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N-terminal acetylation is widespread in the eukaryotic pro-
teome but in bacteria is restricted to a small number of pro-
teins mainly involved in translation. It was long known that
elongation factor Tu (EF-Tu) is N-terminally acetylated,
whereas the enzyme responsible for this process was unclear.
Here, we report that RimI acetyltransferase, known to modify
ribosomal protein S18, is likewise responsible for N-acetylation
of the EF-Tu. With the help of inducible tufA expression
plasmid, we demonstrated that the acetylation does not alter
the stability of EF-Tu. Binding of aminoacyl tRNA to the re-
combinant EF-Tu in vitro was found to be unaffected by the
acetylation. At the same time, with the help of fast kinetics
methods, we demonstrate that an acetylated variant of EF-Tu
more efficiently accelerates A-site occupation by aminoacyl-
tRNA, thus increasing the efficiency of in vitro translation.
Finally, we show that a strain devoid of RimI has a reduced
growth rate, expanded to an evolutionary timescale, and might
potentially promote conservation of the acetylation mechanism
of S18 and EF-Tu. This study increased our understanding of
the modification of bacterial translation apparatus.

Post-translational modifications are paramount for the
regulation of protein activity, stability, and localization. Acet-
ylation is among the most abundant protein modifications in
eukaryotes (1), while bacteria have generally few acetylated
proteins (2). A number of Escherichia coli proteins are
N-acetylated (3), such as ribosomal proteins S5 (4), S18 (5),
and L12 (6) as well as the translation elongation factor Tu
(EF-Tu) (7).

Protein acetylation is commonly carried out by the GCN5-
related (GNAT) family of enzymes (2). A family of acetyl-
transferases RimJ (8), RimI (8), and RimL (9) were found to be
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responsible for the N-terminal acetylation of ribosomal pro-
teins. Acetylation of S5 was found to be involved in ribosome
assembly (10, 11), in a way that its inactivation leads to bac-
terial growth cold sensitivity. RimL is known to catalyze ri-
bosomal protein L12 acetylation (9). Recently, RimL ascribed
an additional function of microcin C acetylation resulting in a
ground state E. coli resistance level toward this antibiotic (12).
While the phenotype of rimL inactivation is moderate (9, 13),
rimL expression was shown to be increased at the stationary
phase of bacterial culture (13). RimI-dependent acetylation of
the ribosomal protein S18 (8, 14) was characterized structur-
ally and biochemically (15).

EF-Tu, the most abundant bacterial protein (16), is
N-terminally acetylated. Its abundance and conservation in
bacteria allowed it to be recognized by the innate immunity
system of plants as one of pathogen-associated molecular
pattern (17), and its acetylated N-terminal fragment is used as
a recognition element (18). While there are indications that
acetylation of EF-Tu may happen at internal lysine residues
and this modification is under a growth stage control in Ba-
cillus subtilis (19), neither regulation nor function of N-ter-
minal acetylation of EF-Tu was studied. The enzyme
responsible for acetylation of EF-Tu has eluded identification
for almost 4 decades. In this work, we have demonstrated that
S18-specific acetyltransferase RimI is in addition responsible
for the N-terminal acetylation of EF-Tu, thus being a dual-
specificity enzyme.
Results and discussion

The majority of eukaryotic protein acetyltransferases is
capable to modify multiple targets, while similar enzymes of
bacteria are usually considered to be single protein specific.
Since amino group acetylation removes a single positive
charge, it might be detected by 2D protein gel electrophoresis.
We compared total proteins extracted from ΔrimI strain from
Keio knockout collection (20), labeled by Cy2 green
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Figure 1. Identification of novel substrates for known ribosomal pro-
tein N-acetyltransferases. 2D protein gel electrophoresis of total proteome
from the WT strain labeled by Cy5 and Cy2-labeled proteome from ΔrimI
strain. Horizontal axis corresponds to isoelectrofocusing, whereas vertical
axis to separation by molecular mass (scale shown). Yellow spots correspond
to the proteins with unchanged expression level. Red spots reflect proteins
underrepresented in ΔrimI strain. Green spots correspond to proteins over-
represented in ΔrimI strain. Circled are the spots corresponding to EF-Tu—
the new substrate of RimI. EF-Tu, elongation factor Tu.

