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Genome-wide screen reveals cellular functions that counteract
rifampicin lethality in Escherichia coli
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ABSTRACT The antibacterial activity of rifamycins specifically relies on the inhibition
of transcription by directly binding to the B-subunit of bacterial DNA-dependent RNA
polymerase (RNAP). However, its killing efficacy is substantially diminished in most
gram-negative bacteria. To systematically reveal the cellular functions that counteract
rifamycin-mediated killing in the gram-negative model organism Escherichia coli, we
performed a genome-wide Tn5 transposon-mediated screen to identify mutants with
altered susceptibility to rifampicin. Combined with targeted gene knockouts, our results
showed that the -barrel assembly machinery plays a crucial role in restricting rifampicin
from entering the cell, whereas mutants deficient in other cellular permeability barriers,
such as lipopolysaccharide and enterobacterial common antigen, had no such effect. At
bactericidal concentrations, the killing efficacy of rifampicin was strongly influenced by
cellular functions, including iron acquisition, DNA repair, aerobic respiration, and carbon
metabolism. Although iron acquisition de facto has a strong impact or dependence on
cellular redox, our results suggest that their effects on rifampicin efficacy do not rely
on hydroxyl radical formation. We provide evidence that maintenance of DNA replica-
tion and transcription-coupled nucleotide excision repair protects E. coli cells against
rifampicin killing. Moreover, our results showed that sustained aerobic respiration and
carbon catabolism diminish rifampicin’s killing efficacy, and this effect relies on the
inhibition of transcription but not on translation. These findings suggest that the killing
efficacy of rifamycins is largely determined by cellular responses upon the inhibition of
RNAP and may expand our knowledge of the action mechanisms of rifamycins.

IMPORTANCE Rifamycins are a group of antibiotics with a wide antibacterial spectrum.
Although the binding target of rifamycin has been well characterized, the mechanisms
underlying the discrepant killing efficacy between gram-negative and gram-positive
bacteria remain poorly understood. Using a high-throughput screen combined with
targeted gene knockouts in the gram-negative model organism Escherichia coli, we
established that rifampicin efficacy is strongly dependent on several cellular pathways,
including iron acquisition, DNA repair, aerobic respiration, and carbon metabolism. In Address correspondence to Liang-Dong
o 9 q. J par, P ! . . o Lyu, ldlyu@fudan.edu.cn, or Guo-Ping Zhao,
addition, we provide evidence that these pathways modulate rifampicin efficacy in gpzhao@sibs.ac.cn.
a manner distinct from redox-related killing. Our findings provide insights into the
mechanism of rifamycin efficacy and may aid in the development of new antimicrobial
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of rifamycins) is a cornerstone of short-course antituberculosis therapy because of its
sterilizing activity against both replicating and nonreplicating antibiotic-tolerant
Mpycobacterium tuberculosis. This sterilizing activity is barely observed in most bacteria
that are de facto sensitive to rifampicin (4).

Early investigations attributed this difference in antimicrobial activity to the efficacy
of drug uptake, as most gram-negative bacteria show lower susceptibility to rifamycins
owing to the presence of the outer membrane (OM) (2). However, the penetration of
the antibiotic through the cell membrane may account for rifamycin susceptibility in
terms of minimum inhibitory concentration (MIC) but not for killing efficacy, especially
when considering that rifamycins do not exhibit a typical concentration-dependent
killing effect on Escherichia coli (2). In fact, even at concentrations that could completely
inhibit RNAP, the killing efficacy of rifampicin remains mild in E. coli (5-9). Moreover,
biochemical studies have demonstrated that the difference in rifampicin’s killing efficacy
is unlikely to stem from variations in their binding site on RNAP, as RNAPs from both
gram-negative and gram-positive bacteria have comparable sensitivities to rifampicin (9,
10). These results indicate that rifamycin lethality may depend on cellular responses to
RNAP inhibition (11, 12).

Mounting evidence indicates that bacterial metabolic states and responses have a
strong impact on antibiotic efficacy (12, 13). The immediate downstream events of
RNAP inhibition are the prevention of transcription and translation, both of which are
major energy-consuming processes of cellular activities (7, 14, 15). Previous studies have
shown that blocking RNA synthesis by rifampicin leads to a reduced rate of aerobic
respiration and metabolism (5). Although these cellular responses could protect bacteria
from bactericidal antibiotics, their role in rifampicin’s efficacy remains unclear.

