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ABSTRACT

Translational fidelity is critical for microbial fitnhess,
survival and stress responses. Much remains un-
known about the genetic and environmental con-
trol of translational fidelity and its single-cell het-
erogeneity. In this study, we used a high-throughput
fluorescence-based assay to screen a knock-out
library of Escherichia coli and identified over 20
genes critical for stop-codon readthrough. Most of
these identified genes were not previously known
to affect translational fidelity. Intriguingly, we show
that several genes controlling metabolism, includ-
ing cyaA and crp, enhance stop-codon readthrough.
CyaA catalyzes the synthesis of cyclic adeno-
sine monophosphate (cAMP). Combining RNA se-
quencing, metabolomics and biochemical analyses,
we show that deleting cyaA impairs amino acid
catabolism and production of ATP, thus repressing
the transcription of rRNAs and tRNAs to decrease
readthrough. Single-cell analyses further show that
cAMP is a major driver of heterogeneity in stop-
codon readthrough and rRNA expression. Our re-
sults highlight that carbon metabolism is tightly cou-
pled with stop-codon readthrough.
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INTRODUCTION

Accurate translation of mRNA into proteins is a central
and delicately controlled cellular process (1-4). Aminoacyl-
tRNA synthetases (aaR Ss) are challenged to ligate the cor-
rect amino acids to the tRNAs (5). Given the similarity be-
tween amino acids, an editing step is used by approximately
half of the aaRSs to remove misactivated amino acids or
mismatched aminoacyl-tRNAs (aa-tRNAs) (2,6,7). The ac-
curate pairing of the resulting aa-tRNAs to the mRNA
codons on the ribosome also needs kinetic proofreading
(8). Despite such conserved quality control mechanisms,
base levels of translational errors remain high compared
with DNA replication and transcription (9). The amino
acid misincorporation rate at sense codons is approximately
10~* to 1073, and the frequency of stop-codon readthrough
is even higher at 1073 to 1072 (10-14). It is important to
note that such error rates are not fixed and can fluctu-
ate due to mutations, mRNA context and environmental
changes (2,15-19). Mutations in aaRSs and tRNAs may
lead to the production of misacylated tRNAs, which are
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used by the ribosome to make erroncous proteins (4,7,20—
23). Recent studies suggest that some tRNA variants in
human populations lead to increased translational errors
and may function as disecase modifiers (19,24). Mutations
in ribosomal proteins and RNAs also affect the decod-
ing accuracy to cause amino acid misincorporation, stop-
codon readthrough and frameshift (13,25,26). Further, pro-
grammed stop-codon readthrough and frameshift are fre-
quently used by viruses and host cells to regulate the expres-
sion of alternative protein variants (27,28). In addition to
genetic changes, environmental cues can also affect various
types of translational errors. For example, oxidative stress
impairs the editing function of threonyl-tRNA synthetase
and causes serine misincorporation at threonine codons in
Escherichia coli (29). Conversely, oxidation of phenylalanyl-
tRNA synthetase enhances editing and confers hyper accu-
racy (18). It has also been shown that acid stress increases
stop-codon readthrough on the ribosome by compromising
the activity of release factors (16).

Reduced translational fidelity often leads to detrimen-
tal effects such as slow growth, cell death and neurolog-
ical disorders (30). Recent studies in yeasts, flies, worms,
and mice demonstrate that increasing translational fidelity
by a ribosomal mutation improves the life span, whereas
decreasing translational fidelity leads to accelerated aging
(31,32). However, maintaining high fidelity also comes with
costs, and translational errors have been shown to be ben-
eficial under certain conditions, particularly during micro-
bial stress responses and host interactions (33). For exam-
ple, increasing ribosomal decoding fidelity decreases resis-
tance to oxidative stress in E. coli and the expression of viru-
lence genes in Salmonella enterica (34,35). Elevating amino
acid misincorporation also increases resistance against an-
tibiotics in Mycobacteria (36,37).

Despite decades of work, the genetic factors and path-
ways that regulate translational fidelity are still not fully
understood. Strikingly, although translational errors have
been shown to fluctuate among single cells in genetically-
identical populations of bacteria (14,36), what drives such
heterogeneity in translational errors remains completely un-
known. In this study, we used recently developed dual-
fluorescence reporters to perform high-throughput screen-
ing of the E. coli knockout library. In addition to a few
genes that were previously shown to affect translational fi-
delity (e.g. miaA and prfC), we identified over 20 novel genes
that either increase or decrease stop-codon readthrough.
The effects of the identified genes on translational fidelity
were then validated by testing reporters and native stop
codons in E. coli deletion mutants that were indepen-
dently constructed. Our screening revealed several inter-
esting metabolic genes that regulate translational fidelity.
Further mechanistic studies show that cCAMP promotes
amino acid catabolism and ATP production to enhance
the transcription of tRNAs and stop-codon readthrough.
We also show that in single cells, fluctuation of the cAMP
level promotes noise in stop-codon readthrough and rRNA
expression. This work thus revealed a central role of
cAMP in coupling carbon metabolism with stop-codon
readthrough and ribosome biogenesis, as well as driv-
ing the heterogeneity of translational errors among single
cells.