RimI acetylates EF-Tu
fluorescent dye with that from the isogenic parental strain (21)
labeled with the Cy5 red fluorescent dye with the help of 2D
protein electrophoresis (Fig. 1). We expected that proteins that
differed by the acetylation would be represented by a couple of
green and red spots of the same molecular mass but different
isoelectric points. We readily observed such an effect when
comparing proteins from the WT and ΔrimI strains (Fig. 1).
The protein spots with an isoelectric point dependent on the
RimI were excised from the gel and identified by MALDI mass
spectrometry (MS) following tryptic digestion. Both spots
appeared to correspond to the EF-Tu protein. While intensity
of several protein spots on the gel (Fig. 1) appears to depend
on rimI gene functionality, they do not demonstrate the
pattern that would indicate they represent the substrates of
acetylation.

To identify EF-Tu amino acid that is acetylated by RimI, we
transformed ΔrimI strain with the plasmid carrying tufA gene
with the C-terminal hexahistidine tag and used the resulting
culture for EF-Tu preparation by metallochelate chromatog-
raphy. WT strain transformed with the same plasmid was used
for purification of the control EF-Tu sample. Tryptic hydro-
lysate of recombinant EF-Tu was subjected to MALDI MS
analysis, which failed to reveal the modification site presum-
ably because N-terminal end of EF-Tu is rich with basic amino
acids, and digestion with trypsin results in a very short tryptic
peptide. To overcome this difficulty, we applied chymotrypsin
hydrolysis followed by MALDI MS analysis (Fig. 2A) and
readily identified that EF-Tu from the WT, but not from ΔrimI
strain, contains acetyl group attached to the N-terminal
SKEKF peptide. Further fragmentation of this peptide in mass
spectrometer (Fig. 2B) indicated that the N-terminal serine
group is acetylated. This result corroborated earlier findings
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that EF-Tu is N-terminally acetylated (7). Thus, RimI is a dual-
specificity protein acetyltransferase responsible for the N-ter-
minal modification of two proteins, S18 and EF-Tu.

To verify that rimI gene is indeed inactivated in the ΔrimI
strain from Keio collection and since S18 protein is too small
to be resolved by the standard 2D gel, we compared the mass
of S18 protein, the known target of RimI (8), from knockout
and the WT strains (Fig. 2C). As expected, the mass of S18
from the knockout strain was found to be lower by precisely
the mass of the acetyl group. To check that it is inactivation of
rimI gene responsible for the difference in the EF-Tu iso-
electric point, but not some hypothetic secondary mutation,
we transformed ΔrimI strain with the plasmid coding for RimI
protein. Analysis of EF-Tu by MALDI MS confirmed that
reintroduction of rimI gene restored acetylation of N-terminal
serine (Fig. 2D). Thus, we demonstrated that RimI is necessary
for EF-Tu N terminus acetylation. It is most likely that RimI
directly acetylates EF-Tu, although we should formally
acknowledge that a possibility might exist that an influence of
RimI on EF-Tu acetylation could be indirect.

The structure of Salmonella typhimurium RimI protein in a
complex with bisubstrate inhibitor CoA-S-acetyl-ARYFRR
containing a peptide part mimicking the N-terminal peptide
of S18 ribosomal protein was determined by Blanchard et al.
(15) previously. Interaction of RimI with S18 N-terminal
peptide included several sequence-specific contacts, such as
electrostatic interaction of Arg2 with Glu103 residue of RimI.
The amino acid of the peptide inhibitor equivalent to Tyr4 of
S18 interacts with Pro131 of RimI, whereas Phe4 formed Van
der Waals contacts with Trp27, Thr31, Phe67, and Asn35 of
RimI. Curiously, a comparison of the N-terminal peptides of
S18 and EF-Tu revealed little resemblance. Of note is the fact
that both proteins possess a small terminal amino acid, Ala1 in
S18 and Ser1 in EF-Tu, whereas the second residue is positively
charged, Arg2 in S18 and Lys2 in EF-Tu.

Since protein N-terminal acetylation is considered to pre-
determine protein stability at least in eukaryotes (22), we
decided to check whether acetylation of EF-Tu by RimI in-
fluences the stability of the factor. To this end, we used ΔrimI
strain transformed by the plasmid coding for EF-Tu⋅His6 un-
der the control of anhydrotetracycline-inducible Tet promoter.
Expression of EF-Tu⋅His6 was switched on for 30 min at the
early exponential growth phase (absorbance of 0.1 at 600 nm)
followed by washing the cells with medium lacking inducer.
The amount of EF-Tu⋅His6 in cells after cessation of expres-
sion was monitored by immunoblotting with anti-His6 anti-
bodies (Fig. 3A) and revealed that acetylation does not alter
EF-Tu stability.

