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ABSTRACT

Acetylation is a global post-translational modifi-
cation that regulates various cellular processes.
Bacterial acetylomic studies have revealed exten-
sive acetylation of ribosomal proteins. However,
the role of acetylation in regulating ribosome func-
tion remains poorly understood. In this study, we
systematically profiled ribosomal protein acetyla-
tion and identified a total of 289 acetylated lysine
residues in 52 ribosomal proteins (r-proteins) from
Salmonella Typhimurium. The majority of acetylated
lysine residues of r-proteins were found to be regu-
lated by both acetyltransferase Pat and metabolic in-
termediate acetyl phosphate. Our results show that
acetylation plays a critical role in the assembly of
the mature 70S ribosome complex by modulating
r-proteins binding to rRNA. Moreover, appropriate
acetylation is important for the interactions between
elongation factors and polysomes, as well as regulat-
ing ribosome translation efficiency and fidelity. Dys-
regulation of acetylation could alter bacterial sensi-
tivity to ribosome-targeting antibiotics. Collectively,
our data suggest that the acetylation homeostasis
of ribosomes is crucial for their assembly and func-
tion. Furthermore, this mechanism may represent a
universal response to environmental signals across
different cell types.
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INTRODUCTION

Ribosomes are essential cellular machines that translate
mRNA into proteins. Despite differences in their compo-
sition, the basic structure of ribosomes is highly conserved
in all cellular organisms (1). They are composed of two sub-
units, each made up of ribosomal RNAs (rRNAs) and ribo-
somal proteins (r-proteins). In bacteria, mature ribosomes
consist of a 30S small subunit and a 50S large subunit, which
contain 168, 23S, and 5S rRNAs and 54 r-proteins (2). The
assembly of ribosome involves ordered and correct associa-
tion of r-proteins on rRNAs. The entire process is facilitated
by the chaperoning activity of ribosome assembly factors,
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rRNAs and r-protein modification enzymes. The basic set
of processes required to assemble a ribosome is detailed by
biochemical approaches, mass spectrometry, computational
methods, and others in recent years (3).

Ribosomes are involved in a highly dynamic and complex
process of protein synthesis, which includes several steps:
initiation, elongation, termination and recycling. During
each of these phases, ribosomes form transient complexes
with various translation factors that facilitate protein syn-
thesis. For example, a codon exposed in the A site is rec-
ognized by aa-tRNAs, which are delivered to the ribosome
in a ternary complex with EF-Tu and GTP. The initial re-
cruitment of the EF-Tu/GTP/aa-tRNA complex occurs
through the interactions with the L12 stalk of the ribo-
some (4,5). During elongation, the ribosome moves along
the mRNA, adding amino acids to the growing polypep-
tide chain in response to each codon. The fidelity of pro-
tein synthesis is regulated by several mechanisms, including
post-transcriptional modification of r-proteins, rRNA, and
tRNA (6-9). However, the regulation of the efficiency and
fidelity of protein synthesis is not completely understood.

Ribosomes are a common target for antibiotics, with
many clinically important antibiotics, such as aminoglyco-
sides, chloramphenicols, tetracyclines, and macrolides, tar-
geting the elongation cycle. Chloramphenicol, for example,
binds to the peptidyl-transferase center (PTC) on the bac-
terial 50S subunit, overlapping with the aminoacyl moiety
of the A-site tRNA, thereby inhibiting peptide-bond forma-
tion by blocking aa-tRNA binding at the A-site. Resistance
to ribosome-targeting antibiotics can occur through vari-
ous mechanisms, including modification of the antibiotic
targets, such as rRNAs or r-proteins. For example, mono-
methylation of the C8 atom of the 23S rRNA nucleotide
A2503 in the PTC can confer resistance to chlorampheni-
col (10). Modification of chloramphenicol to a phospho-
rylated derivative mediated by chloramphenicol phospho-
transferase can also increase bacterial resistance (11). Over-
all, studies of ribosomes have provided valuable insights
into the mechanisms of protein synthesis and the regula-
tion of translation. Continued research on ribosomes will
undoubtedly lead to the development of new antibiotics
and further our understanding of the molecular basis of
translation.

Acetylation is a post-translational modification (PTM)
that plays a crucial role in regulating cellular processes in
both prokaryotes and eukaryotes (12,13). This modification
can occur on N%-amino groups (N termini of proteins) or
Neé-amino groups of lysine residues. N*-acetylation is an
irreversible modification that signals for protein degrada-
tion. For example, r-protein L7 is the N-terminally acety-
lated form of L12 (14,15). N&-acetylation of lysine residues
is reversible and some of them can be enzymatically reversed
by deacetylases (16). Nf-acetylation can alter the biologi-
cal activity of the protein, such as in bacterial metabolism,
DNA replication, stress response and pathogenicity (17—
20). Two distinct mechanisms have been identified in bac-
teria to regulate protein acetylation. The GenS-like acetyl-
transferase Pat/YfiQ can transfer the acetyl group from
acetyl-CoA (Ac-CoA) to a deprotonated lysine residue on
the target protein. The other mechanism is non-enzymatic,
in which acetyl phosphate (AcP) serves as the acetyl donor

to a deprotonated lysine. The synthesis of intracellular AcP
in bacteria depends on phosphotransacetylase (Pta) and ac-
etate kinase (AckA). Pta converts Ac-CoA and inorganic
phosphate to AcP and free CoA, and then AckA converts
AcP and ADP to acetate and ATP. Deletion of ackA in-
creases the intracellular AcP level, while the double dele-
tion of ackA and pta decreases the intracellular AcP con-
centration. CobB, the bacterial homolog of Sirt5, can re-
move acetyl groups from acetylated lysine residues (Kac) in
an NAD"-dependent manner (21-23).

The first observation of r-protein acetylation was con-
ducted by Liew and Gornall (24). Currently, the use of
high-specificity antibodies to Kac sites, in combination with
high-resolution mass spectrometry allows for the enrich-
ment and identification of more acetylated peptides. For ex-
ample, Choudhary and Weinert provide accurate and vali-
dated measurements of acetylation stoichiometry at 6829
sites on 2535 proteins in human cervical cancer (HeLa) cells
(25). In-depth analyses of the bacterial protein acetylome
datasets reveal that many r-proteins are acetylated, suggest-
ing that acetylation may be involved in a feedback regu-
lation of protein synthesis (26-29). Although studies have
shown that acetylation affects the function of the transla-
tion machinery (30,31), the role of protein acetylation in
regulating ribosome functions remains to be elucidated.

In this study, we analyzed the acetylation of r-proteins
of Salmonella enterica serovar Typhimurium (S. Ty-
phimurium) by mass spectrometry and found that the acety-
lation of r-proteins is regulated by both Pat and AcP. Acety-
lation is involved in regulating ribosome assembly, trans-
lation efficiency and fidelity, and sensitivity to ribosome-
targeting antibiotics. Our data suggest that the acetylation
homeostasis of r-proteins is critical to ribosome functions.

MATERIALS AND METHODS
Strains and media

Bacterial strains used in this study are listed in Supplemen-
tary Table S1. S. Typhimurium strain 14028S was purchased
from ATCC and used as the wild-type Salmonella strain.
All mutants derived from strain 14028S were constructed
by one-step A-Red recombinase system (32). All constructs
were verified by PCR and sequencing, and PCR primers are
listed in Supplementary Table S2. S. Typhimurium strains
were grown in lysogeny broth (LB) with 100 pg/ml of ampi-
cillin, 50 pg/ml of spectinomycin, 17 pwg/ml of chloram-
phenicol or 50 wg/ml of kanamycin in media for bacterial
selection.

Plasmid construction and proteins purification

For overexpression of proteins in S. Typhimurium, genes
encoding r-proteins (rplL, rplX, rplB and rpS4) and tufA4,
tsf, fusA were PCR amplified from the genomic DNA and
cloned into the BamHI and Xhol sites of the pSUMO3 and
the pQE80 with 6 x His tag inserted at the C termini respec-
tively. ramA was cloned into the EcoRI and Ncol sites of the
expression plasmid pACYC184 with 3 x Flag taginserted at
the C terminus. E. coli strain BL21 harboring plasmids was
grown at 37°C in LB medium. At ODgyp = 0.6, 0.1 mM iso-
propyl B-D-thiogalactoside (IPTG) was added and induced



at 30°C for 4 h. The harvested cells were resuspended in cold
buffer A (50 mM Tris—HCI, pH 7.5, 500 mM NaCl, 20 mM
imidazole, 10% glycerol), then cell suspension was lysed by
pressure cell disrupters. The supernatant was collected and
loaded onto a Ni-NTA column (GE), washed with buffer A,
and finally eluted with buffer B (50 mM Tris—HCI, pH 7.5,
500 mM NaCl, 300 mM imidazole, 10% glycerol). Protein
concentration was determined using the Bradford reagent
with bovine serum albumin (BSA) as a standard (33).

Antibodies

The following antibodies were used: anti-His peptide mon-
oclonal antibody (TianGen), anti-Flag peptide monoclonal
antibody (Sigma), anti-DnaK monoclonal antibody (Ab-
cam), anti-mCherry mouse monoclonal antibody (Novus),
and anti-EF-Tu monoclonal antibody (Hycult). Anti-L2
and -S4 polyclonal antibodies were prepared as follows: the
purified 6 x His-tagged L2 and S4 were used as the antigens
to immunize New Zealand rabbits three times to raise poly-
clonal antibodies. Anti-Kac polyclonal antibody was a gift
from Dr. Shimin Zhao at Fudan University (22).

