517 nm) resolved using size exclusion high-performance liquid chromatography (SEC-HPLC). Major peaks indicate 
ultraviolet light alteration (UV; 210 nm). The positive control, E. coli tRNAi, and human tRNAi are shown in black (UV; 260 nm). B The highest peak 
corresponds to fluorescent Met-tRNAi (UV 210 nm; red line, UV 260 nm; black line, fluorescence detection [FLD]; blue line). The positive control 
with tRNAi (UV; 260 nm) was used to verify the quality of the fluorescent Met-tRNAi shown in black (UV; 210 nm, FLD; excitation, 492 nm; emission, 
517 nm). C Comparison of E. coli tRNAi (green line in 2C) and E. coli fluorescent Met-tRNAi (blue) using matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry. D The activity of the sequence/structure and cellular endogenous human tRNAis activity of the sequence/
structure in mammalian cells compared with that in E. coli tRNAis. The orthogonality of replacing endogenous human tRNAi with E. coli tRNAi 
in association with human methionyl tRNA synthetase (HMRS) and EcMRS-mediated fluorescent biotinylated Tat expression was analyzed using 
immobilized quartz slides coated with streptavidin. Image of fluorescent biotinylated Tat shows binding of EcMRS to E. coli tRNAi. The E. coli 
Met-tRNAi/EcMRS pairs and E. coli Met-tRNAi/HMRS pairs were confirmed using fluorescent Tat expression (excitation, 492 nm; fluorescent emission 
of Tat, 517 nm)
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EcMRS (lanes 3, 4, and 5), identified via Tat expression 
as a positive control (17  kDa), were analyzed through 
fluorescence scanning and SDS-PAGE (Additional file 1: 
Fig. S4). The results show that E. coli Met-tRNAi/EcMRS 

pairs migrated in a fluorescent band pattern with fluores-
cent-labeled Tat protein expression as the positive con-
trol. One of the two suggested hypotheses was that the 
E. coli Met-tRNAi/HMRS pair with the fluorescent band 

Fig. 2 (See legend on previous page.)
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would result in Tat identification as a 17-kDa band when 
expressed Tat was dyed with Coomassie brilliant blue 
staining solution (lane 1 and 2 in Additional file  1: Fig. 
S4). HMRS and EcMRS utilization led to the identifica-
tion of mRNAs involved in Tat expression (Figs. 3 and 4). 
In contrast, the efficiency of protein initiation synthesis 
by fluorescent-Met-tRNAi/EcMRS was not well detected 
because of the disruption of endogenous protein expres-
sion in the Coomassie-stained gel.

Our results show that E. coli Met-tRNAi enables target 
protein synthesis in live HeLa cells and allows visualiza-
tion of the proteins in the fluorescent imaging molecules 
in response to protein translation mediated by tRNAi/
MRS pairs. In addition, fluorescence-tagged Tat protein 
expression occurred simultaneously with Tat protein 
expression based on tRNAi translation. Various results 
for the fluorescent E. coli Met-tRNAi strategy mediated 
PII synthesis are presented in Table 2.

Fig. 3 Introduction of enhanced green fluorescent protein (EGFP) mRNA expression in methionine-deficient medium to evaluate HeLa cell 
viability. A EGFP mRNA levels were quantified using quantitative real-time polymerase chain reaction (qRT-PCR) and normalized to GAPDH from 
endogenous human initiator tRNA (dark violet) in HeLa cells. Samples of EGFP-positive cells in an L-methionine (L-Met)–deficient medium (orange), 
HeLa cells only (red), and endogenous human RNAi were expressed in methionine-positive HeLa cells (dark violet). The EGFP expression levels 
are shown as the relative fluorescence populations in the dot plots. A flow cytometry analysis was conducted using EGFP cells in the absence or 
presence of L-Met, as follows: HeLa cells only (red), L-Met positive media (dark violet), and human initiator tRNA in an L-Met-free medium (orange). 
All data obtained in the FACS and qRT-PCR experiments are expressed as the mean ± standard deviation of three independent experiments. B Effect 
of L-Met on HeLa cell viability. HeLa cells were treated with L-Met (red bar) or without L-Met (orange bar) for 24 h. Cell viability was determined 
using CCK8 assays and calculated relative to that of the control HeLa cells (L-Met sufficiency). Data are presented as the mean ± standard error of 
the mean (SEM) for three independent experiments
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As shown in Fig.  2, fluorescent methionine was 
chemically synthesized and then purified to confirm 
the occurrence of protein synthesis [40, 52, 53]. We 