In bacteria, the cellular response to DNA damage has been associated with antibiotic
efficacy, as well as other lethal stresses (16-19). In E. coli, the deletion of recA results in
hypersensitivity to rifampicin killing (6). In mycobacteria, independent lines of evidence
suggested a role of reactive oxygen species (ROS) in rifampicin-induced lethal DNA
damage (17, 20-23). However, because rifampicin inhibits aerobic respiration and does
not stimulate ROS production in E. coli (5, 24), the molecular mechanisms underlying
DNA damage and damage repair upon rifamycin action remain elusive.

To systematically reveal the cellular functions that influence rifamycin lethality, we
performed genome-wide screening of the E. coli K12 strain MG1655. Through the
construction of a high-density Tn5 transposon mutation library (71.4/kb) and deploy-
ing high-throughput transposon insertion sequencing (Tn-Seq) (25), we comprehen-
sively identified the mutants with altered fitness upon exposure to different rifampicin
concentrations (0.25x MIC to 20x MIC). Combined with targeted gene knockouts, our
results demonstrated that the efficacy of rifampicin strongly relies on cellular functions,
including iron acquisition, DNA repair, aerobic respiration, and carbon metabolism.
Further, we provided evidence that these pathways modulate rifampicin’s efficacy in a
manner that is distinct from redox-related killing. These findings provide insights into the
mechanism of action of rifamycins and may aid in the development of new antimicrobial
strategies to improve rifamycin efficacy.

RESULTS
Selection of transposon mutants altering rifampicin efficacy

A genome-wide screen was deployed to comprehensively identify the cellular functions
involved in modulating the efficacy of rifampicin in the model organism, E. coli K12 strain
MG1655. The Tn5 transposon insertion mutant library was constructed as previously
described (26). Genomic DNA from two biological replicates was subjected to Tn-Seq.
The normalized read count of the two biological repeats exhibited a Pearson correlation
coefficient of 0.91, demonstrating the high reproducibility of this methodology (Fig. 1A;
Table S1). The results showed that this library contained ~310,000 randomly distributed
Tn5 insertions, corresponding to an insertion density of 71.4/kb (Fig. 1B).
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FIG 1 Quality control of the Tn-Seq and screening strategy. (A) Correlation coefficients of the number of
reads per insertion site for two biological replicates of the input transposon library. Shown are logsg(reads
number +1). (B) Distribution of transposon sequence reads across the E. coli MG1655 genome. Tn-Seq
read data from the input transposon library are shown. (C) Survival of the pooled library exposed to
rifampicin at the concentrations of 0.25x%, 1x, 4%, and 20x MIC. Survival was determined by monitoring
colony-forming units (CFUs) and expressed as the ratio compared with pre-treatment. Data are shown
as the mean + SE of three independent experiments. Samples collected before treatment and at 1 and
3 h post-treatment were subjected to Tn-Seq (arrows). (D) The cluster heatmap shows Pearson correlation

coefficient matrices that measure the relevance of the corresponding samples.

The E. coli K12 strain MG1655 had a rifampicin MIC of 8 mg/L (Fig. STA). Most bacterici-
dal antibiotics exhibit concentration- and time-dependent killing effects. However, an
intriguing characteristic of rifampicin in E. coli is the absence of concentration-depend-
ent or time-dependent effects (Fig. 1C). This property indicates that a mutant with a
reduced MIC to rifampicin would only be selected by Tn-Seq at subinhibitory concentra-
tions of rifampicin (sub-MIC) but not at concentrations above the MIC (11). Thereafter, to
identify the mutants with reduced MIC, rifampicin at 0.25x MIC was selected as a screen
condition. In addition, to identify the cellular functions involved in modulating rifampicin
efficacy, 4x MIC and 20x MIC were also selected. The pooled library was grown aerobi-
cally in the middle exponential phase and exposed to 2 (0.25x MIC), 32 (4x MIC), and 160
(20x MIC) mg/L rifampicin. At 1 and 3 h post-treatment, a sample containing about 3 x
10° viable cells (~10 times the library diversity) was recovered by plating, and genomic
DNA was extracted from the pooled outgrowths for Tn-Seq (Fig. 1C). The results of the
two biological replicates under each condition were highly reproducible (Pearson
correlation coefficient of 0.9 to 0.99) (Fig. 1D).