Ribosome extraction and sucrose sedimentation

Ribosome isolation was adapted from previous methods
(34). Briefly, bacteria were resuspended by buffer A (50 mM
Tris—-HCI at pH 7.5, 10 mM MgCl,, 100 mM NH4Cl, 0.5
mM EDTA and 6 mM 2-mercaptoethanol) with the addi-
tion of Complete Mini Protease Inhibitor cocktail (Kang-
Wei) and lysed by French press, and the supernatant was
collected for filtration and sterilization with 0.22 pm filter
membrane. The lysate was layered over a 36% sucrose cush-
ion composed of buffer B (50 mM Tris—HCI at pH 7.5, 10
mM MgCl,, 500 mM NH4CI, 0.5 mM EDTA and 6 mM
2-mercaptoethanol) and spun centrifuge at 120000 g for 16
h in a Beckman ultracentrifugation 41Ti rotor at 4°C. The
ribosome pellets were washed once with buffer C (50 mM
Tris—HCI at pH 7.5, 10 mM MgCl,, 100 mM NH4Cl and
6 mM 2-mercaptoethanol) and then resuspended in the
same buffer by gentle rocking at 4°C. Purified ribosomes
were profiled in 15-50% (w/v) sucrose gradients prepared
in buffer C with 10 mM MgCl, (associative conditions) or
in 10-30% (w/v) sucrose gradients prepared in buffer C with
10 M MgCl, (dissociative conditions). Samples were cen-
trifuged in a Beckman ultracentrifugation SW41 rotor for
16 h at 71 000 g at 4°C and analyzed by UV using the gra-
dient fractionator system (Biocomp).

Identification of acetylation by label free-mass spectrometry

The wild-type S. Typhimurium and mutant strains were
grown in LB medium to log or stationary phase. R-proteins
were collected by sucrose gradient centrifugation and di-
gested with trypsin at 37°C for 18 h, then desalted on C18
column (Waters Wat051910). The acetylated peptides were
enriched by anti-Kac antibody beads (PTMScan acetyl ly-
sine motif (Kac) Kit, Cell Signal Technology) and then
taken for LC-MS/MS analysis (Thermo Fisher Scientific).
Mass spectrometric data were analyzed using the Maxquant
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software (version no. 1.3.0.5) for database search. To quan-
tify the acetylation levels of r-proteins, the ratios of average
area (representing peptide intensity) of acetylated peptides
to the average area of total lysine-containing peptides were
calculated.

In vitro (de)acetylation assays

All in vitro (de)acetylation assays were performed as de-
scribed (19,20). For Pat acetylation assay, L.2 was incubated
at 37°C for 2 h in the presence or absence of Pat as well as
Ac-CoA. For CobB deacetylation assay, L2 protein was in-
cubated at 37°C for 2 h in the presence or absence of CobB
as well as NAD™. For AcP acetylation assay, L2 and 124
were incubated at 37°C for 2 h in the presence or absence of
AcP at indicated concentrations.

Western blot

Briefly, protein samples were separated by SDS-PAGE
electrophoresis and transferred to PVDF membranes. For
acetylation western blot, blocking buffer (50 mM Tris—HCI
atpH 7.5, 100 mM NacCl, 10% (V/V) Tween-20 and 1% pep-
tone (Amresco) was used for blocking. Non-fat milk buffer
(50 mM Tris—HCI at pH 7.5, 150 mM NacCl, 0.5% (V/V)
Tween-20 and 5% non-fat milk) was used for western blot.
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
or anti-mouse IgG was used as the secondary antibodies
and incubated at room temperature for about 1 h. Blots were
scanned with ECL Chemi System (Tanon) and relative in-
tensity value was quantified by Image J.

RNA extraction and quantitative real time- PCR assay

The wild-type S. Typhimurium and mutant strains were
grown in LB medium overnight, diluted 1:100 to fresh LB
medium and cultured at 37°C with vigorous shaking till
ODgpp = 1.0. Bacteria were collected and lysed with TRI-
ZOL (Thermo Fisher Scientific) and extracted by RNAprep
Pure Kit (Tiangen). Contaminated genomic DNA was re-
moved by RNase-free DNase I (Thermo Fisher Scientific).
For extraction of mRNA /rRNA binding to ribosomes, mi-
nor modifications were adapted from previous methods
(35). Briefly, polysomes were purified by sucrose gradient
centrifugation, then RNA was extracted with TRIZOL.

RNA samples were reversed transcribed with the random
hexamers using Hifair™ II 1st Strand cDNA Synthesis Su-
per Mix (Yesean). Quantitative reverse transcription PCR
(qPCR) analysis was performed using SYBR Premix Ex
Taq II (TaKaRa) in the QuantStudio3 fast real-time PCR
system (Thermo Fisher Scientific). The 16S rRNA was used
as a control and relative gene expression was calculated by
2-AACT method.

Bacterial spot plating assay

S. Typhimurium cells were grown in LB medium overnight
and diluted 1:100 to fresh LB medium and cultured at
37°C with vigorous shaking. Bacteria were collected at
ODggp = 1.0 and serially 10-fold diluted, and then spotted (2
wlof dilutions) on LB agar plates. Plates were photographed
after 14 h of incubation at 37°C or 16°C.
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In vitro transcription assay

In vitro transcription assay was performed as described
according to the operation of In vitro Transcription Kit
(Thermo Fisher Scientific) (36). Briefly, linearized pCW1
plasmid by Bsptl (Thermo Fisher Scientific) was co-
incubated with T7 RNA polymerase, 10x reaction buffer,
ATP solution, CTP solution, GTP solution and UTP so-
lution at 37°C for 1 h. The residual DNA was digested
by DNase at 37°C for 1 h. and RNA was quantified on
Nanodrop.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed using the purified L24 or its variants
and 23S rRNA transcribed from pCW1 in vitro. 6 pg RNA
was mixed with 3 pg proteins and incubated at 4°C for 1 h.
The samples were analyzed by 1% agarose gel electrophore-
sis (150 V for 45 min). The gels were subjected to DNA dye
staining for 5 min and photographed by using a gel imaging
system (Tanon). The assay was repeated at least three times,
and a representative result was shown.

Translation fidelity determination

Translation fidelity was determined as described previously
(37). pZS-mCherry-TGA-YFP plasmid was transformed
into S. Typhimurium and mutant strains and cultured at
37°C for 24 h. The cells were lysed by sonication and whole
protein samples were analyzed by western blot with anti-
mCherry. The signals were qualified by Image J and the
error rates were calculated as the percentage of mCherry-
YFP fusion protein. The multicolor flow cytometry sys-
tem (Beckman) was used to detect the mCherry-YFP fusion
proteins. A total of 500 000 cells were harvested and placed
into a 5 ml round bottom polystyrene tube (Falcon) and fol-
lowed by data acquisition performed by mCherry and YFP
signals. The assay was repeated at least three times, and a
representative result was shown.

L-azidohomoalanine (AHA) labeling assay

Labeling of nascent protein synthesis was performed
using Click-iT Protein Reaction Buffer Kit (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. Salmonella strains were grown overnight in M9CA.
Overnight cultures were washed three times in M9-minimal
medium containing an amino acids mixture lacking methio-
nine (1.6 mM of alanine, glycine, leucine, glutamate and
serine, 1.2 mM glutamine and isoleucine, 0.8 mM arginine,
asparagine, aspartate, lysine, phenylalanine, proline, threo-
nine and valine, 0.4 mM histidine and tyrosine, and 0.2 mM
cysteine and tryptophan). After 4 h growth, cultures were
labeled with 40 wM of AHA for 30 min and lastly bacte-
rial cultures were treated with 100 pg/ml of chlorampheni-
col to end nascent translation. Cell pellets were resuspended
in a lysis buffer (50 mM Tris—HCI at pH 8.0, 0.5% sodium
dodecyl sulfate (SDS) and 1x protease inhibitor cocktail).
Cells were lysed by sonication and insoluble debris was
removed by centrifugation. Covalent attachment of fluo-
rescent tetramethylrhodamine (TAMRA)-alkyne (Thermo
Fisher Scientific) to AHA containing proteins was carried

out using Click-iT Protein Reaction Buffer Kit (Thermo
Fisher Scientific). Proteins samples were separated by SDS-
PAGE and fluorescent signals in gels were measured in a Gel
Doc XR+ device (Bio-Rad). The relative rate of protein syn-
thesis was estimated as the fluorescence signal normalized
by the protein content of the sample by Imagel.

Thin-film interferometry (TFI) technology

A TFI assay was established on the GatorPrime label-free
Analyzer instrument (GatorBio) and the binding ability of
EF-Tu to L7/L12 or mutants was analyzed. Biotin was in-
cubated with 40 wM of EF-Tu for 1 h at room temperature
and purified by a PD-10 column. Each L7/L12 and mu-
tant proteins sample was prepared in a serial dilution (12.5,
6.25,3.125,1.563,0.781 and 0.391 wM) in binding buffer at
pH 7.4 for analysis. Following loading, biotin-sensors were
re-equilibrated for 10 min in binding buffer, then dipped
into wells containing binding buffer for 30 s to establish a
baseline. Biotin-sensors were dipped into wells containing r-
proteins to monitor association signal and returned to wells
containing binding buffer to monitor dissociation. Initial
data processing was performed in Octet Data Analysis 10.0
or Gator 1.7 software.