introduced fluorescence-labeled Tat protein with non-
purified fluorescence-labeled Met-conjugated human 
tRNAi to HeLa lysates. To demonstrate further the 

Fig. 4 Comparison of enhanced green fluorescent protein (EGFP) mRNA expression following the initiation of the translational reading frame 
induced using non-formyl methionine Escherichia coli initiator tRNA (Met-tRNAi) from E. coli methionyl tRNA synthetase (EcMRS) and human 
methionyl tRNA synthetase (HMRS). A EGFP mRNA levels were quantified using quantitative real-time polymerase chain reaction (qRT-PCR) and 
normalized to GAPDH in the presence of E. coli Met-tRNAi/EcMRS pairs (blue bar) in HeLa cells. B Effect of E. coli Met-tRNAi with EcMRS on HeLa cell 
viability. Cell survival was measured using cell assays with specific concentrations (1, 5, and 10 nM) of E. coli Met-tRNAi/EcMRS pairs (blue bars). The 
effect of non-formylated L-methionine (L-Met) on HeLa cell viability was determined via qRT-PCR analysis of EGFP mRNA expression. HeLa cells were 
treated with (red bar) or without L-Met (orange bar) for 24 h. Cell viability was determined using CCK8 assays and calculated relative to that of the 
control HeLa cells (red bar). Data are presented as the mean ± SEM of three independent experiments. (C) qRT-PCR (right) and dot plots showing 
EGFP expression (left). HeLa cells were treated with E. coli Met-tRNAi/HMRS (green bar) for 24 h. The qRT-PCR results were normalized to GAPDH. 
Bars represent the mean ± standard deviation of three independent experiments. Dot plots for EGFP expression in a L-Met-free medium (orange 
line), HeLa cells only (red line), E. coli Met-tRNAi/EcMRS pairs (blue line) and E. coli Met-tRNAi/HMRS pairs (green line) are shown
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evaluation of this approach, the non-purified fluores-
cent Tat protein obtained through sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE), 
we examined the fluorescent Tat, which was double-
tagged with biotin, on streptavidin-coated slides. The 
initiation of protein synthesis suggested that tRNAis 
can become novel regulators that maintain the transla-
tional reading frame.

Therefore, the results of this study provide new 
insights into the optimization of initiation tRNAi motifs 
to allow control over the initiation of protein synthe-
sis. Moreover, our observations of the fluorophore-E. 
coli Met-tRNAi bases further advance the understand-
ing of protein expression in eukaryotic cells by revealing 
the various initiating tRNA sequence motifs involved in 

protein synthesis and fidelity. Therefore, the results of 
this study provide new insights into the roles of various 
tRNAis in protein fidelity and could be used to develop a 
strategy for the optimization of initiation tRNAi motifs to 
facilitate precise protein synthesis.

Validation of an E. coli Met‑tRNAi HeLa cell platform 
in a methionine‑deficient medium
We validated Tat expression using a fluorescence-labeled, 
methionine-conjugated human tRNAi probe (Fig. 1). As 
previously reported, EGFP expression was measured in 
an L-Met–deficient medium, demonstrating the trans-
lational recognition of human Met-tRNAi-mediated 
selective protein expression in HeLa cells [38, 40]. In the 
Met-sufficient growth medium, cells were cultured with 

Table 1 Structural comparison of human initiator tRNAs and Escherichia coli initiator tRNAs

a Adapted from Drabkin et al. [15]
b Adapted from Seong. et al. [16]
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the other 19 natural amino acids, while fluorescence-
labeled methionine was added to the cells during the 
stationary growth phase. To initiate E. coli Met-tRNAi-
mediated selective protein synthesis, we co-transfected 
an EGFP-expressing plasmid with human Met-tRNAi 
into HeLa cells. As shown in Fig.  3A, EGFP-expressing 
cells exhibited lower levels of EGFP mRNA, and EGFP 
expression was reduced in both methionine-free and 
-sufficient cells.