Finally, to assess the performance of unacetylated EF-Tu in
partial reactions of protein biosynthesis, we used C-terminally
His6-tagged factors purified from the WT (EF-Tu) and ΔrimI
strains (EF-Tu-Ac). First, we questioned whether an interaction
of aminoacylated tRNA with EF-Tu depends on the acetylation
of the latter. Kinetics of the ternary complex formation by EF-
Tu⋅GTP or EF-Tu-Ac⋅GTP with Phe-tRNAPhe has been studied
by a stopped-flow experiment monitoring proflavine fluores-
cence of Phe-tRNAPhe(Prf16/17). The resultant fluorescence



Figure 2. Mass spectrometry analysis of protein modification in the WT and ΔrimI strain (panels are labeled accordingly). A, mass spectrometry
analysis of EF-Tu modification. EF-Tu hydrolysate by chymotrypsin was analyzed. Panels corresponding to the WT and ΔrimI strain are labeled. Shown are
peaks corresponding to the N-terminal SKEKF peptide. B, fragmentation analysis of the N-terminal peptide of EF-Tu. Panels corresponding to the WT and
ΔrimI strain are labeled. Mass differences between the fragments are labeled by amino acids removed. C, mass spectrometry analysis of S18 protein. Total
ribosomal proteins were used for the analysis. The panels correspond to the WT strain (upper panel) and the ΔrimI strain (lower panel), labeled accordingly.
Peaks corresponding to ribosomal proteins are marked. D, genetic complementation of the ΔrimI strain by the plasmid coding for RimI. Shown are peaks
corresponding to the N-terminal SKEKF peptide. EF-Tu, elongation factor Tu.

RimI acetylates EF-Tu
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Figure 3. Phenotype of the ΔrimI strain. The amount of EF-Tu⋅His6 in the
cells after cessation of its expression monitored by immunoblotting with
anti-His6 antibodies. The time after expression switch off is indicated above
the lanes. Results of representative immunoblotting are shown at (A) and
(B). A, immunoblotting with anti-His6 antibodies (red color) and visualization
of prestained molecular weight markers (green color). B, Ponceau staining of
the membrane. C, analysis of relative EF-Tu stability (EF-Tu⋅His6 signal ratio
in WT and ΔrimI cells normalized to the total protein level). Shown are re-
sults of three independent experiments. EF-Tu, elongation factor Tu.

RimI acetylates EF-Tu
changes were fitted to single exponential curves (Fig. 4A).
Linear fitting of the concentration dependence of apparent
association rate constants (Fig. 4B) yielded indistinguishable
within the error rate constants (kon = 1.8 ± 0.1 μM−1 s−1 for
EF-Tu, kon = 1.7 ± 0.1 μM−1 s−1 for EF-Tu-Ac, koff were close to
zero in both cases). Since within the structure of ternary EF-
Tu⋅GTP–aminoacyl-tRNA complex (23), the aminoacylated
30-terminal nucleotide of tRNA is located close to the N ter-
minus of EF-Tu, we hypothesized that nonacetylated terminal
amino group might facilitate aminoacyl-tRNA hydrolysis. To
this end, we tested the stability of Val-tRNAVal and Phe-
tRNAPhe in the complex with EF-Tu⋅GTP or EF-Tu-Ac⋅GTP
with the help of filter-binding assay (Fig. 4, C and D). The
hydrolysis time dependencies were fitted into single expo-
nential curves. As expected, binding to the EF-Tu⋅GTP pro-
tected aminoacyl-tRNAs from spontaneous hydrolysis, but no
significant difference in the spontaneous Val-tRNAVal or
4 J. Biol. Chem. (2022) 298(5) 101914
Phe-tRNAPhe hydrolysis in a complex with EF-Tu⋅GTP or
EF-Tu-Ac⋅GTP has been detected.

Next, we addressed the possible role of EF-Tu N-terminal
acetylation in EF-Tu-dependent steps of translation on the
ribosome. Initiation complexes programmed with mRNA
coding for MVF (Met-Val-Phe) or MF (Met-Phe) peptides and
containing fMet-tRNAf