RESULTS

Lysine acetylation is widely present in r-proteins and regu-
lated by both non-enzymatic and enzymatic mechanisms

Many bacterial acetylome studies have identified acetylated
r-proteins. However, these studies usually used whole-cell
lysates as starting material, which may lead to the under-
representation of r-proteins and failure to identify acety-
lated r-proteins (26). To address this issue, we employed
a systematic approach to identify lysine acetylation of r-
proteins in strains with different acetylation levels. We used
wild-type (WT) strain, hypoacetylation strain Apat, AcP-
accumulated strain Aack A and deacetylase-knockout strain
AcobB. Briefly, we collected ribosomes from WT, Apat,
AcobB or AackA cells in exponential phase and WT cells in
stationary phase using sucrose gradient centrifugation, en-
riched acetylated peptides with specific antibodies, then de-
tected lysine acetylation by label-free high-resolution LC—
MS/MS (Supplementary Figure S1A). The results showed
that a total of 289 Kac sites were identified in 52 of 54 r-
proteins (Supplementary Table S3). Most r-proteins con-
tained 2 or more Kac sites except for L35 and L36 (Figure
1A). Small subunit protein S1, the largest r-protein, con-
tained 19 Kac sites.

We compare the frequency of lysine residues in
Salmonella r-proteins and whole-genome proteins and
find that lysine residues are highly enriched in r-proteins.
The percentage of lysine residues in r-proteins and across
the whole genome of Salmonella was 9.6% and 4.4%
on average, respectively (Supplementary Figure SI1B).
Interestingly, the number of Kac was positively correlated
with the total number of lysine residues among r-proteins
(Supplementary Figure S1C).

We compared quantitatively the lysine acetylation lev-
els of r-proteins in three acetylation-modulating mutants
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Figure 1. Lysine acetylation is widely present in r-proteins. (A) Analysis of Kac sites in r-proteins. The numbers of r-proteins containing 0-19 Kac sites
were labelled above the column. (B) Heatmap highlighting ribosomes subunit clusters. A cluster analysis was performed using the Log, Fold Change values
of the 289 Kac sites of Apat, AcobB and AackA strains compared to WT in log phase or WT in stationary phase compare to WT in log phase. (C) The
Venn diagrams identified the numbers of Kac sites regulated by Pat, CobB and AcP. (D) In vitro (de)acetylation assay of ribosome large subunit protein
L2. The His-tagged L2 (0.1 pg/pl) was purified by Ni-NTA column and co-incubated with Pat (10 pg) in the presence of Ac-CoA (0.2 mmol/L), CobB
(0.1 wg/pl) in the presence of NAD™ (1 mmol/L), and AcP (5 wmol/L). The acetylation levels were determined by anti-Kac antibody. Western blots are

representative from at least three independent replicates.

with the WT strain. The results showed that the acetyla-
tion level of 224 lysine sites (77.5%) decreased in Apat.
Deletion of ackA can lead to the accumulation of in-
tracellular AcP, while the acetylation level of 253 lysine
sites (87.5%) increased in AackA correspondingly. In con-
trast, deletion of cobB did not greatly alter the acetyla-
tion pattern of r-proteins, except for an increase in the
acetylation levels of 95 lysine sites. Additionally, we found
that the acetylation levels of 182 lysine sites (63.0%) in
stationary phase were higher than those in the expo-
nential phase (Figure 1B). Interestingly, we analyzed the
Kac sites of r-proteins in the pat and ackA mutants, and

found that 200 Kac sites were regulated by both Pat and
AcP, suggesting that non-enzymatic and enzymatic mech-
anisms could jointly modulate acetylation of r-proteins
(Figure 1C).

To verify the acetylome results, we purified the large
subunit r-protein L2 (simplified as L2) and performed
(de)acetylation assay in vitro (Figure 1D). The results
of western blot showed that the acetylation level of L2
increased significantly after co-incubation with Pat and
Ac-CoA. CobB could deacetylate 1.2 in the presence of
NAD™*. Additionally, co-incubation with AcP significantly
increased L2 acetylation level. These results indicated that
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r-proteins were widely acetylated, and most sites were
jointly acetylated by Pat and AcP.

Acetylation is involved in ribosome assembly

In order to explore the role of protein acetylation in
regulating ribosome function, we compared the compe-
tency of ribosome assembly among the above-mentioned
strains. Growth defect at low temperature usually indi-
cates impaired ribosome assembly (38). We cultured these
strains (WT, Apat, AcobB, AackA and AackA-pta) at 16°C
overnight and the spot plating results showed that deletion
of ackA or double deletion of ackA and pta caused sig-
nificant growth defects, while Apat and AcobB had slight
growth defects at low temperature (Figure 2A), suggesting
that acetylation may be involved in the ribosome biogenesis
process.

To consolidate these results, we performed polysome pro-
filing using 10 mM Mg?* buffer and found that the abun-
dance of mature 70S ribosomes in AackA and AackA-pta
was reduced by about 25% compared with that of WT in
the exponential phase (Figure 2B). This suggests that dys-
regulation of acetylation leads to a reduction of 70S ribo-
somes in the cell. To distinguish between the possibilities
of whether the reduction in 70S ribosomes was due to the
defect of subunits formation or the inability of large and
small subunits to assemble into a mature ribosome (38), we
further profiled polysomes under dissociative conditions (10
wM Mg?*) to guarantee that all ribosomal subunits would
be in their free state and cannot combine into the mature
708 ribosomes (39). We found that the amount of 30S and
50S subunits in AackA and AackA-pta strains was signifi-
cantly reduced in dissociative conditions (Figure 2C).

Acetylation regulates translation factors binding to ribosome

During protein translation, single ribosome displays rel-
atively low translation efficiency. Therefore, multiple ri-
bosomes can associate with a single mRNA to form a
polysome, which enables the synthesis of multiple peptide
chains simultaneously and improves translation efficiency
significantly (40). In addition to the ribosome itself, other
components, such as elongation factors and GTP, are re-
quired to facilitate protein synthesis (41). To investigate
whether acetylation affects polysome profile, we collected
polysomes from the WT strain and the hyperacetylation
strain (AackA) and subjected them to quantitative analysis
of polysome composition and ribosome-associated proteins
using label-free mass spectrometry. Our data showed that
polysomes from both WT and AackA strains had similar
r-protein compositions (Supplementary Table S4), suggest-
ing that acetylation does not affect major ribosome compo-
nents. Interestingly, Clusters of Orthologous Genes analysis
revealed a decrease in polysome-binding proteins clustered
in transcription and translation pathways in AackA (Sup-
plementary Figure S2A). Specifically, the amount of several
translation elongation factors including EF-Tu, EF-Ts and
EF-G was reduced in AackA compared to WT (Supplemen-
tary Figure S2B).

Given that deletion of ackA increases intracellular AcP
and enhances ribosomal protein acetylation (Figure 1B), it

seems that acetylation may regulate the binding of trans-
lation elongation factors to polysomes. To test this hy-
pothesis, we isolated polysomes from strains including WT,
Apat, AcobB, AackA and AackA-pta and examined the
polysome-bound translation elongation factors by western
blot (Figure 3A). Our results demonstrate that deletion of
acetylation-related genes did not alter the expression level of
ribosomal proteins or translation elongation factors. How-
ever, the amount of polysome-bound translation elonga-
tion factors, including EF-Tu, EF-Ts and EF-G, was sig-
nificantly reduced in the mutant strains compared to WT
regardless of polysome acetylation status.

Acetylation of r-proteins alters ribosome translation effi-
ciency and fidelity

The acetylation of r-proteins can affect ribosome assembly
and the association of ribosome to translation elongation
factors, which could ultimately affect the ribosome’s trans-
lation function. To investigate this, we utilized AHA, a me-
thionine analogue, to determine the translation efficiency
of ribosome in vivo (42). AHA is incorporated into pro-
teins during active protein synthesis and after a click reac-
tion between an azide and an alkyne. The azide-containing
proteins can be detected with an alkyne-tagged fluorescent
dye, coupled with biochemistry techniques such as gel elec-
trophoresis. We first conducted AHA labeling in WT, Apat,
AcobB, AackA and AackA-pta strains. The AHA incorpo-
ration assay results showed that translation efficiencies in
all mutant strains were lower than that in WT (Figure 3B).
Deletion of either acetylation-modulating gene decreased
the relative translation efficiencies by about 25%.

Ribosomes provide a series of mechanisms to ensure the
fidelity of translation during the process (7,43,44). A reduc-
tion in protein synthesis fidelity would lead to an accom-
panying increase in mistranslation, which can be harmful
to the cell. To investigate whether acetylation is involved
in protein translation fidelity (45), we inserted an in-frame
YFP tag immediately after the termination codon TGA of
the mCherry gene. Normally, cells only synthesize mCherry
protein, but stop codon readthrough can cause the synthe-
sis of the mCherry-YFP fusion protein. We transformed
the plasmid into WT, Apat, AcobB, AackA and AackA-pta
strains individually. Firstly, we determined the mCherry-
YFP fusion protein expression in the hyperacetylation level
strains (AcobB and AackA). The fusion protein in AackA
was upregulated by 1.78-fold compared to that in WT, while
deletion of cobB did not alter the fusion protein level (Fig-
ure 3C). Then, we analyzed the fusion protein expression
in the hypoacetylation level strains and found that the level
of fusion protein in Apat and AackA-pta was increased by
1.30- and 2.17-fold, respectively (Figure 3D). These results
suggest that acetylation plays an important role in regulat-
ing ribosome translation fidelity in bacteria.