MATERIALS AND METHODS
Bacterial strains, plasmids, growth conditions and reagents

All strains and plasmids used in this study are listed in Ta-
ble S4. The oligonucleotides used for gene disruption and
plasmid construction are listed in Table S5. Gene knockout
was performed as described (38). Unless otherwise noted,
all bacteria used in this study were cultured in regular LB
consisting of 10 g/I tryptone, 5 g/1 sodium chloride and
5 g/l yeast extract at 25°C or 37°C. The composition of
M9 medium was 47.8 mM Na,HPOy4, 22.0 mM KH,POy,,
18.7 mM (NH4),SOy4, 8.6 mM NaCl, 2.0 mM MgSOy, 0.1
mM CaCl, and 0.40% glucose with or without supplemen-
tation of 40 mM tryptophan. The concentrations of antibi-
otics used were as follows: 100 pg/ml ampicillin (Amp),
25 pg/ml chloramphenicol (Chl) and 50 pg/ml kanamycin
(Kan). 10 mM arabinose was added for the induction of the
lambda Red recombinase on pKD46.

Plasmid transformation

For the initial screening, plasmids were transformed into
the Keio collection in 96-well plates. Cells were grown at
37°Cin 100 wl LB per well to mid-log phase and centrifuged
at 4000 g for 10 min. Each pellet was resuspended in 20 p.l
fresh transformation buffer (LB broth with 10% polyethy-
lene glycol (PEG3350), 5% dimethyl sulfoxide (DMSO), 10
mM MgSOy4 and 10 mM MgCl,). 20 pl KCM buffer (0.1 M
KCl, 0.03 M CaCl; and 0.05 M MgCl,) with ~10 ng plas-
mid was added to the competent cells, followed by 30 min
of incubation on ice. The cell/DNA mixture was placed at
room temperature for 10 min before the addition of 40 wl
LB pre-warmed at 37°C. The cells were then incubated at
37°C with shaking for 1 h. 80 pwl LB with 200 pg/ml Amp
was added to each well to select the transformants. After
overnight incubation at 37°C, the cultures were diluted 1:50
in LB with 100 pg/ml Amp and incubated at 37°C with
shaking to saturation.

Fluorescence-based stop-codon readthrough assay

Stop-codon readthrough rates were determined as de-
scribed (14). Briefly, overnight cultures of E. coli were di-
luted 1:50 in LB or M9 and incubated at 25°C or 37°C using
96-well black side plates with a clear bottom (Corning). Af-
ter 16 h, the fluorescence intensity of mCherry and YFP was
determined in a microplate reader (Synergy HTX, BioTek).
The level of stop-codon readthrough was calculated by de-
termining the YFP/mCherry ratio of pZS-Ptet-m-TGA-y
relative to the YFP/mCherry ratio of the control pZS-Ptet-
m-y, and pZS-Ptet-lacZ was used as for background sub-
traction. When necessary, 4 mM cyclic-AMP or 2 pg/ml
Chl was added into the culture.

Dual luciferase assay

Cells grown at 37°C to mid-log phase in LB supplemented
with 100 wg/ml ampicillin were pelleted, washed once with
phosphate-buffered saline (PBS) and lysed in 50 .l passive
lysis buffer (PLB). After incubation at room temperature
for 15 min, the samples were flash-frozen in liquid nitrogen



and then thawed on ice. Firefly and Renilla luciferase activ-
ities were determined using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
instruction, and the error frequencies were determined as
previously described (10).

Western blot analysis

Overnight cultures of E. coli were diluted 1:50 in LB and
grown aerobically at 37°C with vigorous shaking to mid-
log phase. E. coli strains containing pFLAG-MAC-NudL
were induced with 1 mM IPTG for another 2 h. The to-
tal cell protein was harvested using trichloroacetic acid
TCA precipitation. Total proteins were quantified by bicin-
choninic acid (BCA) assay before being separated on 10%
SDS-PAGE and transferred onto nitrocellulose membranes
via wet transfer then blocked in tris-buffered saline with
Tween 20 (TBST) containing 5% non-fat milk. The levels
of readthrough NudL and RF2 were probed by an anti-
FLAG primary antibody at a dilution of 1:1000. The level
of EF-Tu protein was probed by an anti- EF-Tu antibody
at a 1:300 dilution and a secondary anti-mouse IgG anti-
body at a dilution of 1:10 000. Signals were detected by the
Clarity Western ECL Substrate in the ChemiDoc Imaging
System (Bio-Rad). Ponceau Red staining was performed as
a loading control.