Met in the P-site were preformed with
the complete set of translation initiation factors (IFs). Analysis
of the dipeptide formation yield has been done at proportions
of Val-tRNAVal to EF-Tu ranging from 1:1 to 1:4 (Fig. 5A). In
all cases, dipeptide formation was almost quantitative. We did
not observe any difference in dipeptide yield for the ternary
complexes of either WT EF-Tu or EF-Tu-Ac. While the end
points of dipeptide formation demonstrated no dependence on
the acetylation of EF-Tu, we set up to determine whether rate
constants of dipeptide formation, which reflects binding and
accommodation rates of aminoacyl-tRNA brought to the
ribosome by EF-Tu⋅GTP, might depend on EF-Tu modifica-
tion. Millisecond resolution of automatic quench-flow mixing
of initiation ribosomal complexes with Val-tRNAVal⋅EF-
Tu⋅GTP or Val-tRNAVal⋅EF-Tu-Ac⋅GTP (Fig. 5B) allowed us to
calculate the rate constants of the apparently biphasic dipep-
tide formation process. However, the rate constants kapp1 =
10 ± 2 s−1, kapp2 = 0.13 ± 0.03 s−1 for Val-tRNAVal⋅EF-Tu⋅GTP
and kapp1 = 10 ± 1 s−1, kapp2 = 0.09 ± 0.02 s−1 for Val-tRNA-
Val⋅EF-Tu-Ac⋅GTP were found to be the same within the error
limits. In addition, we used a stop flow fluorescence detection
assay to monitor movements of the Phe-tRNAPhe(Prf16/17)
brought to the ribosome with the vacant A-site in a form of
either Phe-tRNAPhe(Prf16/17)⋅EF-Tu⋅GTP or Phe-tRNA-
Phe(Prf16/17)⋅EF-Tu-Ac⋅GTP (Fig. 5C). An increase in a char-
acteristic biphasic fluorescence change represents the
following steps: initial binding of the ternary complex to the
ribosome and subsequent codon reading and recognition,
which induces GTPase activation and results in GTP hydro-
lysis by EF-Tu. The subsequent decay of the high fluorescence
intermediate is related to the release of tRNA from the GDP-
bound form of EF-Tu and accommodation of the tRNA in the
A site of the ribosome (24). Two exponential fitting of the
fluorescence curves allowed us to deduce the rate constants of
ternary complex binding and A-site accommodation for a
number of concentrations of the initiation complexes
(Fig. 5D). Interestingly, we have observed that acetylated form
of EF-Tu performs slightly better ensuring faster delivery of
aminoacyl-tRNA to the translating ribosome (k1 = 37 ± 3 s−1

for EF-Tu and k1 = 30 ± 2 s−1 for EF-Tu-Ac). At the same time,
the rates of tRNA accommodation were the same for both
variants of EF-Tu (k2 = 17 ± 1 s−1 for EF-Tu and k2 = 19 ± 2 s−1

for EF-Tu-Ac).
Finally, to assess whether acetylation of EF-Tu that mildly

increases the rate of aminoacyl-tRNA delivery to the ribosome
confers advantage to bacterial protein biosynthesis, we
monitored the growth curves of the WT and ΔrimI strains
(Fig. 6, A–D). Application of this assay revealed a moderate
growth disadvantage of the ΔrimI strain. While the difference
is small in rich medium (LB) (Fig. 6A), in the minimal me-
dium, growth defects become more pronounced (Fig. 6, B–D).



Figure 4. EF-Tu acetylation does not appear to impact the interaction with aminoacyl-tRNA. A, time courses of ternary complex formation of 0.25 μM
Phe-tRNAPhe(Prf16/17) and 1.35 μM EF-Tu⋅GTP (black trace, black fitting curve) or EF-Tu-Ac⋅GTP (red trace, dark red fitting curve). B, concentration dependence
of ternary complex formation with EF-Tu⋅GTP (black circles) and EF-Tu-Ac⋅GTP (red circles). C, portion of unhydrolyzed Val-tRNAVal at specific time points in the
presence of EF-Tu⋅GTP (black circles, kapp = 0.114 ± 0.006 h−1), EF-Tu-Ac⋅GTP (red circles, kapp = 0.105 ± 0.008 h−1), and in the absence of EF-Tu (open circles,
kapp = 0.40 ± 0.02 h−1). D, portion of unhydrolyzed Phe-tRNAPhe at specific time points in the presence of EF-Tu⋅GTP (black squares, kapp = 0.27 ± 0.02 h−1),
EF-Tu-Ac⋅GTP (red squares, kapp = 0.26 ± 0.02 h−1), and in the absence of EF-Tu (open squares, kapp = 1.27 ± 0.04 h−1). EF-Tu, elongation factor Tu.