EGFP mRNA levels were determined using quantita-
tive real-time polymerase chain reaction (qRT-PCR) and 
were correlated with green fluorescence (Fig.  3A, left). 
Despite the presence of low levels of endogenous tRNAi 
in the L-Met–free medium, which indicates low levels 
of EGFP expression, this strategy was found to be appli-
cable to the use of E. coli tRNAi as the positive control 
(Fig. 3A). The flow cytometry results indicated that EGFP 
expression gradually increased in the methionine-sup-
plemented medium, as did the level of EGFP. As shown 
in Fig. 3 (right and left panels), the analysis of EGFP via 
flow cytometry following incubation in Met-deficient 
media indicated that EGFP was highly expressed in Met-
supplemented media (GFP population 1.64, dark violet), 
while there was a clear quantitative separation of EGFP 
mRNA expressed in Met-deficient medium (GFP popula-
tion 0.67, orange).

Flow cytometry dot plots of EGFP expression in 
methionine-free cell lines expressing EGFP were also 
analyzed to confirm consistency with the EGFP mRNA 
levels. The level of green emission observed from EGFP-
expressing cells was approximately two-fold higher (GFP 
population 1.64, dark violet) than that from methionine-
free  HeLa  cells (GFP population 0.67, orange; Fig.  3A). 
Based on these results, E. coli Met-tRNAi can be used for 
protein synthesis in  methionine-free cells. The expres-
sion of GFP mRNA increased after the introduction of 

EGFP-transfected HeLa cells, but L-Met deficiency and 
L-Met sufficiency acted as positive controls in correla-
tion with HeLa cell viability (Fig. 3B). Thus, the effect of 
L-Met on HeLa cell viability occurs during initial transla-
tion. The decrease in the viability of HeLa cells without 
methionine was not significant compared with that of 
control HeLa cells with sufficient methionine (Fig.  3B). 
This result provides experimental proof of the Hoffman 
effect [54], whereby malignant cells can endogenously 
synthesize high levels of methionine, which is insuffi-
cient to sustain cancer growth. Human tumor cells have 
been reported to depend on exogenous methionine, 
whereas normal tissue may depend on homocysteine to 
meet methionine needs [55, 56]. This means that malig-
nant cells can adapt to glucose-poor conditions by adopt-
ing alternative metabolic pathways that support growth 
[57–59]. Therefore, by introducing our methionine-defi-
cient medium condition, the viability characteristics of 
methionine-dependent HeLa cells were efficiently applied 
to the experimental system to illustrate the significance 
of E. coli tRNAi-mediated initiation protein synthesis and 
previous reports [55, 56].

EGFP expression via the initiation of the translational 
reading frame with E. coli Met‑tRNAi/ EcMRS pairs
To evaluate the activity of E. coli tRNAi, EGFP was 
expressed by transfecting HeLa cells in a L-Met–free 
medium. The E. coli Met-tRNAi/EcMRS-charged E. coli 
tRNAi, which was used as a bio-orthogonal reaction, 
was paired with proteins produced in eukaryotic hosts 
(Fig.  4A). The EGFP mRNA levels determined through 
qRT-PCR demonstrated a correlation with the E. coli 
Met-tRNAi/EcMRS pairs. In the experiment involving 
E. coli Met-tRNAi/EcMRS pairs alone, EGFP mRNA 
expression (blue bars), EGFP expression dot plots (Addi-
tional file  1: Fig. S4, GFP group 0.58, blue), and EGFP 