Single-cell UGA readthrough using fluorescence microscopy

Overnight cultures of E. coli carrying the pZS-Ptet-
mCherry-TGA-y plasmid were diluted 1:50 in LB and
grown aerobically at 25°C for 16 h with shaking. 3 pl of
the resulting cultures were placed on a 1.5% agarose LB
pad on a single slide. Fluorescence images were obtained
using BZ-X800 fluorescence microscope (Keyence) with a
100x oil lens. For single bacterial fluorescence analysis, bac-
teria were segmented using both the cloud-based segmen-
tation software APEER (39) and Cellpose deep-learning
segmentation software (40,41). For the segmentation us-
ing APEER, a model was trained for instance segmenta-
tion using five representative images in the mCherry channel
from the experiment datasets. After the training, the entire
dataset was segmented. The generated mask images were
then used to generate Regions Of Interest (ROIs) in Fiji
(NIH) using a custom-made macro. Briefly, the mask im-
ages were analyzed using the ‘find edges’ function, then a
threshold was applied to create a binary image. Next, the
‘Analyze particles’ function was used to detect bacteria and
draw ROIs. These ROIs were finally used on the different
channels of the raw images to measure the mean fluores-
cence intensity values of individual bacteria. For the seg-
mentation using Cellpose, models were trained using repre-
sentative images in the mCherry channel from different ex-
periments. The training models were generated using repre-
sentative images of the different experiments. The segmen-
tation was then performed on the datasets using a notebook
on the jupyter-lab software. The ROIs were then drawn on
Fiji using the text file given after segmentation for each im-
age and the Python script as described in the Cellpose tu-
torial. The created ROIs were then applied on every chan-
nel of the raw images to measure the mean fluorescence in-
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tensity values of individual bacteria. The code used for sin-
gle bacterial fluorescence analysis is available via GitHub at
https://github.com/MouseLand/cellpose.

Measurements of promoter activity with a platereader

Overnight cultures were diluted 1:50 and grown in LB at
25°C or 37°C with vigorous shaking. After 16 h, the fluores-
cence was measured using the microplate reader 3 (Synergy
HTX, BioTek) as follows: mCherry (excitation wavelength
at 575 nm and emission wavelength at 620 nm), and eCFP
(excitation wavelength at 420 nm and emission wavelength
at 475 nm). The gain was set manually to 40. The promoter
activity was calculated as the ratio of eCFP over mCherry.

RNA sequencing

Overnight cultures were diluted 1:50 and grown in LB
at 37°C with vigorous shaking to mid-log phase. To-
tal RNAs were extracted using the RNAeasy kit accord-
ing to the manufacturer’s protocol (Qiagen), and Illu-
mina RNA sequencing was performed by Genewiz. Se-
quence reads were trimmed to remove possible adapter se-
quences and nucleotides with poor quality using Trimmo-
matic v.0.36. The trimmed reads were then mapped to the
e_coli MG1655_NCBI reference genome available on EN-
SEMBL using the Bowtie2 aligner v.2.2.6. Unique gene
hit counts were calculated by using featureCounts from
the Subread package v.1.5.2. The hit counts were summa-
rized and reported using the locus_tag feature in the an-
notation file. Only unique reads that fell within gene re-
gions were counted. Since a strand-specific library prepa-
ration was performed, the reads were strand-specifically
counted.

Metabolomics analysis

Overnight cultures were diluted 1:50 and grown in LB at
37°C with vigorous shaking to mid-log phase, and amino
acid metabolomics analysis was performed by Metabolon,
Inc. Cell pellet samples were analyzed for twenty-two
amino acids: Alanine, Arginine, Asparagine, Aspartic acid,
Glutamic acid, Glutamine, Glycine, Histidine, Isoleucine,
Leucine, Lysine, Methionine, Phenylalanine, Proline, Ser-
ine, Threonine, Tryptophan, Tyrosine, Valine, trans-4-
Hydroxyproline, Ornithine and Citrulline by LC-MS/MS
according to the Metabolon Method TAM146. Samples
were analyzed with the Agilent 1290/AB Sciex QTrap 5500
LC-MS/MS system equipped with a C18 reversed-phase
UHPLC column. The mass spectrometer was operated in
positive mode using electrospray ionization (ESI). The peak
areas of the individual analyte parent ions were measured
against the peak areas of the parent ions of the correspond-
ing internal standards in pseudo-MRM mode. Quantitation
was performed using a weighted least squares regression
analysis generated from fortified calibration standards pre-
pared immediately prior to each run. LC-MS/MS raw data
were collected and processed using SCIEX OS-MQ soft-
ware v3.0. Data reduction was performed using Microsoft
Excel for Office 365 v.16.
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Figure 1. Genome-wide screening of E. coli knockout library reveals genetic control of UGA readthrough. (A) The EF-Tu:Trp-tRNATP:GTP ternary
complex competes with release factor 2 (RF2) to suppress the UGA stop codon and produce extended proteins. (B) Workflow of high-throughput screen-
ing for E. coli knockout mutants with altered UGA readthrough. The plasmids carrying the UGA readthrough reporter (pZS-Pter-m-TGA-y) and the
control (pZS-Ptet-m-y) were transformed into the Keio knockout collection using 96-well plates. The transformants were then cultured and measured
for fluorescence intensity in a platereader. (C, D) Overnight cultures of E. coli variants with pZS-Ptet-m-TGA-y and pZS-Ptet-m-y were diluted 1:50 in
fresh LB Amp over 16 h at 25 (C) and 37°C (D), respectively. The fluorescence intensity of mCherry and YFP was determined using a platereader. UGA
readthrough rates were calculated using the normalized ratio of YFP over mCherry. Error bars indicate standard deviations. P values were calculated using
the unpaired t-test comparing the mutants with the WT. * P < 0.05, ** P < 0.01. Figure 1B was created with BioRender.com.