Next, we used the nonparametric resampling method of the TRANSIT software to
identify mutants that were differentially represented between input and post-treatment
samples (Table S2) (27, 28). For each gene, the normalized read counts at all the insertion
sites and all replicates under each condition were summed. The difference of the
summed read counts between the input and post-treatment samples was calculated
for each mutant and expressed as a log; fold change (log,FC). The significance of this
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difference was calculated using a permutation test. According to the criteria of log,FC >
1 or logyFC < -1 and adjusted P-value <0.05, a total of 365 genes were selected. Of the
identified genes, 216 showed reduced fitness (log,FC < —1) upon exposure to rifampicin,
suggesting a role in counteracting the action of rifampicin in E. coli (Table S3).

The impact of cellular permeability barriers on rifampicin susceptibility

In accordance with the speculation that the absence of a concentration-dependent
killing effect may lead to the selection of mutants with distinct fitness changes between
sub-MIC and above-MIC concentrations of rifampicin, we identified 58 genes showing
altered fitness exclusively under 0.25x MIC rifampicin (Table S3). Functional categories
related to outer membrane assembly (OMA, false discovery rate [FDR] = 0.08) and
biosynthesis of enterobacterial common antigen (ECA, FDR = 4.5 x 10°%) were signifi-
cantly enriched among these genes (Fig. 2A; Table S4). OMA is a critical process that
maintains the integrity of OM (29), a defining feature of gram-negative bacteria that
poses a selective permeability barrier that has evolved to restrict toxic compounds from
entering the cell (30). All the selected OMA genes, including bamB, bamk, skp, and
IptC, showed reduced fitness upon Tn5 insertion (logoFC —2.3 to —5.2). BamB and BamE
belong to the B-barrel assembly machinery (BAM complex, BamA-E), responsible for
the assembly and insertion of outer membrane proteins (OMPs). Skp is a periplasmic
chaperone that functions to remove B-barrel OMPs that have stalled during assembly
on the BAM complex (30). To validate these results, we constructed AbamB and Askp
mutants in E. coli and found that the inactivation of these genes resulted in eight-
and twofold reductions in MIC, respectively (Fig. 2B and C). The increased rifampicin
susceptibility of these mutants was completely restored by the expression of bamB or skp
(Fig. 2B and C). Therefore, these results indicate that the BAM complex plays a crucial role
in intrinsic resistance to rifampicin.

ECA is a surface carbohydrate antigen composed of repeating units of trisaccharide,
which limits the accessibility of hydrophobic compounds to OM (31). However, our
results showed that all the selected mutants with Tn5 insertion in the ECA synthesis
genes resulted in increased fitness (logoFC 1.3 to 2.9), suggesting that ECA may not
function as a barrier for rifampicin uptake (Fig. 2A). Similarly, a large-scale chemical
genetic screen also showed that deletion of rffG, rffH, or wecA in E. coli K12 led to reduced
sensitivity to sub-MIC rifampicin (32).

Genes selected under above-MIC concentrations of rifampicin

A total of 307 genes were selected under 4x and 20x MIC upon Tn5 insertion (Fig. 3A;
Table S3). Among these genes, 115 also exhibited altered fitness under sub-MIC, whereas
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the others were selected specifically under above-MIC concentrations of rifampicin. By
comparing each gene’s fitness change between 4x and 20x MIC, we did not observe
apparent drug concentration-dependent killing effect in any of these mutants (Fig.
3A; Table S3). Functional categories related to ion transport (GO:0006811, FDR = 5.2
x 107, bacteriocin transport (GO:0043213, FDR = 2 x 107%), oxidative phosphorylation
(eco00190, FDR = 4.8 x 107, response to radiation (GO:0009314, FDR = 1.8 x 107,
carbon metabolism (eco01200, FDR = 3.6 x 107), LPS core region biosynthetic process
(GO:0009244, FDR = 0.01), and RNA degradation (eco03018, FDR = 0.051) were signifi-
cantly enriched among the identified genes (Fig. 3B; Tables S3 and S4).

While most of the enriched genes showed consistent changes in susceptibility to
different drug concentrations, three genes (waaPG and galU) belonging to LPS core
region biosynthesis showed opposing fitness changes between sub- and above-MIC
concentrations of rifampicin (Table S4). Moreover, although there were seven selected
genes (waaBCDEFOQ) belonging to the LPS core region biosynthetic pathway that
showed consistent changes in susceptibility to different drug concentrations (33),
the effects were opposite between waaBOQ (increased fitness change) and waaCDEF
(decreased fitness change) (Table S4). These results indicate that the role of LPS in
rifampicin susceptibility may not be akin to its function as a permeability barrier.