Table 2 tRNA-mediated fluorescent labeling expression system in published during 2005–2022

Host cell Fluorophore‑conjugated tRNA species Reference

E.coli suppressor tRNA JIŘÍ Koubek et al. [64]

E.coli V-Spinach tRNA Isao Masuda et al. [65]

E.coli /human cells/cell free system orthogonal tRNA(chemically engineered tRNA) Naohiro Terasaka et al. [66]

Robert B. Quast et al. [67]

Lena Thoring et al. [68]

E.coli E.coli initiator tRNA Jun et al. [37]

E.coli Suppressor E.coli initiator tRNA Miura et al. [48]

Chinese hamster ovary cells (CHO) total yeast or bovine tRNA Sima Barhoom et al. [69]

Human tissue cells Human tRNA Kimberly A Dittmar et al. [70]

Human cells Human initiator tRNA Kim et al. [40]

HeLa cells E.coli initiator tRNA This study
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mRNA expression induced with L-Met were observed in 
the methionine-deficient medium (Fig.  4A; GFP popu-
lation 0.35, orange). In addition, EGFP mRNA expres-
sion was observed after introducing E. coli Met-tRNAi/
EcMRS pairs alone with L-Met–sufficient HeLa cells 
used as a control (Fig. S4: GFP population 0.01, red). 
Figure 4B shows that HeLa cell viability was induced by 
GFP mRNA expression. In HeLa cells without methio-
nine, cell viability, which was introduced by adding 1, 5, 
and 10  nM of the E. coli Met-tRNAi/EcMRS pair (blue 
bar), was dependent on the concentration change of the 
HeLa cell control with sufficient methionine. The E. coli 
Met-tRNAi/EcMRS pair showed significant toxicity at a 
concentration of 10 nM, as shown in Fig. 4B.

The results suggest the possibility of an association 
with the GFP mRNA expression level introduced by 
the E. coli Met-tRNAi/EcMRS pair (blue bar) shown in 
Fig. 4A. As shown in Fig. 4, the expression of GFP mRNA 
decreased after the introduction of the E. coli Met-
tRNAi/HMRS pair (green bar), unlike that in the E. coli 
Met-tRNAi/EcMRS (blue bar) pair comparison experi-
ment. The expression of GFP mRNA increased after 
introducing the E. coli Met-tRNAi/HMRS pairs (green 
bars), as shown in Fig. 4C. The expression of E. coli Met-
tRNAi/HMRS pairs was higher under methionine-defi-
cient HeLa cell conditions than that observed when using 
E. coli Met-tRNAi/EcMRS pairs (Fig. 4C, GFP population 
14.8, green). Furthermore, the expression of GFP mRNA 
decreased after introducing the E. coli MRS pair. The 
results for the HMRS group were compared with that 
of the introduction of an E. coli initiator charged with 
EcMRS (Fig. 4C; GFP population 4.81, blue) as a replace-
ment for HMRS (Fig.  4C, GFP population 14.8, green). 
We found that the expression of GFP mRNA increased 
after the introduction of EGFP expression.

By comparing the results obtained for MRS substitu-
tion, we found that MRS from humans and E. coli syn-
thesized PIIs in the cytoplasm. These results indicate 
that various tRNAis potentially act on different tRNA 
sequence motif interactions.

These results suggest that introducing E. coli Met-
tRNAi/EcMRS pairs in the initial translation frame for 
GFP mRNA expression inhibits protein initiation due to 
cytotoxicity.

Comparison of the effect of formylated 
methionine‑conjugated and non‑formylated 
methionine‑conjugated E. coli tRNAi on the survival 
of HeLa cells
Next, to determine the viability of E. coli tRNAi in non-
formylated methionine used in the initial translational 
reading frame, samples with non-formylated and for-
mylated methionine were compared by monitoring the 

viability of HeLa cells. In methionine-free HeLa cells, 
non-formylated methionine-conjugated E. coli Met-
tRNAi/EcMRS pairs (1, 5, and 10 nM) exhibited a signifi-
cantly higher level of toxicity compared with that seen in 
formylated methionine-conjugated E. coli Met-tRNAi/
HMRS pairs (Fig.  5 and Additional file  1: Figs. S5 and 
S6). Non-formylated methionine bound to E. coli tRNAi 
was associated with lower cell viability than formylated 
methionine bound to E. coli tRNAi.