RINA /protein ratio assay

The measurement of RNA /protein ratios was adapted from
You et al. (42). Briefly, cells were grown at 25°C or 37°C
to the mid-log phase in LB with shaking. 1.5 ml culture
was collected by centrifugation, and the cell pellet was fast-
frozen in liquid nitrogen. For the total RNA quantifica-
tion, the pellet was first washed twice with 0.7 M HCIO4
and digested with 0.3 M KOH for 1 h at 37°C with occa-
sional mixing. The cell extract was further neutralized with
0.1 ml of 3 M HCIOy, and the supernatant was collected.
The precipitate was re-extracted twice with 0.55 ml of 0.5
M HCIO4 and a final volume of 1.5-ml supernatant was
combined. The total RNA concentration was determined
in a microplate reader Take 3 (Synergy HTX, BioTek). For
quantification of total proteins, the thawed cell pellet was
digested with 100 pl of 3 M NaOH and heated at 98°C for

5 min before cooling down to room temperature. The Biuret
reaction was carried out by adding 100 w1 of 1.6% CuSO4
to the above cell mixture with thorough mixing and incu-
bating at room temperature for 5 min. The reaction mix-
ture was centrifuged at 13 000 g for 1 min and the super-
natant was measured for its absorbance at 555 nm. A simi-
lar experimental process was applied to a series of bovine
serum albumin (BSA) standards to obtain a standard
curve.

Northern blot analysis

The total RNA was isolated from 1 ml mid-log phase cul-
tures using TRIzol®) Reagent (Invitrogen). The resulting
lysate was phase separated with 200 wl chloroform and the
total RNA was precipitated with the same volume of ice-
cold isopropanol. The pellet was washed twice with 75%
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Figure 2. Error rates of mutants derived from MG1655. (A-C) UGA readthrough reporter (pZS-Prer-m-TGA-y) and the control (pZS-Pter-m-y) plasmids
were transformed into E. coli MG1655 WT and mutant strains. Overnight cultures of E. coli were diluted 1:50 in LB Amp and incubated for 16 h to
the stationary phase (A, B) or the mid-log phase (C). UAG readthrough (D) and lysine misincorporation (E) rates were determined using dual-luciferase
reporters. (F) Readthrough of a native UGA codon in nudL with an N-terminal FLAG tag in E. coli variants grown in LB at 37°C. UGA readthrough
yields a longer NudL protein variant, as shown by western blot. (G) Quantitation of readthrough levels in (F). The trend of UGA readthrough changes in
the mutants in (G) is the same as in (C). Error bars indicate standard deviations. P values were calculated using the unpaired 7-test comparing the mutants

with the WT. * P < 0.05, ** P < 0.01.

ethanol and resuspended in 30-50 wl of nuclease-free wa-
ter by incubating at room temperature for 20 min. 3 pg
total RNA was separated by electrophoresis on a vertical
8% (w/v) polyacrylamide gel with 8§ M urea in Tris—borate—
EDTA (TBE) buffer at 120 V for 3 h. The samples were
then transferred to the Zeta-Probe nylon membrane (Bio-
Rad), cross-linked by UV light exposure and hybridized
with oligonucleotide probes labeled with biotin at the 5" end
(see Table S5) at 42°C. The tRNATP signal was normal-
ized to the signal of the loading control SsrA RNA by us-
ing ImageJ (The National Institutes of Health). For acidic-
gel norther blot, the pellet was resuspended in 30-50 pl
of gel loading buffer (10 mM sodium acetate, pH 5.0 and
I mM EDTA) and incubated at room temperature for 20
min. Acid urea polyacrylamide gel electrophoresis was per-
formed as previously described in Fan et al (14). Briefly,
each acidic urea polyacrylamide gel was made with 10%
polyacrylamide, 8 M urea and 0.1 M sodium acetate, pH
5.0 and 3 pg of RNA sample was loaded onto the gel, and
run at 90 V at 4°C for 15-18 h. The later steps following
electrophoresis were performed as described above.

Determination of growth rate

E. coli cells were diluted 1:100 into fresh LB and incubated
at 25°C or 37°C for 16 h with shaking. Cell growth was auto-
matically monitored every 20 min by measuring the optical
density at 600 nm (Aggo) using a microplate reader (Synergy
HTX, BioTek). The growth rates were obtained from the
exponential growth phase.

Intracellular ATP detection

Cells were grown at 37°C in LB to mid-log phase and were
normalized by Agp. 1 ml culture aliquot was washed once
with ice-cold PBS and resuspended in 300 pl of the same
buffer. The ATP level was measured using an ATP Deter-
mination Kit (Invitrogen) according to the manufacturer’s
instructions. Blank PBS was used for background subtrac-
tion.