Iron acquisition modulates rifampicin lethality in a hydroxyl radical-inde-
pendent manner

Our results showed that the genes involved in iron metabolism exhibited the most
marked changes in fitness and enrichment (Fig. 4A; Table S4). E. coli encodes multiple
systems, including iron chelating, export, import, and sequestration, to maintain iron
homeostasis (Fig. 4B) (34). Among these systems, the FetAB iron exporter showed the
most profound fitness reduction upon Tn5 insertion (log,FC ~-7), suggesting that
shrinking the iron pool may contribute to intrinsic tolerance to rifampicin (Fig. 4A and
B) (35). Similarly, mutations in either the ferric citrate importer FecABCDE (log,FC ~5) or
the TonB complex (encoded by tonB, exbB, and exbD), which energizes iron importers,
led to increased fitness (Fig. 4A and B) (36). However, one exception was the FepBCDG
ferric enterobactin importer, which exhibited reduced fitness upon Tn5 insertion (Fig.
4A). Although an early study showed that strains with Tn5 insertion in fepD, -C, and -G
were unable to grow under iron starvation conditions, its impact on intracellular iron
levels under normal growth conditions remains unclear (37). To validate these results,
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FIG 3 Genes and pathways identified under bactericidal concentrations of rifampicin. (A) Heat-
map of logyFC values of the identified genes. Genes not identified in the condition are shown
in white. (B) Pathways enriched under bactericidal concentrations of rifampicin. eco03018 (RNA
degradation), GO:0009244 (LPS core region biosynthetic process), eco01200 (carbon metabolism),
G0:0043213 (bacteriocin transport), GO:0006811 (ion transport), eco00190 (oxidative phosphorylation),
and GO:0009314 (response to radiation).

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.02895-23 5


https://doi.org/10.1128/spectrum.02895-23

Research Article

Microbiology Spectrum

A B c
5 ® F%:itrate Fe* +Enterobactin ] —— MG1655
0 ® = 100+ —— AfepD
5 Extracellular = |
e 2 ] —— AfetA
o 3
g, Fep S s ] ——  AfecA
p ]
Cytoplasm 2 5 ] —— AexbB
] |
Iron ion @ ‘4 3 ]
NG Jeee N\ g
_ —ﬁ? L) — L _ A
% ¢ Iron storage 25 20 25
S ROS Rifampicin(ug/mL)
Q
3 E
D 1= —— MG1655 1+ —— MG1655
’To_ - * —— MG1655+pZS24* 3 —— MG1655+pZS24*
5 04 o 01
o -1- ~ . o 11
£ AfecA+pZS24*-fecA % ——  AfepD+pZS24*-fepDG
= 2 —— AfecA+pZS24* = 2
g - g 21 1w —— AfepD+pzS24*
€ 3- g 34
a 7]
-4 T T T -4 T T T
o 1 2 3 o 1 2 3
Time(h) Time(h)
ot
S F G
2 a —~— MG1655 h —— MG1655
—_ dedede =
2 8’2 0k «  —— MG1655+pzS24* 8’2 —— MG1655+pZS24*
S S —— lexbB s - AfetA
b= —— AexbB+pZS24*-exbB B —— AfetA+pZS24*-fetAB
3 -2+ —— AexbB+pZS24* T —— AfetA+pZS24*
5 -3 s
a )
-4 T T T
0 1 2 3
Time(h) Time (h)
H . —— MG1655 U MG1655
=) --+-- MG1655+thiourea = 0 AkatG
g —— AfetA S i
2 - AfetA+thiourea o -1-
® ®
g 3 :|ns E -2
g 2
2 31
-4 T T T -4 T 1 !
0 1 2 3 0 1 2 3
Time (h) Time(h)

FIG 4 Iron metabolism modulates rifampicin lethality in a hydroxyl radical-independent manner. (A) Heatmap of the selected genes involved in iron metabo-

lism. GO:0006811, ion transport; GO:0043213, bacteriocin transport. (B) lllustration of the E. coli Fe acquisition system selected in our screen. The TonB-ExbB-ExbD
complex provides energy to Fep and Fec. (C) Rifampicin susceptibility (MICgg) of E. coli strains. (D through I) Survival of the indicated E. coli strains exposed to
32 mg/L rifamycin with (H) or without the addition of 100 mM thiourea. Data are shown as the mean + SE of at least three independent experiments. *P < 0.05,

**P < 0.01, and ***P < 0.001 using an unpaired t-test compared to the counterpart of wild type.

fetA, fepD, fecA, and exbB were individually deleted in E. coli. We found that the deletion
of these genes did not affect rifampicin MIC (Fig. 4C), thus excluding its role in rifampicin
uptake (38, 39). The survival abilities of these mutants upon rifampicin treatment were
highly consistent with the fitness change observed on the screen. The survival pheno-
types of these mutants could be completely restored by the expression of the gene or

operon in the mutant strain (Fig. 4D through G).