RimI acetylates EF-Tu
In a large timescale, growth advantage granted by the system
of S18 and EF-Tu acetylation would lead to the fixation of this
trait in bacterial population. To prove this assumption, we
performed a growth competition assay (Fig. 6E). Equal
Figure 5. Influence of EF-Tu acetylation on the interaction of ternary amino
dipeptide formation upon mixing of Val-tRNAVal⋅EF-Tu⋅GTP (black bars) or Val-tR
EF-Tu over Val-tRNAVal used is indicated below the bars. B, time dependence o
Val-tRNAVal⋅EF-Tu-Ac⋅GTP (red circles) with the ribosomal initiation complex. C, re
Tu⋅GTP (black trace, black fitting curve) or 0.1 μM Phe-tRNAPhe(Prf16/17)⋅EF-Tu-
complex. D, dependencies of the kapp1 and kapp2 rate constants for the proce
into the ribosomal A-site on the concentration of the initiation complexes. Bla
EF-Tu-Ac. Filled symbols correspond to kapp1, and open symbols correspond to
numbers of the kanamycin-sensitive parental strain cells and
kanamycin-resistant ΔrimI strain cells were mixed and incu-
bated for 24 h at 37 �C in M9 minimal medium supplemented
with glucose (0.4%). At the end of the growth cycle, 1/1000th
acyl-tRNA⋅EF-Tu⋅GTP complex with the ribosomal A-site. A, the extent of
NAVal⋅EF-Tu-Ac⋅GTP (red bars) with the ribosomal initiation complex. Excess of
f dipeptide formation upon mixing of Val-tRNAVal⋅EF-Tu⋅GTP (black circles) or
lative fluorescence change upon mixing of 0.1 μM Phe-tRNAPhe(Prf16/17)⋅EF-
Ac⋅GTP (red trace, dark red fitting curve) with the 0.6 μM ribosomal initiation
ss of EF-Tu–dependent Phe-tRNAPhe(Prf16/17) binding and accommodation
ck symbols correspond to the WT EF-Tu, whereas red symbols correspond to
kapp2 rate constants. EF-Tu, elongation factor Tu.
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Figure 6. Growth curves (log2 scale) of the WT (black) and ΔrimI strains (red) in different growth conditions. A, LB medium. B, M9 medium sup-
plemented with 0.4% glucose. C, M9 medium supplemented with 0.4% glycerol. D, M9 medium supplemented with 0.4% acetate. Each point represents
three independent replicates. Doubling times (Dt) are indicated. E, growth competition between the WT strain and ΔrimI strain. Shown is the ratio of WT to
ΔrimI cells in the mixture. Each point corresponds to a 24 h growth cycle and represents three independent replicates.

RimI acetylates EF-Tu
of the medium containing the mixture of the cells was used
for inoculation of the fresh portion M9 medium at 1000 times
of dilution. After each growth cycle, the cells were serially
diluted and plated on either LB agar or LB agar plates sup-
plemented with kanamycin. The increase of WT to ΔrimI cells
ratio in the mixture was slow, but detectable, and suggests
that knockout of rimI compromises cell fitness. Beneficial
influence of RimI activity on cell growth may explain nearly
universal presence of rimI gene in bacterial genomes (25).
Thus, we suggest that EF-Tu acetylation accelerates tRNA
arrival to the A-site of the ribosome that finally results in
improvement of bacterial growth rate, which is especially
evident for the growth in poor media when aminoacyl-tRNA
availability might be limiting.

However, it should be noted that it is difficult to estimate
the direct impact of EF-Tu acetylation on cell fitness, since
RimI is responsible for modification of S18 as well. It is most
likely that the absence of acetylation on both S18 and EF-Tu
may contribute to the observed growth defects in ΔrimI strain.
Experimental procedures

Strains, medium, and plasmids

E. coli strain BW25113 (21) used as WT and the isogenic
strain JW4335 (20), lacking the rimI gene, were kindly pro-
vided by Hironori Niki, National Institute of Genetics, Japan.
E. coli strains were grown at 37 �C in LB medium and supplied
with 50 μg/ml kanamycin if required. For the measurement of
6 J. Biol. Chem. (2022) 298(5) 101914
growth curves, LB or M9 minimal medium was inoculated by a
single colony of either the WT or ΔrimI strains and incubated
for 24 h at 37 �C. The culture was diluted to absorbance of 0.01
at 600 nm (final culture volume of 400 μl) with fresh LB or M9
minimal medium and grown at 37 �C for 12 h in 24-well
microtiter plates with constant shaking at 200 rpm. The
absorbance at 600 nm of culture was measured every 40 min.
M9 minimal medium was supplemented with either glucose
(0.4%), glycerol (0.4%), or sodium acetate (0.4%).

A growth competition experiment was performed using M9
medium supplemented with glucose (0.4%) at 37 �C. Equal
amounts of kanamycin-sensitive BW25141 parental strain and
kanamycin-resistant ΔrimI deletion strain cells were used for
simultaneous inoculation of M9 medium. At each 24 h growth
cycle, the medium was diluted 1000-fold. At the same time,
serial dilutions of the bacterial culture were made until a
dilution of 10−7 was reached. Equal 5 μl aliquots from the
diluted cultures were plated to LB agar and LB agar supple-
mented with kanamycin (50 μg/ml). Plates were incubated at
37 �C overnight, and the colonies were counted and compared.