Flow cytometry

Cells harboring pZS-Ptet-cCFP-TGA-y plasmid were
grown in fresh LB aerobically for 16 h at 25°C with
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Figure 3. Effects of release factors on UGA readthrough in E. coli mutants. (A) ASKA plasmids expressing RF2 or RF3 were transformed into E. coli
variants with pZS-Ptet-m-TGA-y and pZS-Ptet-m-y. The UGA readthrough levels were determined as in Figure 1. The same strains expressing RF2 or
RF3 were compared with those carrying the empty ASKA vector. (B) Strains expressing RF2 from ASKA and RF3 from pKT under the pBAD promoter
induced by arabinose. The strains grown in the presence of arabinose were compared with the same strains grown without arabinose. (C) UGA readthrough
in the presence and absence of RF3. The mutant strains were compared with the WT with or without RF3. Error bars indicate standard deviations. P

values were calculated using the unpaired 7-test. * P < 0.05, ** P < 0.01.

shaking, diluted in PBS with 25 pg/ml Chl, and kept at
4°C before flow cytometry on BD FACSCanto II flow
cytometer. 30 000 gated events were collected for each
sample and FlowJo software was used for further data
analysis.

Analyses of CV and noise

We consider a simple model where single-cell fluctuations
in cAMP levels impacts PrrsC activity, and fluctuations
in the promoter activity propagate to determine UGA

readthrough. CV was calculated as the ratio of standard de-
viation and mean as previously described (14,43).

The cAMP-dependence of noise in the PrrsC activity and
UGA readthrough was dissected by decomposing its CV as
follows:

CV? = CVyp + CVipr

0

CVamp? represents the noise contribution from cAMP,
and CV e~ is the contribution from other factors impact-
ing PrrsC activity (eCFP/mCherry in Figure 7B) or UGA
readthrough (YFP/mCherry in Figure 7B). The noise con-
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tribution of cAMP is calculated as:
CV2np/ CV: = (CVE = CV2y,.) | CV?

other

CV? is the noise in PrrsC activity or UGA readthrough
in WT as computed above, and CV,pe,” is the noise in the
absence of cCAMP in the AcyaA strain.

Statistical analyses

Experiments were performed using at least three biological
replicates. Individual dots represent distinct samples. In all
cases, error bars represent the standard deviations (SD). All
statistical analysis was performed in SPSSStatistics (v 25.0)
or Prism (v 9.5.0). Statistical differences were analyzed us-
ing the unpaired t-test. Differences were considered signifi-
cant at a P value <0.05.

RESULTS

High-throughput screening for E. coli mutants with altered
UGA readthrough

Increasing evidence shows that translational fidelity is reg-
ulated by genetic and environmental cues, and plays cru-
cial roles in fitness and adaptation. We have previously con-
structed dual-fluorescence reporters to detect stop-codon
readthrough in bacterial populations and single cells (14).
These reporters allow convenient and high-throughput
quantitation of translational errors. To search for novel
genes that are important for translational fidelity, we intro-
duced the UGA readthrough reporter (pZS-Ptet-m-TGA-
y) and the control (pZS-Ptet-m-y) plasmids into the Keio
knockout collection (44) in 96-well plates (Figure 1). The
transformants were then cultured in fresh Luria Broth (LB)
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over 16 h at 25 and 37°C, respectively. The mCherry and
YFP signals were quantitated with a platereader, and the
UGA readthrough levels were determined using the ratio
of YFP over mCherry as described (14).

A total of ~4000 strains covering the entire Keio collec-
tion were screened. Growing the wild-type strain BW25113
at 25 and 37°C yielded ~4% and 2% of UGA readthrough,
respectively (Figure 1C, D). Using the cutoff of either a 1.5-
fold increase or decrease in the UGA readthrough level at
25°C, we identified a total of 30 knockout strains as poten-
tial hits. Based on the functions, we grouped the 30 genes
into metabolism, translation, transcription, redox and other
(Figure 1 and Table S1). Among the identified genes from
our screening, miaA, prfC, rpll and rsmG are translational
factors that have previously been associated with trans-
lational fidelity. MiaA catalyzes the isopentenyladenosine
modification at position 37 (i°A37) of tRNAs, and its dele-
tion decreases UGA readthrough (45); it also plays an im-
portant role in the general stress response (46). The prfC
gene encodes RF3, which facilitates RF1 and RF?2 to ter-
minate translation at stop codons (47). rpll encodes the L9
protein of the ribosome and deleting rpll increases transla-
tional readthrough, frameshift and recoding of stalled ribo-
somes (48,49). RsmG (GidB) is a ribosomal RNA (rRNA)
methyltransferase and has been shown to increase some
types of amino acid misincorporation in Mycobacteria tu-

berculosis (50). Among the newly identified genetic factors
that affect stop-codon readthrough, tufA4 is one of the two
genes that encode elongation factor Tu (EF-Tu). During
translation termination, EF-Tu forms a ternary complex
(TC) with aa-tRNA and GTP to compete with release fac-
tors and suppress stop codons (Figure 1A). A reduction in
TC in the AtufA strain would explain a decrease in UGA
readthrough. Many of the remaining genes are involved in
cellular metabolism. For instance, CyaA is the only enzyme
in E. colito catalyze the synthesis of cAMP, which regulates
the expression of metabolic pathways when bound to CRP
(51,52); GuaA is one of the two enzymes in E. coli that syn-
thesizes GMP (53); SpeA contributes to the biosynthesis of
polyamines (54).