Acetylation of .24 K33 and L7/L12 K65, K70 are involved
in ribosome assembly

To further confirm the role of acetylation in ribosome as-
sembly, we selected specific r-protein Kac sites to examine
whether acetylation directly regulates ribosome assembly.
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During the ribosome assembly process, ribosomal proteins
L4, L13, L20, L22, L24 and 23S rRNA are essential for the
large subunit intermediate in vivo and conformational in-
termediate change in vitro (46,47). Our mass spectrometry
data revealed that the acetylation level of L24 at lysine 33
(L24 K33) was upregulated in AackA4 and stationary-phase
WT cells (Supplementary Table S3). Analysis of the crys-
tal structure of L24 and 23S rRNA indicated that K33 was
close to C86 and A91 nucleotides of 23S rRNA (PDB num-
ber: 4V6G) (Supplementary Figure S3A). Therefore, we hy-
pothesize that acetylation of K33 may be involved in L.24’s
interaction with 23S rRNA, considering the location and
positive charge of this lysine residue. To test this hypoth-
esis, we mutated L24 K33 to arginine (R), glutamine (Q)
or alanine (A). The K-to-R substitution prevented acetyla-
tion but kept positive charge, mimicking the non-acetylated
form, and the K-to-Q substitution mimicked the constitu-
tively acetylated form through neutralization of the posi-
tive charge. We then expressed and purified WT L24 and its
variants, including L.24 K33R, .24 K33Q and L24 K33A
(Supplementary Figure S3B). All of these r-proteins were
incubated with 23S rRNA obtained from in vitro transcrip-
tion assay (48). The gel mobility assay results showed that
L24 K33Q, K33R and K33A had weaker binding to 23S
rRNA compared to WT L24 (Figure 4A).

The mass spectrometry data showed that intracellular
AcP was involved in acetylation of L.24 (Supplementary Ta-
ble S3), so we co-incubated L.24 with AcP at different con-
centrations in vitro. The acetylation level of L2 increased
significantly in a concentration-dependent manner after co-
incubation with AcP (Figure 4B). We then mixed these AcP-
pretreated L24 proteins with the 23S rRNA obtained from
in vitro transcription assay and performed EMSA. The re-
sults showed that the binding abilities of L24 with 23S
rRNA were negatively correlated with its acetylation levels
(Figure 4C).

In bacterial ribosomes, four copies of L7/L12 are bound
as two dimers via their N-terminal domains (NTD) to L10,
and L10 is attached to the rRNA. Our MS data showed
that lysine residues at positions 59, 65, 70, 81, 84, 95, 100
and 107 on large subunit protein L7/L12 (also known as
RplL) could be acetylated by Pat or AcP (Supplementary
Table S3). Among these residues, K65, K70, K81 and K84
in the L7/L12 are highly conserved in diverse bacteria (Sup-
plementary Figure S4A). The deletion of pat reduced the
acetylation levels of K65 and K70 by 6.7 and 8.3 times, re-
spectively (Supplementary Figure S4B). Deletion of ackA
increased the acetylation levels of K65 and K70 by 11.4 and
6.2 times, respectively. Acetylation of K84 was mainly reg-
ulated by Pat and did not change much along with growth
phase, while K81 acetylation was down-regulated in the sta-
tionary phase (Supplementary Figure S4B). We then fo-
cused on K65 and K70 in the subsequent study. In order
to investigate the role of L7/L12 protein acetylation in ribo-
some assembly, we constructed the corresponding strains of
L7/L12 K65Q, L7/L12 K65R, L7/L12 K70Q and L7/L12
K70R by chromosome knock-in system (49).

The spot plating assay showed that all the mutant strains
had significant growth defects compared with their parental
strain (Figure 4D), suggesting that acetylation of K65 and
K70 were essential in the ribosome biogenesis process. The
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results of polysome profiling showed that the mature 70S
ribosomes abundance of L7/L12 K65Q and L7/L12 K70Q
was reduced by about 60%-80% compared with that of WT
in the log phase, L7/L12 K65R and L7/L12 K70R was re-
duced by about 50-60% (Figure 4E).

Acetylation of L7/L.12 K65 and K70 is involved in ribosome
association to EF-Tu, translation efficiency and fidelity

We found that the levels of polysome-bound translation
elongation factors EF-Tu, EF-Ts and EF-G decreased sig-
nificantly in the mutant strains compared to the WT, regard-
less of the acetylation states of polysome (Figure 3A). In
bacterial ribosomes, the C-terminal domain (CTD) of 50S
subunit proteins L.7/L12 is necessary for the recruitment
of elongation factors EF-Tu and EF-G to the ribosome
and for the stimulation of GTP hydrolysis by the ribosome-
bound factors through stabilization of their active GTPase
conformation (50). Crystal structures (EF-Tu PDB num-
ber: 1IEFU, L7/L12 PDB number: 1CTF) reveal that lysine
residues K65 and K70 located in the large subunit protein
L7/L12 CTD have strong binding affinity with L.145 and
L148 of EF-Tu (Supplementary Figure S4C). Furthermore,
our mass spectrometry data showed that K65 and K70 in
L7/L12 could be acetylated by both Pat and AcP (Supple-
mentary Table S3).

To further confirm the role of L7/L12 protein acetylation
in elongation factors association, polysomes of WT and
these rplL-65Q, rplL-65R, rpl/L-70Q and rp/L-70R strains
were isolated. Western blot results indicated that mutation
of K65 or K70 in L7/L12 reduced the binding of transla-
tion elongation factors to polysomes regardless of whether
the K to Q or K to R mutation occurred (Figure 5A).

Next, we purified L7/L12 and its variant proteins from
E. coli and determined the binding affinities of these pro-
teins to EF-Tu using TFI. The results showed that the
equilibrium dissociation constant (KD) values between WT
L7/L12 and EF-Tu were 0.74 &+ 0.11 wM, while the KD
values between 65Q, 65R, 70Q and 70R and EF-Tu were
1.52 +0.40, 2.69 4+ 0.46, 1.31 4+ 0.42 and 1.81 £ 0.31 uM,
respectively (Figure 5B). The binding properties of the vari-
ant proteins to EF-Tu were significantly weaker than those
of L7/L12. These results suggest that the acetylation state of
r-proteins is crucial for regulating their binding with trans-
lation elongation factors.

We further used the r-protein (de)acetylation-mimic mu-
tant strains to examine the role of acetylation in manipu-
lating translation efficiency and fidelity. Since L7/L12 K65
and K70 are involved in elongation factors binding, we hy-
pothesize that the acetylation state of K65 and K70 could
alter the translation efficiency and fidelity of ribosomes.
As expected, the AHA incorporation assay results showed
that the relative translation efficiencies of L7/L12 K65Q
and K70Q strains were 53.2% and 51.2% of WT level, re-
spectively (Figure 5C). Interestingly, the relative transla-
tion efficiencies of L7/L12 K65R and K70R decreased by
about 25%. Western blot results showed that the transla-
tion fidelity of all four mutants was lower than that of
WT. Compared to WT, the levels of mCherry-YFP fusion
proteins in K65Q, K65R, K70Q and K70R increased to
3.53-, 4.77-, 4.42- and 4.58-fold of WT level, respectively
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Figure 5. Acetylation of L7/L12 K65 and K70 is involved in ribosome association to EF-Tu, translation efficiency and fidelity. (A) Amount of r-proteins
and EF-Tu in cell lysates and polysomes of WT, rp/L-65Q, rp/L-65R, rplL-70Q, and rp/L-70R strains. Bacteria were cultured in LB medium to log phase,
and the cell lysates and polysomes were collected. The levels of r-proteins were determined by anti-L2 and anti-S4 antibodies. The levels of elongation
factors were detected by anti-EF-TU, and DnaK was used as a loading control. Western blots are representative from at least three independent replicates.
(B) Analysis of EF-Tu binding to L7/L12, K65Q, K65R, K70Q, K70R by TFI. His-tagged EF-Tu and L7/L12, K65Q, K65R, K70Q, K70R were purified
by Ni-NTA column. Biotin was incubated with 40 wM of EF-Tu for 1 h at room temperature, and followed by a PD-10 column purification. L7/L12
and its variant proteins were serially diluted (12.5, 6.25, 3.125, 1.563, 0.781 and 0.391 wM) in binding buffer for TFI analysis. Biotin-sensors were used to
monitor association signal. The KD data represent the mean values and standard errors from three independent experiments. (C) Translation efficiency
analysis of rp/L mutant strains. Bacteria (WT, rplL-65Q, rp/L-65R, rplL-70Q, and rplL-70R) were labeled with AHA, and the signal of TAMRA was
detected by fluorescence imaging system. SDS-PAGE was used as protein loading control. Results are representative of three biological replicates. Two
technical replicates are shown. Data are presented as mean values &= SD, unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.0005. (D) Translation
fidelity analysis of rp/L mutant strains. Fidelity was represented by mCherry-Y FP fusion protein level, and mCherry was used as a control. (E) Translation
fidelity analysis by flow cytometry. Bacteria including WT, rp/L-65Q, rplL-65R, rplL-70Q and rp/L-70R were harvested and followed by data acquisition
by mCherry and YFP signals. Results are representative of three biological replicates. Two technical replicates are shown. Data are presented as mean
values + SD, unpaired Student’s ¢-test. *P < 0.05.
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(Figure 5D). We further used flow cytometry to deter-
mine ribosome translation fidelity, the average percentage
of YFP* cells in the mCherry* cells in WT is 1.20%, while
the average percentages of YFP* /mCherry™ in these 4 mu-
tants increased to 3.40%, 3.26%, 4.00% and 2.68%, respec-
tively (Figure SE).

Ribosome acetylation is involved in bacterial stress suscepti-
bility

Multiple studies have reported that protein mistranslation
contributes to bacterial environmental adaptation (43,51—
53). To investigate whether ribosome acetylation affects
bacterial adaptation to environmental stresses, we deter-
mined the survival rates of five strains (WT, rplL-65Q, rp/L-
65R, rplL-70Q, rplL-70R) in LB medium with different ad-
ditives. Our results showed that the survival rates of all mu-
tant strains in LB medium supplemented with 10% bile salt
decreased dramatically compared to the WT strain (Fig-
ure 6A). Similarly, all mutant strains were more sensitive to
treatment with chloramphenicol at sub-minimal inhibitory
concentration (MIC) (2 pg/ml) in agar medium blot assay
(Figure 6B). Furthermore, all the mutants exhibited growth
defects in LB medium supplemented with sub-MIC chlo-
ramphenicol compared to WT (Figure 6C). Interestingly,
mutation of both K65 and K70 to R rendered higher resis-
tance to chloramphenicol exposure than Q mutation (Fig-
ure 6B and C). This finding suggest that the acetylated sta-
tus at K65 and K70 could attenuate bacterial resistance to
antibiotic treatment.