Iron ions can trigger the generation of hydroxyl radicals (OH') via the Fenton reaction,
which can contribute to cell death induced by bactericidal antibiotics (40, 41). However,
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we found that the addition of the hydroxyl radical scavenger thiourea had no significant
effect on the killing efficacy of rifampicin in the wild-type and AfetA strains (Fig. 4H).
Hydrogen peroxide (H,05) functions as a substrate to induce hydroxyl radical formation
via the Fenton reaction (42). Our results showed that the deletion of katG, which encodes
the primary scavenger of H,0, (43), has no impact on the survival of wild-type E. coli
upon rifampicin treatment (Fig. 4l). Collectively, these results suggest that iron metabo-
lism contributes to rifampicin lethality in a hydroxyl radical-independent manner in E.
coli.

Maintenance of DNA replication and transcription-coupled DNA repair
protect E. coli cells against killing by rifampicin

Increasing evidence shows that DNA damage, especially DSBs, is a causative factor for
cell death induced by bactericidal antibiotics (11, 17). Although rifampicin is not a typical
bactericidal agent in E. coli, the reduced fitness of the mutants deficient in recombination
repair of DSB (recABC, recG, and ruvA) indicates the engagement of DSB in rifampicin
lethality (Fig. 5A) (44). To validate these results, recA and recG were individually deleted
in E. coli, and the results showed that the mutants became more sensitive to rifampicin
killing without affecting the MIC (Fig. 5B through D). Early studies established that DSBs
induced by bactericidal antibiotics could be generated by incomplete base excision
repair (BER) (17, 18, 45-47). However, our results showed that genes involved in the
BER pathway, including the previously validated mutM, mutY, mutT, mazG, and nth, were
not selected in our screen (Table S4). These results, taken together with the irrelevance
of hydroxyl radicals in rifampicin-induced killing (Fig. 4H and 1) (5, 24), indicate that
rifampicin induces lethal DNA damage in an oxidation-independent manner.

The transcription complex is the primary source of replication fork pausing, which
can cause genome instability (48, 49). E. coli rep encodes an adenosine triphosphate
(ATP)-dependent DNA helicase involved in preventing replication fork stalling by
facilitating replication through the transcribed regions (48, 49). The rifampicin-hypersen-
sitive phenotype of rep suggests that inhibition of RNAP may cause replication fork
pausing, which requires fork bypassing for survival (Fig. 5A). In addition, recent progress
has established that the TCR pathway accounts for a vast majority of DNA repair events
(50, 51). In this model, UvrA and UvrD associate with RNAP, forming a surveillance
complex that can timely backtrack RNAP and initiate nucleotide excision repair (NER)
upon encountering DNA lesions during transcription. In accordance with this scenario,
our results showed that Tn5 insertion in uvrA or uvrB resulted in a marked fitness
reduction (log;FC down to —5.2) among the selected DNA repair genes. Further, we
found that the deletion of uvrA in E. coli not only led to hypersensitivity to rifampicin
but also resulted in a twofold reduction in MIC (Fig. 5E and F). These phenotypes were
completely restored by the expression of uvrA in the mutant strain. Importantly, the
deletion of E. coli uvrA had no impact on ampicillin killing (Fig. 5G), indicating a unique
role of NER in the action of rifampicin. Moreover, the perturbation of TCR upon rifampicin
action could also be signified by the increased survival of greA-deficient mutant (Fig. 5H).
According to recent studies, the inactivation of greA in E. coli could stimulate RecABCD-
mediated DNA repair by promoting the RNAP backtrack (52, 53).