To validate the roles of the identified genes in UGA
readthrough, we performed complementation experiments
by introducing overexpression plasmids into the corre-
sponding knockout strains (55). UGA readthrough of most
deletion strains was largely restored to the wild-type (WT)
level, except for AprmA, Arho, AfkpB, AproW, AyaiY and
AyfiF (Figure S1). The lack of complementation could
result from secondary mutations in the Keio knockout
strains, dosage effects of gene expression, polar effects on
the expression of neighboring genes, or nonfunctional pro-
teins due to the N-terminal histidine tag on the ASKA
plasmids.
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Translational fidelity of knockout mutants derived from
MG1655

To rule out the effects of nonspecific mutations in the Keio
strains on UGA readthrough, we constructed 18 deletion
mutants from E. coli MG1655 (Tables S2 and S3). The 12
other genes were left out due to the redundant pathways (crp
and rsxBCDEF), no effect on UGA readthrough at 37°C
(purA and hns), or difficulty in deletion (ubiEFH and rho).
The UGA readthrough levels of MG1655-derived mutants
all confirmed the changes seen in the Keio strains except
for ArimP, AproW and AyaiY, which showed no significant
change in UGA readthrough at 25°C (Figure 2A, B).

We next tested how the deletion of these genes affects
other types of translational errors. Due to the low frequen-
cies of UAG readthrough and misincorporation, we used
dual-luciferase reporters as previously described (10,13).
Deleting cyad, guaA, miaA, tufA and yfjF decreased both
UAG and UGA readthrough but had no effect on lysine
misincorporation at AAU asparagine codons (Figure 2D,
E). This suggests that these genes specifically influence stop-
codon readthrough. On the other hand, deleting prfC, rpll,
rpmJ or rsmG affected both stop-codon readthrough and
amino acid misincorporation, indicating their broader roles
in the regulation of translational fidelity.
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To further test how the identified genes affect the
readthrough of native stop codons, we used a published
NudL construct with an N-terminal FLAG tag and a strep-
tavidin tag after the stop codon (56). Readthrough of the
native UGA stop codon of nudL yielded an extended pro-
tein (Figure 2F). For all the tested mutants, the changes in
the efficiency of UGA readthrough in the nudL gene were
consistent with the reporter assay (Figures 2C, F, G).

The growth rate of WT MG1655 was twice at 37°C as
compared to 25°C (Figure S2A), yet the UGA readthrough
rate was about 50% lower at 37°C than that at 25°C (Figure
1). To test if growth rates are broadly associated with the

UGA readthrough levels, we performed growth assays of
MG1655-derived mutants and did not observe an apparent
correlation between the two (Figure S2).

Single-cell analyses of UGA readthrough in E. coli variants

Our dual-fluorescence reporter (m-TGA-y) not only em-
powers us to perform high-throughput screening but
also allows us to observe UGA readthrough in single
cells (14,16). We detected YFP signals resulting from
readthrough in WT cells using both fluorescence mi-
croscopy (Figures S3, S4) and flow cytometry (Figure S5).
Overall, UGA readthrough was heterogeneous among sin-
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gle cells in the same population, and the single-cell results
agreed well with the population-based platereader results
(Figures 2, S4, S5). Both Acyad and AguaA cells show
brighter mCherry signals compared with the WT (Figure
S4), presumably due to slow growth (Figure S2) that re-
sults in the accumulation of stable fluorescent proteins. De-
spite the high mCherry levels, the YFP signals in the AcyaA
and AguaA cells were weaker than in the WT (Figure S4),
indicating lower UGA readthrough levels in these mutant
cells.

Impact of release factors on UGA readthrough

The UGA readthrough level is primarily determined by the
competition between the EF-Tu: Trp-tRNATP:GTP ternary
complex and RF2, which is facilitated by GTP-bound RF3
(14,47). Overexpressing RF2 did not substantially decrease
UGA readthrough in most of the tested variants (Figure
3A). Overexpressing both RF2 and RF3 decreased UGA
readthrough in most variant strains (Figure 3B), supporting
the coordinated function of RF2 and RF3 in releasing the
ribosome from UGA codons.

We next deleted RF3 in the WT and single knockout mu-
tants. Further deletion of RF3 increased UGA readthrough
in all the tested variants (Figure 3C). Interestingly, deleting
RF3 in AguaA and WT abolished the difference in UGA
readthrough between the two strains, implying that GuaA
primarily affects UGA readthrough via RF3. As GuaA fa-
cilitates the biosynthesis of GMP and GTP, it likely en-
hances stop-codon readthrough by increasing the level of
GTP-bound RF3.