AcrAB and TolC are responsible for the transport of bile
acids and chloramphenicol towards the extracellular envi-
ronment (54). Therefore, we assessed the transcription levels
of acrA and tolC in the above 5 strains and observed that the
expression levels of these two genes decreased by approxi-
mately two-fold in the mutants (Figure 6D). In Salmonella,
the transcription of acrAB and tol/C genes is mainly con-
trolled by RamA (55). Subsequently, we evaluated the ex-
pression levels of ramA gene in these mutant strains and
WT. The qPCR results demonstrated that the mRNA levels
of ramA in the mutants were comparable to those in the WT
(Figure 6E), but the protein levels of RamA in these mu-
tants decreased dramatically (Figure 6F), suggesting that
acetylation of r-proteins potentially regulates RamA at the
post-transcriptional level. To validate this speculation, we
isolated polysomes from WT, rp/L-65Q, rplL-65R, rplL-
70Q and rplL-70R cells and carried out RT-qPCR. The re-
sults showed that ramA mRNA was significantly less en-
riched in polysomes from these mutant strains, indicat-
ing that the translation efficiency of ramA was suppressed
in the mutant strains (Figure 6G). These results indicate
that acetylation of ribosomes potentially modulates protein
translation and is likely involved in bacterial environmental
adaptation.

DISCUSSION

Ribosomes have long been considered essential structures
that are consistent in composition within the same species.
However, recent studies have demonstrated that r-proteins
undergo various PTMs, including phosphorylation (56),

methylation (57), ubiquitination (58) and acetylation (59).
In this study, we systematically analyzed the ribosome
acetylome in Salmonella and identified 289 Kac sites in 52
r-proteins. Our findings suggest that enzymatic and non-
enzymatic lysine acetylation is a significant global PTM of
r-proteins and critical to bacterial ribosomal assembly and
function.

The ubiquitous acetylation of r-proteins

The ribosome is a highly conserved translational ma-
chine in eukaryotes, archaea and prokaryotes, with most
r-proteins shared among these three kingdoms. As RNA-
binding proteins, r-proteins have a high content of ba-
sic amino acids including lysine residue, which is much
more abundant than other amino acid residues (60). Ly-
sine residue has a long side chain and can undergo a wide
range of reversible PTMs, which can regulate enzyme ac-
tivities, protein-protein interactions, protein-DNA interac-
tions, protein stability, and protein cellular localization.
Advances in mass spectrometry-based proteomics have re-
vealed that, in addition to histones, lysine acetylation is a
widespread PTM that occurs on a large number of pro-
teins with diverse biological functions in various organ-
isms (61,62). Bacterial acetylomes have been characterized
in numerous species (17,21,26). Impressively, proteins in-
volved in protein translation were found to be the sec-
ond most acetylated proteins after those involved in cen-
tral metabolism (26). However, due to limitations in pro-
tein isolation and mass spectrometry techniques, only a lim-
ited number of acetylated r-proteins have been identified so
far. For example, in a previous study using S. Typhimurium
cell lysates, we identified a total of 235 acetylated peptides
that matched 191 proteins, with only 12 acetylated peptides
from 12 r-proteins (22). Encouragingly, our current study
identified 289 Kac sites in 52 r-proteins using purified ri-
bosomes from cells in different states. Our results tie well
with recent studies: Feid ez al. analysed from published pro-
teomics data set of 48 bacteria and found that r-proteins
are highly acetylated and the Kac sites are conserved in di-
verse species of bacteria (63,64). In rice, HDA714 is identi-
fied as a major deacetylase of many r-proteins and transla-
tion factors that are extensively acetylated (59). Given the
high abundance of lysine residues in ribosomes, we pro-
pose that lysine acetylation is highly prevalent and dynam-
ically regulated in ribosomes across the three kingdoms
of life.

The coordinated acetylation of r-proteins by Pat and AcP

Pat catalyze acetylation of various proteins enzymatically
(20,23,49,65-67). Additionally, Weinert et al. demonstrated
that AcP levels are correlated with acetylation levels in
vivo, indicating that AcP could non-enzymatically acety-
late proteins in bacteria (68). These two acetylation mech-
anisms may differ in some critical elements. It is possi-
ble that Pat performs enzymatic and acetyl-CoA-dependent
acetylation while AcP-dependent acetylation could re-
spond to time and/or glucose concentration (69). For in-
stance, the important transcription regulatory protein PhoP
can be acetylated by both Pat and AcP in Salmonella.
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rplL-65R, rplL-70Q, and rp/L-70R) were cultured in the LB medium supplemented with 10% bile salt for 3 h. Survival rate is calculated as the ratio of
the number of colonies obtained after and before bile salt treatment. Results are representative of three biological replicates. Two technical replicates are
shown. Data are presented as mean values &+ SD, unpaired Student’s t-test. *P < 0.05. (B) Spot plating assay of rp/L mutant strains in chloramphenicol
medium. The overnight cultured bacteria including WT, rp/L-65Q, rplL-65R, rplL-70Q and rp/L-70R strains were 1:100 diluted in fresh LB medium.
After incubation at 37°C for about 2 h, the bacteria were collected at an ODggg of 1.0. Then, bacteria were serially 10-fold diluted from left to right and
then spotted on LB agar plates supplemented with 1 or 2 pwg/ml chloramphenicol. (C) Growth curves of WT, rp/L-65Q, rp/L-65R, rp/L-70Q, and rplL-
70R strains in sub-MIC chloramphenicol broth. The overnight cultured bacteria were diluted to ODgpp = 0.04 in fresh LB supplemented with 1 pg/ml
chloramphenicol and cultured at 37°C along with ODg(o measurements. (D) qPCR analysis of acr4 and t0/C in WT, rplL-65Q, rp/L-65R, rplL-70Q, and
rplL-70R strains. Al mRNA levels were normalized to the 16S rRNA level and expressed as the fold change compared to WT. Results are representative of
three biological replicates. Two technical replicates are shown. Data are presented as mean values + SD, unpaired Student’s t-test. *P < 0.05, ¥**P < 0.01,
%P < 0.0005. (E) qPCR analysis of ramA in WT, rplL-65Q, rplL-65R, rplL-70Q, and rp/L-70R strains. All mRNA levels were normalized to the 16S
rRNA level and expressed as the fold change compared to WT. Results are representative of three biological replicates. Two technical replicates are shown.
Data are presented as mean values + SD. (F) Expression of RamA in WT, rp/lL-65Q, rplL-65R, rplL-70Q, and rp/L-70R strains. ramA was flag-tagged
in chromosome using A-red recombinase system. The levels of RamA were determined by anti-Flag antibody, and DnaK was used as a loading control.
Western blots are representative from at least three independent replicates. (G) qPCR analysis of ramA in polysome of WT, rplL-65Q, rp/L-65R, rplL-70Q
and rp/L-70R strains. AllmRNA levels were normalized to the 16S rRNA level and expressed as the fold change compared to WT. Results are representative
of three biological replicates. Two technical replicates are shown. Data are presented as mean values &+ SD, unpaired Student’s t-test. **P < 0.01.
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Pat-mediated acetylation of PhoP at K201 inhibits its DNA
binding ability, while AcP-mediated acetylation of K102
blocks PhoP phosphorylation (19,49). In this study, we iso-
lated r-proteins from different stains cultured in LB medium
and found that 200 Kac sites of r-proteins were regulated
by both Pat and AcP. Since most bacterial genomes con-
tain Pat homologs and the AcP metabolism pathway, the
dual-pathway acetylation of r-proteins is highly likely to be
conserved in bacteria.

CobB is involved in regulating r-proteins acetylation

Reverse reaction of acetylation relies on deacetylases,
including sirtuin deacetylases and histone deacetylases
(HDAC) in eukaryotes (70). CobB, a sirtuin deacetylase iso-
form, can remove acetyl groups from Kac sites in the pres-
ence of NAD" in bacteria (21,22). S. Typhimurium has a
single CobB, while Mycolicibacterium smegmatis has one
SIRTS ortholog and one SIRT4 ortholog (71). Deletion of
cobB can globally elevate protein acetylation level in E. coli
(31). In this work, our mass spectrometry data showed that
deletion of cobB increased the acetylation levels of only
95 lysine residues in r-proteins. There are some possible
explanations for this. One is due to the high acetylation
background maintained by Pat and intracellular AcP, which
are mighty to acetylate lysine residues. Alternatively, CobB
expression or activity might be regulated in some way. It
is found that the secondary messenger c-di-GMP strongly
binds to CobB and inhibits CobB activity (72). Since the
level of ¢-di-GMP varies in response to environmental cues,
we propose that CobB might be active only under certain
scenarios.

Interestingly, we identified 13 Kac sites in L2, and the
acetylation levels of these 13 lysine residues increased in
cobB deletion mutant. Moreover, in vitro assays showed that
L2 could be deacetylated by CobB, indicating that CobB in-
deed plays an important role in regulating L2 acetylation.
These findings suggest that CobB can regulate ribosome
function such as assembly and translation by deacetylating
some specific r-proteins.