In the absence of the introduction of protein initiation, 
the HeLa cell viability results suggest that methionine 
is a complex metabolic pathway that is associated with 
cancer at multiple levels. However, the lower HeLa cell 
viability observed when non-formylated methionine was 
introduced during the initiation of protein synthesis sug-
gests that the cytotoxicity induced in the early translation 
frame of GFP mRNA expression is significantly associ-
ated with EcMRS. Generally, most cells readily synthesize 
methionine from homocysteine but cannot proliferate 
in a medium where methionine has been replaced with 
homocysteine. Therefore, the results shown in Figs.  5A 
and 5B suggest that the increased viability of HeLa cells 
in the methionine-deficient state (orange bars) could 
mean that HeLa cells replaced methionine with homo-
cysteine [55] are associated with increased HeLa cell 
viability.

Although the accurate determination of the efficiency 
of synthesized proteins remains controversial, catalyz-
ing the linking of amino acids to cognate transfer RNAs 
(tRNAs) could be controlled by inducing the PII expres-
sion. We found that the selective linking of a fluorescent 
methionine to E. coli Met-tRNAi was highly precise, as 
shown in Fig.  5. Moreover, every EcMRS paired with 
methionine could be promoted as a newly synthesized 
protein in HeLa cells. Many types of aaRS can be tracked 
via their pairing with cognate tRNAs to investigate the 
fidelity of protein translation.

Discussion
We showed that E. coli methionine-tRNAi could off-
set human methionine-tRNAi, and E. coli methionine-
tRNAi/methionyl tRNA synthetase pairs can drive 
enhanced GFP mRNA expression. E. coli methionine-
tRNAi/methionyl tRNA synthetase pairs can induce 
enhanced green fluorescent protein(GFP) expression 
due to increased stability of enhanced GFPmRNA. This 
study investigated various differences in tRNAi species 
on protein expression by observing POI synthesis in 
HeLa cells using E. coli tRNAi. Although it is common 
for PII expression to change when tRNAi changes, we 
evaluated the relationship between mRNA stability and 
cell viability. The low HeLa cell viability due to non-for-
mylated methionine introduced during protein synthesis 
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initiation suggests that cytotoxicity induced in the initial 
translation of GFP mRNA is significantly associated with 
EcMRS.

However, despite the effect of unlabeled methionine on 
the fluorescent E. coli Met-tRNAi, we were able to imple-
ment the necessary conditions to measure biotinylated 

fluorescent Tat (PII)-expressing proteins using E. coli 
Met-tRNAi/EMRS. Unlike the human methionine-
tRNAi/methionyl tRNA synthetase pairs that were used 
as a positive control, the non-formylated E. coli methio-
nine-tRNAi/methionyl tRNA synthetase pairs reduced 

Fig. 5 Comparison of HeLa cell viability using non-formylated methionine-conjugated initiator tRNA (Met-tRNAi) and formylated Met-tRNAi 
(fMet-tRNAi). A Effect of E. coli fMet-tRNAi/human methionyl tRNA synthetase (HMRS) on HeLa cell viability. Cell survival was measured using 
cell assays at specific concentrations (1, 5, and 10 nM) of E. coli Met-tRNAi/HMRS (violet bars). B Comparison between the effects of formylated 
L-methionine (L-Met) conditions based on specific concentrations (1, 5, and 10 nM) of E. coli tRNAi. The cell viability analysis was conducted on HeLa 
cells using E. coli Met-tRNAi charged with E. coli methionyl tRNA synthetase (blue line) and E. coli fMet-tRNAi charged with HMRS (violet line). The 
effect of formylated L-Met on HeLa cell viability was determined via quantitative real-time polymerase chain reaction analysis of enhanced green 
fluorescent protein mRNA expression. HeLa cells were treated with (red line) or without L-Met (orange line) for 24 h. Cell viability was determined 
using CCK8 assays and calculated relative to that of the control HeLa cells (red line). Data are presented as the mean ± SEM of three independent 
experiments
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the expression of enhanced GFP mRNA, resulting in 
reduced HeLa cell survival.