Sustained cellular respiration and catabolism diminish rifampicin efficacy

A previous study established that the lethality of most bactericidal antibiotics is
associated with accelerated respiration. However, the action of rifampicin is linked to
the inhibition of respiration in various organisms, regardless of its effect on killing
(5). The effect of cellular respiration on the lethality of rifampicin remains unclear.
Our results showed that genes related to the respiration chain NADH dehydrogenase
| (NDH-I, encoded by nuoA-N), succinate dehydrogenase (encoded by sdhA-D), and
bo-type oxidase (encoded by cyoA-D) were associated with reduced fitness upon Tn5
insertion (Fig. 3B; Tables S3 and S4). Given that deficiency in NDH-I or bo-type oxidase
leads to significantly reduced oxygen consumption in E. coli (54), these results indicate
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genes related to DNA repair and replication. (B and E) Rifampicin susceptibility (MICqp) of indicated E. coli strains. (C-D and F-H) Survival of the indicated E. coli

strains treated with 32 mg/L rifampicin (C, D, F, and H) or 100 mg/L ampicillin (G). Data are shown as the mean =+ SE of at least three independent experiments. *P

< 0.05, **P < 0.01, and ***P < 0.001 using an unpaired t-test compared to the counterpart of wild type.

that sustained aerobic respiration may counteract rifamycin killing. To test this hypothe-
sis, we constructed an unmarked AnuoA-N strain in E. coli, and the results showed that
the mutant became more sensitive to rifampicin (Fig. 6A). The deletion of nuoA-N in E. coli
resulted in a growth-deficient phenotype in enriched medium (Fig. S1B), consistent with
previous findings that NDH-1 predominates when E. coli is grown at high oxygen tension
(54, 55). The deletion of nuoA-N in E. coli did not affect the MIC of rifampicin (Fig. S1A),
suggesting a role of NDH-1 in rifampicin’s killing, rather than drug entry. Moreover, our
results indicated that the NDH-1-added survival effect specifically relies on the inhibition
of transcription by rifampicin, and the deletion of nuoA-N in E. coli resulted in decreased
killing by ampicillin or gentamycin and did not affect the sensitivity to spectinomycin,
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FIG 6 Sustained cellular respiration counteracts rifampicin-induced killing. (A) Survival of E. coli strains treated with 32 mg/L rifampicin. (B) Survival of E. coli
strains treated with 100 mg/L ampicillin or 16 mg/L gentamycin. (C and D) The NADH/NAD" and ATP levels in E. coli MG1655 and the AnuoA-N mutant. RLU,
relative light units. (E) Survival of E. coli strains treated with 32 mg/L rifampicin. Data are shown as the mean * SE of at least three independent experiments. *P <

0.05, **P < 0.01, and ***P < 0.001 using an unpaired t-test compared to the counterpart of wild type.

chloramphenicol, and tetracycline (Fig. 6B; Fig. S1C) (5). Collectively, these results suggest
a role for sustained aerobic respiration in counteracting rifampicin-induced killing.

Aerobic respiration plays a pivotal role in cell metabolism by recycling NAD* and
generating ATP. To dissect the mechanisms underlying NDH-l-induced survival, we
measured ATP and NADH/NAD" in the AnuoA-N strain. Our results showed that NDH-I
deficiency resulted in a greater than twofold increase in the NADH/NAD" ratio, whereas
its effect on cellular ATP was very mild (Fig. 6C and D). Given that the regeneration of
reducing equivalents is critical for the maintenance of cellular catabolism, these results
indicate that the effect of NDH-I depletion on rifampicin killing may be attributable to
reduced catabolism (56). This speculation could be supported by the selection of genes
enriched in carbon metabolism (eco01200, FDR = 3.6 x 107%) (Fig. 3B; Table S4). These
metabolic genes mainly belonged to the tricarboxylic acid (TCA) cycle (including gitA,
sdhB, mdh, and fumC), pentose phosphate pathway (tpiA, talB, tktA, rpiA, rpe, and gnd),
and glycolysis (pgi, pfkA, and pykF), almost all of which exhibited reduced fitness upon
Tn5 insertion (except for gnd encoding for 6-phosphogluconate dehydrogenase). To
validate our hypothesis further, we constructed a mutant deficient in gltA, which encodes
the first committed enzyme of the TCA cycle. The results showed that, upon exposure
to rifampicin, the survival rate of the Ag/tA mutant was reduced by three orders of
magnitude compared to the wild type (Fig. 6E). This phenotype was completely restored
by gltA expression in the mutant strain. These results provide evidence that sustained
NAD" recycling and carbon catabolism counteract the killing effect of rifampicin.