Chen et al. defined all of the “early group” primary bind-
ing proteins in the process of large subunit assemble by in
vitro chemical probing experiments (73). Williamson et al.
then reordered the assembly map using a combination of
quantitative mass spectrometry and cryo-EM (74). They
found that L3, L4, L20, L.23 and L24 are likely the first
bound to 23S rRNA strongly. In our work, we identified
9 Kac sites in L3, 10 in L4, 4 in L20, 6 in L23 and 6 in L24
totally. Among these Kac sites, only a few can be enzymat-
ically reversed by CobB (4 out of 9 in L3, 3 out of 10 in L4,
0 out of 4 in L20, 2 out of 6 in L23 and 2 out of 6 in L.24).
So, this finding may explain why deletion of cobB did not
disturb the ribosome assembly.

In the translation elongation cycle, aminoacylated tRNA
is brought into the A site as a complex with EF-Tu and GTP
which also need L7/L12 stalk (75). Our mass results identi-
fied 8 acetylated residues in L7/L12, of which Pat affected
six residues, AcP affected 7 residues, and CobB deacety-
lated four residues. This can explain the similar transla-
tion efficiency defect we observed in Apat, AcobB and
AackA.

Acetylation homeostasis is crucial for ribosome assembly and
translation

Our mass spectrometry data revealed a significant increase
in lysine acetylation of r-proteins during stationary phase
compared to exponential phase. Specifically, 182 lysine sites
in r-proteins exhibited elevated acetylation levels in sta-
tionary phase. Considering the differential expression of
pat and cobB across growth phases and the accumula-
tion of intracellular AcP in stationary phase (69), we pro-
pose that the coordinated action of these three acetylation-
modulating factors are crucial for maintaining physiologi-
cal ribosome acetylation levels. Polysome profiling showed
that an appropriate level of r-protein acetylation is essen-
tial for facilitating functional 70S ribosome assembly, by
ensuring proper association between rRNA and r-proteins.
Notably, deletion of pat or cobB led to a slight impair-
ment in 70S ribosome assembly and a dramatic attenua-
tion in the binding of elongation factors EF-Tu, EF-Ts and
EF-G to polysomes. Furthermore, AHA labelling assays
demonstrated that disruption of ribosome acetylation sta-
tus could hinder ribosome translation efficiency. Acetyla-
tion homeostasis was studied in the context of chromatin
maintenance and gene expression in eukaryotes, which was
influenced by the dose and enzymatic activity of histone
acetyltransferases (HATs) and HDAC:s. Several studies have
illustrated that balanced histone acetylation status within
the nucleus is critical for neuronal vitality (76,77). Also,
homeostatic status of histone acetylation is essential for
auxin signaling as well as root morphogenesis in plants
(78,79).

The ribosomal protein L.24 is an assembly-initiator pro-
tein essential for early ribosome assembly (80), whereas
spontaneously mutated 124 showed temperature-sensitive
phenotype (81). Our mass spectrometry data revealed that
L24 K33 could be acetylated by AcP, and crystal analy-
sis showed L24 could associate with 23S rRNA (82). Un-
fortunately, our attempts to construct chromosomal mu-
tation of L24 K33 were unsuccessful due to the essential-
ity of the protein (83). However, we confirmed that L.24
could be acetylated by AcP and the acetylation homeosta-
sis of K33 is crucial for rRNA binding in vitro. These
findings suggest that AcP-mediated acetylation might regu-
late early ribosome assembly through r-protein and rRNA
association.

Ribosomal-stalk protein L7/L12 (L7 is the N-terminal
acetylated form of L12) is a two-domain protein composed
of an N-terminal dimerization module and a globular CTD
connected by a flexible hinge that allows it to acquire mul-
tiple conformations on the ribosome. L7/L12 binds as two
dimers via their N-terminal domains (NTD) to L10, and
L10 is attached to the rRNA. The CTD domain of L7/L12
is required for recruitment of elongation factors EF-Tu and
EF-G to the ribosome and stimulates GTP hydrolysis by
the ribosome bound factors through stabilization of their
active GTPase conformation (5). Diaconu et al. previously
showed that the mutation of L7/L12 K65 reduced the bind-
ing of EF-Tu and GTP hydrolysis (4). Our data showed that
L7/L12 K65 and K70 could be acetylated by both Pat and
AcP, and (de)acetylation-mimic mutations of K65Q, K65R,
K70Q and K70R reduced the ribosome assembly and
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Figure 7. Working model demonstrating the role of acetylation homeostasis in ribosome assembly and function. Normal r-proteins possess acetyla-
tion homeostasis, which is crucial for ribosome assembly and protein translation efficiency and fidelity. Hyper- or hypo-acetylation of ribosomes (non-
homeostasis) may lead to defective ribosome assembly, low translation efficiency and high miscoding rate.

EF-Tu-binding entirely. These findings suggest that appro-
priate acetylation status of K65 and K70 is required for
rRNA and EF-Tu recruitment and subsequent assembly
and translation elongation efficiency.

Recently, Feid et al. report that acetylation of r-proteins
inhibits the formation of 70S ribosomes and impairs pro-
tein translation in E. coli (63). There are some commonal-
ities between our results. Regarding the ribosome dissocia-
tion pattern, they also observed that both the AackA strain
(high-acetylation) and the Apta strain (low-acetylation) had
smaller 70S peak than the WT strain. This indicates that
mutants with different acetylation states had defect in ribo-
some assembly. Moreover, they showed that the polysome
profiles of the AackA diverged from that of the WT at later
time points, as cells exited exponential phase. Feid et al. ar-
gue that translation regulation by acetylation is a dynamic
phenomenon that is growth-phase specific. In line with their
results, we also conclude that the r-proteins undergo dy-
namic acetylation in bacterial cells. Our data further ex-
tend that acetylation homeostasis is important for bacterial
translation processes.

Therefore, we propose a model (Figure 7) to decipher how
bacteria utilize protein acetylation to mediate ribosome as-
sembly, translation efficiency and fidelity, which represents
a novel form of environmental adaptation in bacteria.

DATA AVAILABILITY

The data underlying this article are available in the article
and in its online supplementary material.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr Michael Jewett at Northwestern University
for sharing plasmid pCW1, Dr Ming Lei at Shanghai In-
stitute of Precision Medicine for helping ribosome prepara-
tion, and Core Facility of Basic Medical Sciences, Shanghai
Jiao Tong University School of Medicine. The funders had
no role in study design, data collection and analysis, deci-
sion to publish, or preparation of the manuscript.

Author contributions: Jinjing Ni: Conceptualization, For-
mal analysis, Funding Acquisition, Methodology, Valida-
tion, Writing-original draft, Writing-Review & Editing.
Shuxian Li: Formal analysis, Methodology. Yanan Lai:
Formal analysis, Methodology. Zuogiang Wang: Formal
analysis. Danni Wang: Funding Acquisition, Formal anal-
ysis. Yongcong Tan: Conceptualization, Formal analysis.
Yonggiang Fan: Supervision, Writing-Review & Editing. Jie
Lu: Funding Acquisition, Supervision, Writing-Review &
Editing. Yu-Feng Yao: Conceptualization, Formal analy-
sis, Funding Acquisition, Supervision, Writing-Review &
Editing.

FUNDING

National Natural Science Foundation of China [31700121
to JN., 81830068 to Y.Y., 81772140 to Y.Y., 81501733
to J.Lu, 31900111 to D.W.]; Key Research and Develop-
ment Project of China [2016YFA0500600 to Y.Y.]; Program
for Professor of Special Appointment (Eastern Scholar)
at Shanghai Institutions of Higher Learning (to Y.Y.);
GuangCi Professorship Program of Ruijin Hospital, Shang-
hai Jiao Tong University School of Medicine (to Y.Y.).
Funding for open access charge: National Natural Science
Foundation of China.

Conflict of interest statement. None declared.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad768#supplementary-data

10426 Nucleic Acids Research, 2023, Vol. 51, No. 19

REFERENCES

1.

20.

21

22.

Ban,N., Beckmann,R., Cate,J.H., Dinman,J.D., Dragon,F., Ellis,S.R.,
Lafontaine,D.L., Lindahl,L., Liljas,A., Lipton,J. M. ez al. (2014) A
new system for naming ribosomal proteins. Curr. Opin. Struct. Biol.,
24, 165-169.

. Selmer,M., Dunham,C.M., Murphy,F.V.t., Weixlbaumer,A., Petry,S.,

Kelley,A.C., Weir,J.R. and Ramakrishnan,V. (2006) Structure of the
70S ribosome complexed with mRNA and tRNA. Science, 313,
1935-1942.

. Yusupova,G. and Yusupov,M. (2014) High-resolution structure of

the eukaryotic 80S ribosome. Annu. Rev. Biochem., 83, 467-486.

. Diaconu,M., Kothe,U., Schliinzen,F., Fischer,N., Harms,J.M.,

Tonevitsky,A.G., Stark,H., Rodnina,M.V. and Wahl,M.C. (2005)
Structural basis for the function of the ribosomal L7/12 stalk in
factor binding and GTPase activation. Cel/, 121, 991-1004.

. Kothe,U., Wieden,H.J., Mohr,D. and Rodnina,M.V. (2004)

Interaction of helix D of elongation factor Tu with helices 4 and 5 of
protein L7/12 on the ribosome. J. Mol. Biol., 336, 1011-1021.

. Hetz,C., Zhang,K. and Kaufman,R.J. (2020) Mechanisms, regulation

and functions of the unfolded protein response. Nat. Rev. Mol. Cell
Biol., 21, 421-438.

. Abraham,A K. (1983) The fidelity of translation. Prog. Nucleic Acid

Res. Mol. Biol., 28, 81-100.