Cyclic AMP regulates amino acid and ATP metabolism

Our initial screening shows that deleting either cyaA or crp
decreases stop-codon readthrough (Figure 1), implying a
previously unknown role of cAMP-CRP in translational
regulation. Supplementing cAMP in the medium indeed
restored UGA readthrough in the Acya4 mutant (Figure
S6A). Cyclic AMP has been considered a central regulator
of carbon metabolism (52). In line with this, our RNA se-
quencing results show that deleting cyaA causes significant
downregulation of genes involved in amino acid catabolism
and ATP biosynthesis in E. coli cells grown in LB (Figures
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4A-C, Table S2). LB medium uses oligopeptides and amino
acids as the main carbon source (57). Downregulation of
amino acid catabolic genes is expected to cause amino acid
accumulation and lower energy production. Indeed, quanti-
tative metabolomics revealed that the total amino acid con-
centration in the Acyad mutant was 2-fold higher com-
pared with that in the WT (Figure 4D, Table S3). In par-
ticular, tryptophan and threonine concentrations were in-
creased over 10-fold upon deletion of cyaA, consistent with
Trp and Thr catabolic genes being among the top downreg-
ulated genes in the Acyad mutant (Figure 4). We next deter-
mined the cellular ATP levels using a previously developed
luciferase assay (58). Deleting cyaA decreased the ATP level
by ~50% (Figure 4D), supporting that ;CAMP maintains ef-
ficient amino acid catabolism and ATP production in E. coli
grown in LB.

To further test the role of amino acid catabolism in
cAMP-regulated stop-codon readthrough, we grew E. coli
variants in minimal media (M9) with glucose as the carbon
source. Opposite to LB with peptides as the carbon source
(Figure 2), deleting c¢yaA caused higher UGA readthrough
than the WT in M9 glucose (Figure 5). In comparison, other
deletion mutants mostly exhibited similar effects on UGA
readthrough in M9 and LB. These results support that reg-
ulation of stop-codon readthrough by cAMP depends on
carbon metabolism.

Cyclic AMP enhances the biogenesis of rRNAs and tRNAT™

The TC/RF competition model for UGA readthrough in-
dicates that the levels of Trp-tRNATP, EF-Tu or RF2 may
affect UGA readthrough (14). Western blot results revealed
that the concentrations of EF-Tu and RF2 were not sig-
nificantly affected upon deletion of cyaAd (Figure S7). In
contrast, the level of total tRNAT™ decreased in Acyad at
both 25 and 37°C (Figures 6A, B). Overexpressing tRNATP
also increased UGA readthrough in the AcyaA background
(Figure 6C). We next measured the aminoacylation per-
centage of tRNAT™ using acidic-gel northern blot. Deleting
cyaA did not affect the percentage of Trp-tRNAT™ despite
an increase in the Trp concentration (Figures 4D, 6D, E).
Given the decrease of total tRNAT™ in the Acyad mutant,
we estimated that the Trp-tRNATP level decreased by ap-
proximately 50% upon deletion of cyaA.

In bacteria, many tRNAs are transcribed in the same
operon as rRNAs. For instance, the gene encoding tRNAT™
is within the rrsC rRNA operon in E. coli. It has been previ-
ously shown that increasing the ATP level enhances the pro-
moter activity of rrn P1 (including rrsC), which contains an
A in the transcription initiation site (59). Given the decrease
of ATP in the AcyaA mutant, we hypothesized that cAMP
may positively regulate rRNA and tRNA transcription. To
test this, we constructed an eCFP reporter under the con-
trol of the rr.sC promoter, normalized by the mCherry signal
under the control of the constitutive fef promoter. Deleting
cyaA indeed significantly decreased the rrsC promoter ac-
tivity (Figure 6F). The rRNA content has been previously
measured using the RNA /protein ratio (60). We found that
the RNA/protein ratio was lower in the AcyaA mutant,
indicating impaired rRNA biogenesis (Figure 6G). Ribo-
some inhibitors such as chloramphenicol (Chl) increase the

RNA /protein ratio and the tRNAT™ level (14,60). In the
presence of Chl, the tRNATP and UGA readthrough lev-
els substantially increased in both the WT and Acya4 mu-
tant (Figure S8). Previous work also identified Fis as a pos-
itive regulator of rRNA transcription (61). Deleting cyaA
in the Afis background still resulted in a decrease in UGA
readthrough (Figure 6H), suggesting that the role of cAMP
in rRNA and tRNA transcription does not depend on Fis.
Collectively, our data suggest that cCAMP enhances the tran-
scription of rRNAs and tRNATP by increasing the concen-
tration of ATP.