DISCUSSION

Rifampicin plays a pivotal role in shortening the course of antituberculosis therapy owing
to its sterilizing activity against M. tuberculosis (4). However, owing to its low bactericidal
activity and rapid development of resistance, its clinical application in infectious diseases
caused by most gram-negative bacteria is limited. In this study, we comprehensively
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identified and evaluated the cellular functions that modulate the action of rifampicin in
the model organism E. coli and provided unique insights into its lethal effects.

Our results showed that E. coli mutants deficient in DSB-repair genes recA-C, recG,
and ruvA became more sensitive to rifampicin killing, suggesting a role of lethal DNA
damage in rifampicin killing (6). Although the precise mechanisms underlying rifampicin-
induced DNA damage remain elusive, our study revealed the unique characteristics of
its action. First, in accordance with the inability of rifampicin to induce ROS in E. coli
(5, 24), we found that the well-characterized BER genes that contribute to ROS-induced
DSB were not selected upon rifampicin action (17, 18, 45-47). These findings, taken
together with the results showing the irrelevance of katG and thiourea in rifampicin’s
killing, signify distinct oxidation-independent DNA damage events. Further, we provided
genetic evidence that rifampicin-induced DNA damage may stem from perturbations in
DNA replication and TCR. The implication of Rep in rifampicin lethality suggests that the
inhibition of RNAP may result in a stalled transcriptional complex, leading to replication
fork collision and pausing (48, 49). The participation of TCR in rifampicin’s action could
be exemplified by the hypersensitivity of the mutants deficient in UvrA/UvrB, as well
as the protective effect posed by GreA depletion. In E. coli, UvrA, UvrD, and RNAP form
a surveillance complex that can timely backtrack RNAP and initiate NER upon encoun-
ter with a DNA lesion during transcription (50, 51). By contrast, the presence of GreA
impedes RNAP backtracking (52, 53). Our results demonstrated that the deletion of uvrA
in E. coli resulted in a twofold reduction in rifampicin MIC but did not affect ampicillin
sensitivity, suggesting a unique role of NER in rifampicin action.

Early studies have established the role of the ferrichrome transport system (FhuA-
TonB) encoded by some gram-negative bacteria in the uptake of rifamycin derivatives
CGP 4832 and rifabutin, but not of rifampicin (38, 39, 57). While our results are consistent
with these findings, showing the unchanged rifampicin MIC of the mutant deficient
in the TonB complex and other iron transporters, it also suggests a novel role of iron
metabolism in rifamycin killing. Moreover, the evidence presented in this study suggests
that the impact of iron on rifampicin’s killing does not rely on the generation of hydroxyl
radicals, which is strikingly different from the well-established role of iron in ROS-medi-
ated cell death (40, 41). Together, these observations suggest an alternative route for
iron-related cell death. Notably, antibiotic lethality under anaerobic conditions can be
induced by reactive metabolic byproducts in E. coli (58). Considering the inhibitory effect
of rifampicin on cellular respiration (5), further studies should address the physiological
role of iron under oxygen-limited conditions.

For most bactericidal antibiotics, the inhibition of bacterial respiration counteracts
killing (5). However, our results indicate that reduced aerobic respiration contributes
to rifampicin-induced killing of E. coli. We found that the depletion of NDH-I in E. coli
resulted in increased killing by rifampicin, which could be attributed to increased NADH/
NAD* and reduced carbon catabolism. Moreover, our results demonstrated that this
effect relies on the inhibition of transcription but not translation. It is possible that the
reduced but sustained respiration and catabolism add to survival by providing building
blocks for the repair of cellular damage induced by rifampicin.

Penetration through the OM is the rate-limiting step in the action of rifampicin (1). In
Enterobacterales, LPS and ECA are the key surface components that limit the accessibility
of the hydrophobic compounds to OM (30, 31, 33). Integral OMPs also play a role in OM
permeability owing to the selective transport of small hydrophilic molecules (29, 30). Our
results showed that the BAM complex contributes substantially to the impermeability
of rifampicin. However, we found that mutants deficient in ECA biosynthesis universally
exhibited increased fitness under sub-MIC rifampicin, suggesting that ECA may not
function as a barrier to rifampicin entry (32). Intriguingly, our results indicated that the
impact of LPS on rifampicin efficacy is mild and may have opposing effects between
sub-MIC and above-MIC concentrations of rifampicin. These results suggest that the
contribution of these permeability barriers to rifampicin entry differs substantially.
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Our findings provide evidence that bacterial physiological and metabolic responses
may account for the discrepancy in the efficacy of rifamycins in different organisms. For
instance, in Mycobacterium, rifampicin’s lethality has been demonstrated to be depend-
ent on the generation of ROS and oxidative DNA damage (17, 20-23). Moreover, a
recent study showed that mycobacteria deploy increased iron acquisition to counteract
oxidative damage, which is quite distinct from the defense tactics of E. coli, character-
ized by shrinking of the iron pool (23). Therefore, a deeper understanding of these
physiological and metabolic responses in the context of rifamycin efficacy may aid in the
development of new therapeutic strategies and antimicrobial adjuvants.