To track EF-Tu stability over time, DNA sequence coding
for EF-Tu⋅His6 under control of anhydrotetracycline-inducible
Tet promoter was cloned (26) into the pASK-IBA4 plasmid
with the following oligonucleotides: Forward: 50-AAAAATCT
AGATAACGAGGGCAAAAAATGTCTAAAGAAAAATTT
GAACGTACAAAACC-30, Reverse: 50-CTTCACAGGTCAA
GCTTAGTTAGATATCTTAATGATGATGATGATGGTGG
CCCAGAACTTTAGCAACAA-30. For the recombinant EF-



RimI acetylates EF-Tu
Tu purification, DNA sequence coding for EF-Tu⋅His6 under
control of IPTG-inducible lac promoter was cloned into the
plasmid pET-33b(+) with the following oligonucleotides: For-
ward: 50-CACACAGAATTCATTAAAGAGGAGAAATTAA
CTATGTCTAAAGAAAAATTTGAACGTACAAAACC-30,
Reverse: 50-CCTTAGCGGCCGCTTAATGGTGATGGTG
ATGGTGCCCGCCCAGAACTTTAGCAAC-30.

2D protein gel electrophoresis

2D difference gel electrophoresis analysis was performed as
previously described (27, 28). Briefly, E. coli cells were lysed
with 2D sample buffer (1 M Tris–HCl [pH 8.5], 7 M urea, 2 M
thiourea, 4% [w/v] CHAPS), 50 μg of total protein was labeled
with Cy2 or Cy5 (Lumiprobe) and applied for isoelectric
focusing on a self-prepared nonlinear pH gradient (pH
3.5–9.5) gel. The second dimension was performed with
gradient (8–16%) gels.

Purification of EF-Tu and other components

For the recombinant EF-Tu purification, 10 μl overnight
cultures of the WT BW25113 or JW4335 ΔrimI strains trans-
formed with the EF-Tu⋅His6 IPTG-inducible pCA24N plasmid
were used for inoculation of the 500 ml LB with 0.34 g/l
chloramphenicol. At an absorbance of 0.7 at 600 nm, expres-
sion of EF-Tu gene was induced by 1 mM IPTG (final con-
centrations are given throughout the article). After 3 h of
induction, cells were harvested by centrifugation, resuspended
in the buffer 25 mM Tris–HCl (pH 7.5), 100 mM KCl, 10 mM
MgCl2, 5% glycerol, 50 μM GDP, 5 mM β-mercaptoethanol, 1×
protease inhibitor cocktail (Roche), DNAse I 0.1 μ/μl, and lysed
by a French press. EF-Tu was prepared from cleared lysates by
Akta start (GE) FPLC with Protino nickel–iminodiacetic acid
(Macherey-Nagel) and HiTrapQ (GE) columns at 4 �С. Buffer
25 mM Tris–HCl (pH 7.5), 50 mM KCl, 10 mM MgCl2, 2.5%
glycerol, 50 μM GDP, and 5 mM β-mercaptoethanol with
segmented gradient of imidazole concentration 0 to 300 mM
was used for nickel–iminodiacetic acid chromatography. Buffer
25 mM Tris–HCl (pH 7.5), 70 mM NH4Cl, 7 mM MgCl2, 2.5%
glycerol, and 2.5 mM DTT with linear gradient of KCl con-
centration 5 to 1000 mM were used for ion-exchange chro-
matography. Fractions containing EF-Tu, according to the SDS
gel electrophoresis, were pulled together. Pure EF-Tu was
concentrated and transferred to storage buffer by Amicon
Centrifugal Filter (Millipore), storage buffer conditions 25 mM
Tris–HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2,
10% glycerol, and 2.5 mM DTT.

Ribosomes, IFs (IF1, IF2, and IF3), fMet-tRNAf
Met, [14C]Phe-

tRNAPhe, [14C]Val-tRNAVal, and tRNAPhe(Prf16/17) were pre-
pared according to previously published techniques (29–35).
mRNA MF containing sequence 50- …ACU⋅AUG⋅UUU …-30