. Caban,K., Pavlov,M., Ehrenberg, M. and Gonzalez,R.L. Jr (2017) A

conformational switch in initiation factor 2 controls the fidelity of
translation initiation in bacteria. Nat. Commun., 8, 1475.

. Aggarwal,S.D., Lloyd,A.J., Yerneni,S.S., Narciso,A.R., Shepherd,J.,

Roper,D.1., Dowson,C.G., Filipe,S.R. and Hiller,N.L. (2021) A
molecular link between cell wall biosynthesis, translation fidelity, and
stringent response in Streptococcus pneumoniae. Proc. Nat. Acad.
Sci. U.S.A., 118, ¢2018089118.

. Giessing,A.M., Jensen,S.S., Rasmussen,A., Hansen,L.H.,

Gondela,A., Long,K., Vester,B. and Kirpekar,F. (2009) Identification
of 8-methyladenosine as the modification catalyzed by the radical
SAM methyltransferase Cfr that confers antibiotic resistance in
bacteria. RNA, 15, 327-336.

. Mosher,R.H., Camp,D.J., Yang,K., Brown,M.P,, Shaw,W.V. and

Vining,L.C. (1995) Inactivation of chloramphenicol by
O-phosphorylation. A novel resistance mechanism in Streptomyces
venezuelae ISP5230, a chloramphenicol producer. J. Biol. Chem., 270,
27000-27006.

. Shvedunova,M. and Akhtar,A. (2022) Modulation of cellular

processes by histone and non-histone protein acetylation. Nature
reviews. Mol. Cell Biol., 23, 329-349.

. Deribe,Y.L., Pawson, T. and Dikic,I. (2010) Post-translational

modifications in signal integration. Nat. Struct. Mol. Biol., 17,
666-672.

. Gudkov,A.T. (1997) The L7/L12 ribosomal domain of the ribosome:

structural and functional studies. FEBS Lett., 407, 253-256.

. Brot,N. and Weissbach,H. (1981) Chemistry and biology of E. coli

ribosomal protein L12. Mol. Cell. Biochem., 36, 47-63.

. Verdin,E. and Ott,M. (2013) Acetylphosphate: a novel link between

lysine acetylation and intermediary metabolism in bacteria. Mol.
Cell, 51, 132-134.

. Luu,J. and Carabetta,V.J. (2021) Contribution of N(e)-lysine

acetylation towards regulation of bacterial pathogenesis. Msystems,
6, 0042221.

. Ma,Q., Pan,Y., Chen,Y., Yu,S., Huang,J., Liu,Y., Gong,T., Zou,J. and

Li,Y. (2021) Acetylation of glucosyltransferases regulates
Streptococcus mutans biofilm formation and virulence. PLoS Pathog.,
17,¢1010134.

. Ren,J., Sang,Y., Qin,R., Su,Y., Cui,Z., Mang,Z., Li,H., Lu,S.,

Zhang,J., Cheng.,S. et al. (2019) Metabolic intermediate acetyl
phosphate modulates bacterial virulence via acetylation. Emerg.
Microbes Infect., 8, 55-69.

Zhang,Q., Zhou,A., Li,S., Ni,J., Tao,J., Lu,J., Wan,B., Li,S., Zhang,J.,
Zhao,S. et al. (2016) Reversible lysine acetylation is involved in DNA
replication initiation by regulating activities of initiator DnaA in
Escherichia coli. Sci. Rep., 6, 30837.

. Ren,J., Sang,Y., Lu,J. and Yao,Y.F. (2017) Protein acetylation and its

role in bacterial virulence. Trends Microbiol., 25, 768-779.
Wang,Q., Zhang,Y., Yang,C., Xiong,H., Lin,Y., Yao,J., Li,H., Xie,L.,
Zhao,W., Yao.,Y. et al. (2010) Acetylation of metabolic enzymes

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

coordinates carbon source utilization and metabolic flux. Science,
327, 1004-1007.

Starai,V.J., Celic,I., Cole,R.N., Boeke,J.D. and
Escalante-Semerena,J.C. (2002) Sir2-dependent activation of
acetyl-CoA synthetase by deacetylation of active lysine. Science, 298,
2390-2392.

Liew,C.C. and Gornall,A.G. (1973) Acetylation of ribosomal
proteins. I. Characterization and properties of rat liver ribosomal
proteins. J. Biol. Chem., 248, 977-983.

Hansen,B.K., Gupta,R., Baldus,L., Lyon,D., Narita,T.,
Lammers,M., Choudhary,C. and Weinert,B.T. (2019) Analysis of
human acetylation stoichiometry defines mechanistic constraints on
protein regulation. Nat. Commun., 10, 1055.

Hentchel,K.L. and Escalante-Semerena,J.C. (2015) Acylation of
Biomolecules in Prokaryotes: a Widespread Strategy for the Control
of Biological Function and Metabolic Stress. Microbiol. Mol. Biol.
Rev., 79, 321-346.

Yu,B.J., Kim,J.A., Moon,J.H., Ryu,S.E. and Pan,J.G. (2008) The
diversity of lysine-acetylated proteins in Escherichia coli. J. Microbiol.
Biotechnol., 18, 1529-1536.

Yan,Q., Yu,Y., Feng,W., Yu,Z. and Chen,H. (2008) Plankton
community composition in the Three Gorges Reservoir Region
revealed by PCR-dGGE and its relationships with environmental
factors. J. Environ. Sci., 20, 732-738.

Pan.J., Ye,Z., Cheng,Z., Peng,X., Wen,L. and Zhao,F. (2014)
Systematic analysis of the lysine acetylome in Vibrio
parahemolyticus. J. Proteome Res., 13, 3294-3302.

Pletnev,P1., Shulenina,O., Evfratov,S., Treshin,V., Subach,M.F.,
Serebryakova,M.V., Osterman,l.A., Paleskava,A., Bogdanov,A.A.,
Dontsova,O.A. et al. (2022) Ribosomal protein S18 acetyltransferase
Riml is responsible for the acetylation of elongation factor Tu. J.
Biol. Chem., 298, 101914.

Zhang,B.Q., Bu,H.L., You,D. and Ye,B.C. (2020) Acetylation of
translation machinery affected protein translation in E. coli. Appl.
Microbiol. Biotechnol., 104, 10697-10709.

Datsenko,K.A. and Wanner,B.L. (2000) One-step inactivation of
chromosomal genes in Escherichia coli K-12 using PCR products.
Proc. Nat. Acad. Sci. U.S.A., 97, 6640-6645.

Bradford,M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem., 72, 248-254.

Powers,T. and Noller,H.F. (1991) A functional pseudoknot in 16S
ribosomal RNA. EMBO J., 10, 2203-2214.

Karamysheva,Z.N., Tikhonova,E.B., Grozdanov,P.N., Huffman,J.C.,
Baca,K.R., Karamyshev,A., Denison,R.B., MacDonald,C.C.,
Zhang,K. and Karamyshev,A.L. (2018) Polysome profiling in
Leishmania, human cells and mouse testis. J. Visual. Exp., 57600.
Fritz,B.R. and Jewett,M.C. (2014) The impact of transcriptional
tuning on in vitro integrated rRNA transcription and ribosome
construction. Nucleic Acids Res., 42, 6774-6785.

Fan,Y., Thompson,L., Lyu,Z., Cameron,T.A., De Lay,N.R.,
Krachler,A.M. and Ling,J. (2019) Optimal translational fidelity is
critical for Salmonella virulence and host interactions. Nucleic Acids
Res., 47, 5356-5367.

Andrade,J. M., Santos,D., R.F.,C., I.,I. and Arraiano,C.M. (2018)
The RNA-binding protein Hfq is important for ribosome biogenesis
and affects translation fidelity. EMBO J., 37, €97631.
Gesteland,R.F. (1966) Unfolding of Escherichia coli ribosomes by
removal of magnesium. J. Mol. Biol., 18, 356-371.

Rivera,M.C., Maguire,B. and Lake,J.A. (2015) Purification of
polysomes. Cold Spring Harb. Protoc., 2015, 303-305.

Zhan,B., Gao,Y., Gao,W., Li,Y,, Li,Z., Qi,Q., Lan,X., Shen,H.,
Gan,J., Zhao,G. et al. (2022) Structural insights of the elongation
factor EF-Tu complexes in protein translation of Mycobacterium
tuberculosis. Commun. Biol., 5, 1052.

Ma,Y., McClatchy,D.B., Barkallah,S., Wood,W.W. and Yates,J.R. 3rd
(2018) Quantitative analysis of newly synthesized proteins. Nat.
Protoc., 13, 1744-1762.

Mohler,K. and Ibba,M. (2017) Translational fidelity and
mistranslation in the cellular response to stress. Nat. Microbiol., 2,
17117.

Evans,C.R., Fan,Y., Weiss,K. and Ling.J. (2018) Errors during gene
expression: single-cell heterogeneity, stress resistance, and
microbe-host interactions. mBio, 9, e01018.



45.

46.

47.

48.

49.

50.

S1.

52.

53

54.

55.

56.

57.

58

59.

60.

61.

62.

63.

64.

Fan,Y., Evans,C.R., Barber,K.W., Banerjee,K., Weiss,K.J.,
Margolin,W., Igoshin,O.A., Rinehart,J. and Ling,J. (2017)
Heterogeneity of stop codon readthrough in single bacterial cells and
implications for population fitness. Mol. Cell, 67, 826-836.
Spillmann,S., Dohme,F. and Nierhaus,K.H. (1977) Assembly in vitro
of the 50 S subunit from Escherichia coli ribosomes: proteins essential
for the first heat-dependent conformational change. J. Mol. Biol.,
115, 513-523.