In 2017, we reported a PII detection strategy wherein 
the fluorescent-labeled N-terminal was conjugated with 
Met-tRNAi (fluorescent Met-tRNAi) to validate the 
occurrence of protein synthesis [40]. Previously reported 
in 2017, Purified Cy5-Met (fluorescent Met) was added 
to the human tRNAi after aminoacylation. Addition-
ally, during synthesis, combining fluorescent Met-tRNAi 
with a purified Cy5-Met process allowed the translation 
of the mRNA encoding fluorescent-labeled PII in HeLa 
cells. In contrast, in this study, fluorophore 5 carboxyflu-
orescein (5-FAM) was added to E. coli Met-tRNAi after 
aminoacylation. The non-formylated Met-E. coli tRNAi/
EcMRS pair showed decreased cell proliferation in 
HeLa cells due to a correlation with low protein synthe-
sis efficiency. As many tRNAs possess unique features, 
we investigated whether tRNAs are sequestered for the 
exclusive initiation of protein synthesis or whether they 
are associated with the role of tRNAis in protein synthe-
sis, as shown in Additional file 1: Fig. S1. It is most likely 
that one modified nucleotide is present in the tRNA, 
indicating that the process of maintaining the transla-
tional reading frame occurs early in the emergence of 
new phylogenetic domains [60].

Most tRNA modifications can also have specific func-
tions through which tRNAs participate in the aaRS reac-
tion. Aminoacyl tRNA has a high substrate selectivity 
and faithful synthesis through the editing of non-cognate 
products via selective aaRS activity [26]. However, this 
process can introduce errors in protein synthesis while 
attaching certain amino acids to non-cognate tRNAs 
with a high level of accuracy [24]. Therefore, the tRNA 
sequence motif interaction between synthetase and 
tRNA is a potential factor that ensures the accuracy of 
the translational reading frame. Here, we sought to cap-
ture the interactions of tRNA during a mRNA stability 
event.

However, the low level of specificity achieved by mis-
aminoacylation can result in mistranslation, which might 
be lethal and lead to pathologies in mammalian cells [61]. 
Although tRNA and aminoacyl tRNA synthesizer (ARS), 
which are involved in protein translation, are considered 
“housekeeping” molecules without functional activity 
[62], ARS is also reportedly involved in various physio-
logical and pathological processes, particularly in tumo-
rigenesis [39, 62, 63].

The methionine-dependent Hoffman effect has also 
been reported [54] in cancer cells, which rely on exoge-
nous methionine. The Met-tRNAi complex has been pro-
posed to regulate the translation of key genes involved 
in tumorigenesis because of its unique function in 

translation initiation, which may indicate the potential 
of E. coli Met-tRNAi/MRS pairs as possible biomark-
ers to predict clinical outcomes. Although the accurate 
determination of the efficiency of synthesized proteins 
remains controversial, catalyzing the linking of amino 
acids to cognate transfer RNAs (tRNAs) could be con-
trolled by inducing the initiation of the PII expression.

However, this study has some limitations. The cor-
relation between the E. coli MettRNAi/EcMRS pair 
and early cancer cell survival identified here may not be 
seen in overall cells. Despite the lack of known similar 
mechanical evidence, important and consistent correla-
tions between E. coli Met-tRNAi/EcMRS pairs allow the 
potential biomarkers and molecular initiation’s insights 
for fine-tuned protein synthesis can the identification of 
PIIs in the context of mRNA-tRNA pairs.
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