Cyclic AMP drives heterogeneity of UGA readthrough in sin-
gle cells

Our previous work shows that UGA readthrough is het-
erogeneous among single cells (14). However, the source of
such heterogeneity has not been identified. To test the role of
cAMP in UGA readthrough at the single-cell level, we con-
structed a triple-fluorescence reporter with Pzer-mCherry-
UGA-YFP PtnaC-eCFP. We confirmed that PtnaC activ-
ity depended on cAMP as deleting cyad abolished eCFP
fluorescence, which was restored by supplementation of
cAMP in the medium (Figure S6B). Among single cells,
the expression level of PtnaC-eCFP strongly correlated
with the UGA readthrough level (Figure 7A). In addi-
tion, the PrrsC activity also strongly correlated with UGA
readthrough in the WT, but not in the AcyaA strain (Fig-
ure 7B). Given that deleting cyaA causes a decrease in UGA
readthrough (Figures 2, S4, S5), these data suggest that fluc-
tuation of the cAMP level among single cells leads to al-
tered tRNAT™ expression and promotes the heterogeneity
of UGA readthrough. In line with this, deleting cyaAd en-
hanced the correlation between YFP and mCherry of the
m-TGA-y reporter, with an increase of the R-value from
0.12 to 0.64 (Figure 7B), indicating decreased heterogene-
ity of UGA readthrough upon depletion of cAMP. Hetero-
geneity of gene expression is typically quantified using co-
efficient of variation (CV) (43,62,63). Deleting cyaA signif-
icantly decreased the CV of both UGA readthrough and
PrrsC activity (Figure 7B). Further analysis of noise de-
composition shows that fluctuation in cAMP contributes to
~85% of noise in UGA readthrough and PrrsC expression
(see Materials and Methods).

DISCUSSION

Early studies of streptomycin-resistant E. coli mutants have
led to the discovery of the critical roles that ribosomal genes
rpsD (uS4) and rpsL (uS12) play in maintaining transla-
tional fidelity (64,65). Random mutagenesis of rpsL and
rRNA genes has later been performed to identify muta-
tions that affect ribosomal fidelity (25,66,67). More re-
cently, suppression of stop codons has attracted tremen-
dous interest in the treatment of genetic diseases caused
by nonsense mutations (68-73). Several studies have used
luminescence-based assays to screen for small compounds
that promote the readthrough of stop codons (73,74). In
this work, we have used an economical and convenient
dual-fluorescence reporter assay to perform systematic and



genome-wide screening for genes that affect translational fi-
delity. Compared with transposon-based selection, screen-
ing of a defined knockout library allows us to identify genes
that either increase or decrease translational errors. Our
screening has revealed a total of 30 nonessential genes in E.
coli that affect stop-codon readthrough and most of them
have not been previously shown to regulate translational fi-
delity.

In addition to revealing genetic networks critical for
maintaining translational fidelity, our work here also pro-
vides a useful resource for future studies of synthetic biol-
ogy and genetic code expansion. Assigning stop codons to
noncanonical amino acids has been developed as a power-
ful tool to engineer proteins and expand the genetic code in
synthetic organisms (75-77). A significant challenge is the
suppression of stop codons by endogenous amino acids in
recoded organisms. It would be interesting to explore the
genes identified in this study to decrease readthrough of
stop codons by endogenous amino acids and enhance the
translation efficiency of noncanonical amino acids.

Growing evidence suggests that translational fidelity is
associated with cellular metabolism. Competition between
tRNAs affects the rates of amino acid misincorporation
(10,78), and fluctuations in amino acid concentrations are
predicted to affect the fidelity of aa-tRNA synthesis (5).
Stop-codon readthrough is affected by pH (16,79,80). In
this work, we have uncovered a previously unknown cen-
tral role of cAMP in coupling carbon metabolism with
the regulation of translational fidelity. It is well-established
that cAMP-CRP regulates carbon metabolism (52). Cyclic
AMP also plays important roles in microbial pathogenesis
through the regulation of biofilm formation, Type III se-
cretion and other virulence genes in various pathogens(81).
Additionally, it has been shown that cAMP coordinates the
allocation of the proteome (42). Our RNA sequencing and
metabolomics data demonstrate that deleting cyaA, the sole
adenylate cyclase in E. coli, leads to significant downregu-
lation of amino acid catabolic genes and accumulation of
amino acids in cells grown in LB (Figure 4). This results
in a decrease in the ATP level, lowering transcription of
rRNAs and tRNAs including tRNATP (Figures 4, 6, 7).
Although deleting cyaA increases the cellular level of Trp
(Figure 4D), it does not significantly increase the aminoa-
cylation level of tRNAT™ (Figure 6D). Therefore, the over-
all Trp-tRNATP:EF-Tu:GTP ternary complex is decreased
in the Acyad mutant, leading to a lower level of UGA
readthrough (Figure 8). A recent study shows that in rich
media with abundant amino acids, E. coli expresses a high
level of the protein synthesis machinery (82). Our work here
has uncovered a previously unknown role of cAMP in con-
trolling the biogenesis of rRNAs and tRNAs in rich media.

Gene expression is intrinsically noisy and such noise may
lead to phenotypic heterogeneity that benefits the micro-
bial population during environmental changes (43,83,84).
We and others have previously shown that translational fi-
delity in heterogeneous in bacterial and mammalian cells
(14,36,85,86). However, little is known about the sources
driving the heterogeneity of translational errors. Our work
here suggests that cAMP is a key driver of heterogeneity
in both UGA readthrough and rRNA expression among
single E. coli cells (Figure 7). Single cells with higher UGA
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readthrough appear to grow better in minimal media but are
more sensitive to stress (14,16). Future work is warranted to
elucidate how altering translational fidelity affects cellular
metabolism and fitness at both the single-cell and popula-
tion levels.
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