Lindahl,L. (1975) Intermediates and time kinetics of the in vivo
assembly of Escherichia coli ribosomes. J. Mol. Biol., 92, 15-37.
Pontes,M.H., Yeom,J. and Groisman,E.A. (2016) Reducing ribosome
biosynthesis promotes translation during low Mg(2+) stress. Mol.
Cell, 64, 480-492.

Ren,J, Sang,Y., Tan,Y., Tao,J., Ni,J., Liu,S., Fan,X., Zhao,W., Lu,J.,
Wu,W. et al. (2016) Acetylation of lysine 201 inhibits the
DNA-binding ability of PhoP to regulate Salmonella virulence. PLoS
Pathog., 12, €1005458.

Carlson,M.A., Haddad,B.G., Weis,A.J., Blackwood,C.S.,
Shelton,C.D., Wuerth,M.E., Walter,J.D. and Spiegel,P.C. Jr (2017)
Ribosomal protein L7/L12 is required for GTPase translation factors
EF-G, RF3, and IF2 to bind in their GTP state to 70S ribosomes.
FEBS J., 284, 1631-1643.

Javid,B., Sorrentino,F., Toosky,M., Zheng,W., Pinkham,J.T., Jain,N.,
Pan,M., Deighan,P. and Rubin,E.J. (2014) Mycobacterial
mistranslation is necessary and sufficient for rifampicin phenotypic
resistance. Proc. Nat. Acad. Sci. US.A., 111, 1132-1137.
Bullwinkle, T.J. and Ibba,M. (2016) Translation quality control is
critical for bacterial responses to amino acid stress. Proc. Nat. Acad.
Sci. US.A., 113, 2252-2257.

. Mohler,K., Mann,R., Bullwinkle,T.J., Hopkins,K., Hwang,L.,

Reynolds,N.M., Gassaway,B., Aerni,H.R., Rinehart,J., Polymenis,M.
et al. (2017) Editing of misaminoacylated tRNA controls the
sensitivity of amino acid stress responses in Saccharomyces cerevisiae.
Nucleic Acids Res., 45, 3985-3996.

Li,X.Z., Plésiat,P. and Nikaido,H. (2015) The challenge of
efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin.
Microbiol. Rev., 28, 337-418.

Ricci, V. and Piddock,L.J. (2009) Ciprofloxacin selects for multidrug
resistance in Salmonella enterica serovar Typhimurium mediated by
at least two different pathways. J. Antimicrob. Chemother., 63,
909-916.

Jiang,X., Feng,S., Chen,Y., Feng,Y. and Deng,H. (2016) Proteomic
analysis of mTOR inhibition-mediated phosphorylation changes in
ribosomal proteins and eukaryotic translation initiation factors.
Protein Cell, 7, 533-537.

Polevoda,B. and Sherman,F. (2007) Methylation of proteins involved
in translation. Mol. Microbiol., 65, 590-606.

. Dougherty,S.E., Maduka,A.O., Inada,T. and Silva,G.M. (2020)

Expanding role of ubiquitin in translational control. Int. J. Mol. Sci.,
21, 1151.

Xu,Q., Liu,Q., Chen,Z., Yue,Y., Liu,Y., Zhao,Y. and Zhou,D.X.
(2021) Histone deacetylases control lysine acetylation of ribosomal
proteins in rice. Nucleic Acids Res., 49, 4613-4628.

Wyant,G.A., Abu-Remaileh,M., Frenkel,E.M., Lagtom,N.N.,
Dharamdasani,V., Lewis,C.A., Chan,S.H., Heinze,I., Ori,A. and
Sabatini,D.M. (2018) NUFIP1 is a ribosome receptor for
starvation-induced ribophagy. Science, 360, 751-758.

Narita,T., Weinert,B.T. and Choudhary,C. (2019) Functions and
mechanisms of non-histone protein acetylation. Nature reviews. Mol.
Cell Biol., 20, 156-174.

Guan,K.L. and Xiong,Y. (2011) Regulation of intermediary
metabolism by protein acetylation. Trends Biochem. Sci, 36, 108-116.
Feid,S.C., Walukiewicz,H.E., Wang,X., Nakayasu,E.S., Rao,C.V. and
Wolfe,A.J. (2022) Regulation of translation by lysine acetylation in
Escherichia coli. mBio, 13, e0122422.

Nakayasu,E.S., Burnet,M.C., Walukiewicz,H.E., Wilkins,C.S.,
Shukla,A.K., Brooks,S., Plutz,M.J., Lee,B.D., Schilling,B., Wolfe,A.J.
et al. (2017) Ancient regulatory role of lysine acetylation in central
metabolism. mBio, 8, €01894-17.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Nucleic Acids Research, 2023, Vol. 51, No. 19 10427

Starai,V.J. and Escalante-Semerena,J.C. (2004) Identification of the
protein acetyltransferase (Pat) enzyme that acetylates acetyl-CoA
synthetase in Salmonella enterica. J. Mol. Biol., 340, 1005-1012.
Sang,Y., Ren,J,, Qin,R., Liu,S., Cui,Z., Cheng,S., Liu,X., Lu,J., Tao,J.
and Yao,Y.F. (2017) Acetylation regulating protein stability and
DNA-binding ability of HilD, thus modulating Salmonella
typhimurium virulence. J. Infect. Dis., 216, 1018-1026.

Singhal,A., Arora,G., Virmani,R., Kundu,P., Khanna,T., Sajid,A.,
Misra,R., Joshi,J., Yadav,V., Samanta,S. et al. (2015) Systematic
analysis of mycobacterial acylation reveals first example of
acylation-mediated regulation of enzyme activity of a bacterial
phosphatase. J. Biol. Chem., 290, 26218-26234.

Weinert,B.T., [esmantavicius, V., Wagner,S.A., Scholz,C.,
Gummesson,B., Beli,P., Nystrom,T. and Choudhary,C. (2013)
Acetyl-phosphate is a critical determinant of lysine acetylation in E.
coli. Mol. Cell, 51, 265-272.

Schilling,B., Christensen,D., Davis,R., Sahu,A.K., Hu,L.I.,
Walker-Peddakotla,A., Sorensen,D.J., Zemaitaitis,B., Gibson,B.W.
and Wolfe,A.J. (2015) Protein acetylation dynamics in response to
carbon overflow in Escherichia coli. Mol. Microbiol., 98, 847-863.
VanDrisse,C.M. and Escalante-Semerena,J.C. (2019) Protein
acetylation in bacteria. Annu. Rev. Microbiol., 73, 111-132.

Tan,Y., Xu,Z., Tao.J., Ni,J., Zhao,W., Lu,J. and Yao,Y.F. (2016) A
SIRT4-like auto ADP-ribosyltransferase is essential for the
environmental growth of Mycobacterium smegmatis. Acta Biochim.
Biophy. Sin., 48, 145-152.

Xu,Z., Zhang,H., Zhang,X., Jiang,H., Liu,C., Wu,F,, Qian,L.,
Hao,B., Czajkowsky,D.M., Guo,S. et al. (2019) Interplay between the
bacterial protein deacetylase CobB and the second messenger
c-di-GMP. EMBO J., 38, €100948.

Chen,S.S. and Williamson,J.R. (2013) Characterization of the
ribosome biogenesis landscape in E. coli using quantitative mass
spectrometry. J. Mol. Biol., 425, 767-779.

Davis,J.H., Tan,Y.Z., Carragher,B., Potter,C.S., Lyumkis,D. and
Williamson,J.R. (2016) Modular assembly of the bacterial large
ribosomal subunit. Cell, 167, 1610-1622.

Ramakrishnan,V. (2002) Ribosome structure and the mechanism of
translation. Cell, 108, 557-572.

Rouaux,C., Jokic,N., Mbebi,C., Boutillier,S., Loeffler,J.P. and
Boutillier,A.L. (2003) Critical loss of CBP/p300 histone acetylase
activity by caspase-6 during neurodegeneration. EMBO J., 22,
6537-6549.

Boutillier,A.L., Trinh,E. and Loeffler,J.P. (2003) Selective
E2F-dependent gene transcription is controlled by histone
deacetylase activity during neuronal apoptosis. J. Neurochem., 84,
814-828.

Li,H., Torres-Garcia,J., Latrasse,D., Benhamed,M., Schilderink,S.,
Zhou,W., Kulikova,O., Hirt,H. and Bisseling, T. (2017) Plant-specific
istone deacetylases HDT1/2 regulate GIBBERELLIN 2-OXIDASE2
expression to control Arabidopsis root meristem cell number. Plant
Cell, 29, 2183-2196.

Chung,PJ., Kim,Y.S., Jeong,J.S., Park,S.H., Nahm,B.H. and
Kim,J.K. (2009) The histone deacetylase OsHDACI epigenetically
regulates the OsNAC6 gene that controls seedling root growth in rice.
Plant J., 59, 764-776.

Spillmann,S. and Nierhaus,K.H. (1978) The ribosomal protein L.24
of Escherichia coli is an assembly protein. J. Biol. Chem., 253,
7047-7050.

Nishi,K. and Schnier,J. (1986) A temperature-sensitive mutant in the
gene rplX for ribosomal protein L24 and its suppression by
spontaneous mutations in a 23S rRNA gene of Escherichia coli.
EMBO J., 5, 1373-1376.

Jenner,L.B., Demeshkina,N., Yusupova,G. and Yusupov,M. (2010)
Structural aspects of messenger RNA reading frame maintenance by
the ribosome. Nat. Struct. Mol. Biol., 17, 555-560.

Canals,R., Xia,X.Q., Fronick,C., Clifton,S.W., Ahmer,B.M.,
Andrews-Polymenis,H.L., Porwollik,S. and McClelland,M. (2012)
High-throughput comparison of gene fitness among related bacteria.
Bmc Genomics [ Electronic Resource], 13, 212.

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