coding for Met-Phe-… and mRNA MVF containing sequence
50-…ACU⋅AUG⋅ GUU⋅UUU…-30 and coding for Met-Val-Phe-
… were obtained by T7 transcription in vitro and used
throughout the in vitro experiments if not indicated otherwise.
A sequence of the template for T7 transcription of mRNA
MVF: 50-CGAATTTAATACGACTCACTATAGGGAATT
CAAAAATTTAAAAGTTAACAGGTATACATACTATGG
TTTTTATTACTACGATCTTCTTCACTTAATGCGTCTG
CAGGCATGCAAC-30. A sequence of the template for T7
transcription of mRNA MF 50-CGAATTTAATACGACT
CACTATAGGGAATTCAAAAATTTAAAAGTTAACAGGT
ATACATACTATGTTTACGATTACTACGATCTTCTTCA
CTTAATGCGTCTGCAGGCATGCAAGC-30. The sequence
of T7 promoter is shown in italics, sequences coding
for methionine-valine-phenylalanine or methionine-
phenylalanine are shown in bold. All in vitro reactions were
performed in TAKM7 buffer 50 mM Tris–HCl (pH 7.5),
70 mM NH4Cl, 30 mM KCl, and 7 mM MgCl2 at 37 �С.

For a typical 1 ml reaction of initiation complex formation,
1 μM of the ribosomes were incubated with 3 μM mRNA,
2 μM fMet-tRNAf

Met, IF1, IF2, and IF3, 1.5 μM in TAKM7
with 1 mM GTP and 2 mM DTT for 1 h at 37 �C. Ternary
complexes of aminoacyl-tRNA⋅EF-Tu⋅GTP were prepared by
preincubation of the WT EF-Tu or EF-Tu-Ac with 1 mM
GTP, 3 mM phosphoenolpyruvate, 2 mM DTT, 1% pyruvate
kinase in TAKM7 for 15 min at 37 �С, followed by addition of
aminoacyl-tRNA and 1 min incubation. fMet-tRNAf

Met, Phe-
tRNAPhe, and Val-tRNAVal were beforehand purified by
HPLC and stored at −80 �C, whereas Phe-tRNAPhe(Prf16/17)
was prepared immediately before ternary complex formation.
For this, 8 μM tRNAPhe(Prf16/17) was incubated with 0.2 mM
Phe, 3 mM ATP, 6 μM β-mercaptoethanol, 40 nM
phenylalanine-tRNA synthetase, and 40 nM tRNA nucleoti-
dyltransferase in buffer TAKM7 for 30 min at 37 �C. In the
rapid kinetics experiments, 60 to 70 μl of the initiation
complex and 60 to 70 μl of the ternary complex were used per
reaction. For spontaneous aminoacyl-tRNA deacylation ex-
periments, 20 μl of the ternary complex were used per reac-
tion. In the experiments on dipeptide formation, 20 μl of the
initiation complex and 20 μl of the ternary complex were used
per reaction.
MS

MS analysis was carried out as follows: protein zones of
interest were cut out of gels, rinsed twice with ultrapure water,
rinsed twice with washing buffer (50 mM NH4HCO3 and 40%
acetonitrile) for 20 min, dehydrated in acetonitrile for 5 min,
and dried in the open air. Dried pieces of the gel were incu-
bated with 5 ng/μl trypsin (Trypsin Gold; Promega) solution in
100 mMNH4HCO3 for 4 h at 37 �С. After incubation, an equal
volume of 0.5% trifluoroacetic acid was added; the samples
were loaded on a support, dried in the open air, and analyzed
by MALDI MS using an Ultraflex II mass spectrometer
(Bruker). For MS analysis of EF-Tu modification status, pro-
tein extracts from the WT and ΔrimI strains were subjected to
2D difference gel electrophoresis. The protein spots of interest
were identified with trypsin digestion and subsequent MALDI-
TOF analysis. For MS analysis of S18 modification status, total
ribosomal proteins from the WT and ΔrimI strains were
subjected to MALDI-TOF analysis directly without
J. Biol. Chem. (2022) 298(5) 101914 7
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fragmentation. To identify an exact modification site of EF-Tu,
protein spots were treated by 50 ng/μl сhymotrypsin (Sigma)
solution supplemented with 10 mM of CaCl2. Reaction con-
ditions and buffer composition were the same as in trypsin
digestion protocol. The mass spectra were analyzed with the
FlexAnalysis program.

Monitoring of EF-Tu stability

WT and ΔrimI cells were transformed with a plasmid
coding for EF-Tu⋅His6 under the control of anhydrotetra
cycline-inducible Tet promoter. The expression of EF-
Tu⋅His6 was switched on (100 μg/l) for 30 min at the early
exponential growth phase (absorbance of 0.1 at 600 nm) fol-
lowed by washing off the cells with the medium without
inducer. Samples were taken from the culture after indicated
time points and lysed by 2D sample buffer. Protein extracts
were separated by SDS-PAGE, and semidry transfer was
performed for 30 min at 20 V using Amersham Hybond
P Western blotting membranes, polyvinylidene difluoride.
The membrane was blocked with bovine serum albumin
(BSA) and incubated with primary monoclonal anti-His6 an-
tibodies (sc-8036; Santa Cruz; 1:5000 dilution, 16 h, 4 �C, 2%
BSA, and Tris-buffered saline with Tween-20). Secondary
horseradish peroxidase–conjugated antimouse antibodies
were used (1:5000 dilution, room temperature, 2 h, 2% BSA,
and Tris-buffered saline with Tween-20), and the bands were
developed using the ECL Western Blotting Detection Kit
(Amersham) in the chemiluminescence mode in ChemiDoc
MP (Bio-Rad). Gel loading control was done by Ponceau
S staining prior to membrane blocking with BSA.

Rapid kinetics experiments

Rapid kinetics were measured using an SX-20 stopped-flow
apparatus (Applied Photophysics). Proflavin fluorescence was
excited at 460 nm and measured after passing a cutoff filter
KV495 nm (Schott). Samples were rapidly mixed in equal
volumes. Time courses depicted in the figures were obtained by
averaging 5 to 7 individual transients. Calculations were per-
formed using Prism 6.02 software (GraphPad Software, Inc).
Standard deviations were calculated using the same software.

To study the kinetics of ternary complex formation, Phe-
tRNAPhe(Prf16/17) was rapidly mixed with increasing amounts
of EF-Tu⋅GTP or EF-Tu-Ac⋅GTP prepared as described pre-
viously. Data were evaluated by fitting to a single-exponential
function with a characteristic time constant (kapp), amplitude
(A), and final signal amplitude (F∞) according to equation F =
F∞ + A * exp(−kapp * t), where F is the fluorescence at time t. A
linear function was used to analyze the concentration depen-
dence of the ternary complex formation apparent rate con-
stants from the concentration of EF-Tu⋅GTP.

To monitor the time course of A-site aminoacyl-tRNA ac-
commodation, we rapidly mixed Phe-tRNAPhe(Prf16/17)⋅EF-
Tu⋅GTP or Phe-tRNAPhe(Prf16/17)⋅EF-Tu-Ac⋅GTP with the
increasing amounts of the initiation complexes programmed
with mRNA MF at 20 �C. Data were evaluated by fitting to a
two-exponential function with two characteristic time
8 J. Biol. Chem. (2022) 298(5) 101914
constants (kapp1 and kapp2), amplitudes (A1 and A2), according
to equation F = F∞ + A1 * exp(−kapp1 * t) + A2 * exp(−kapp2 * t).
The hyperbolic function was used to analyze the concentration
dependence of the A-site reactions.

Spontaneous aminoacyl-tRNA deacylation

Ternary complexes of aminoacyl-tRNA⋅EF-Tu⋅GTP with
either [14C]Val-tRNAVal or [14C]Phe-tRNAPhe and either EF-
Tu or EF-Tu-Ac were prepared as described previously with
two-fold excess of EF-Tu over aminoacyl-tRNA or without the
factor in no EF-Tu control. After incubation at 37 �C, re-
actions were terminated by trichloroacetic acid, filtered
through the nitrocellulose membrane, and counted at the
scintillation counter.

Dipeptide formation

To assess the endpoint and kinetics of dipeptide forma-
tion, 0.5 μM initiation complexes programmed with MVF
mRNA were mixed with 0.25 μM [14C]Val-tRNAVal⋅EF-
Tu⋅GTP and [14C]Val-tRNAVal⋅EF-Tu-Ac⋅GTP at the final
proportions EF-Tu:aa-tRNA 1:1, 2:1, and 4:1 for the
endpoint monitoring and 1.5:1 for the monitoring of kinetics
for dipeptide formation. For the endpoint determination, the
reactions were incubated for 5 min after mixing. Then
samples were quenched with 1/10 volume of 5 M KOH and
hydrolyzed for 30 min at 37 �C. Samples were neutralized
with 1/10 volume of glacial acetic acid and analyzed by
reversed-phase HPLC. The percentage of the synthesized
dipeptide was determined by the incorporation of the
radioactive label. To measure the kinetics of dipeptide for-
mation, the reactants were mixed in a quench-flow instru-
ment KinTek RQF-3 (KinTek Corporation). The reaction
was stopped at certain time points (0.0025 s–5 min) by the
addition of 0.8 M KOH, and subsequent procedures were
performed as described previously. The reaction rate con-
stants were calculated using two exponential equations.

Data availability

All data are available in the main text.
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