MATERIALS AND METHODS
Strains, media, and growth conditions

E. coli K12 strain MG1655 was used in this study. E. coli was cultured in Luria-Bertani (LB)
and LB agar media. Antibiotics at indicated concentrations were added to the medium.
Cells were grown at 37°C on a rotating shaker at 220 rpm.

Generation of transposon mutant library

A transposon mutant library was generated in E. coli following the method described
for Salmonella typhi (26). Briefly, a modified Tn5 transposon (Epicentre, TSM99K2) was
transformed into E. coli by electroporation. Transformants were grown on LB agar
supplemented with kanamycin (50 mg/L); the kanamycin-resistant colonies were pooled
in LB containing 12% glycerol and stored at —80°C.

Library screening

The transposon mutant library was grown in 10 mL LB supplemented with kanamycin
(50 mg/L) in a 50-mL flask at 37°C to an ODggg of ~1.0. Cells were washed with an
equal volume of LB to remove kanamycin. Approximately 107 colony-forming units were
inoculated into a 100-mL flask containing 10-mL LB and grown to an ODggq of 0.5. Input
samples were collected at this stage by centrifugation. The culture was then aliquoted to
three flasks and treated with different concentrations of rifampicin (2, 32, and 160 mg/L,
Sigma Aldrich, R3501) at 37°C with rotation. At 1 and 3 h post-treatment, approximately
3 million CFUs were recovered by plating onto five LB agar plates (200 mm diameter)
supplemented with kanamycin (50 mg/L) and incubated overnight at 37°C. Colonies
were pooled in LB and stored at —80°C. Two biological replicates were performed.

DNA preparation and Tn-Seq

Harvested cells were prepared for Tn-Seq as previously described (26, 59). Briefly,
genomic DNA was extracted from cell pellets using the TIANamp bacteria DNA kit
(Tiangen). DNA was quantified and mechanically sheared by ultrasonication. Sheared
DNA fragments were subjected to end repair, dA-tailing, ligation with Illumina Truseq
adaptors, and PCR using an adaptor and Tn5-specific primers. After PCR purification,
lllumina-specific flow adaptor sequences were added through an additional PCR before
sequencing. Adaptors and primers used in this study are listed in Table S5.

Sequencing analysis

Data analysis was performed using TPP and TRANSIT (27). Raw data were processed
using TPP and BWA (60). Raw sequencing reads were first trimmed using sequence 5-G
AGATGTGTATAAGAGACAG-3’ to remove the transposon sequence; reads with a flanking
genome region longer than 20 bp were retained. Then, trimmed reads with proper
indexes were mapped to a unique site on the E. coli MG1655 genome (NCBI GenBank,
NC_000913.3). Finally, mapped reads were filtered by their indexes to eliminate PCR bias.
Those insertion sites in the genome and the count of each read were recorded in a
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single wig file. According to the file, Pearson correlation and distribution of reads can be
calculated and visualized with Python and R. Fitness change was determined by carrying
out a pairwise comparison of each rifampicin-treated sample with the input data. Reads
in the 5% N-terminal and 5% C-terminal of the gene sequence were discarded (61). The
“Resampling” method of TRANSIT software (v3.2.0) was used to identify mutants that
were differentially represented between input and post-treatment samples. Read counts,
P-value (adjusted by using the method of FDR), and log,FC between the input and
post-treatment were calculated using default parameters. The genes with an adj P-value
of less than 0.05 and log,FC of more than 1 or less than —1 were selected.

Gene enrichment analysis

Pathway enrichment analysis was performed on the website (https://david.ncifcrf.gov).
Enrichment in pathway terms was calculated for each gene cluster. GO terms with an FDR
value of less than 0.1 were selected.

Gene deletion and complementation

Single gene deletion in E. coli was constructed by allelic transduction from Keio
collection strains using classical P1 phage transduction followed by Kan® cassette
excision (62). For the deletion of nuoA-N, DNA fragments containing flanking regions
of the nuoA-N cluster and Kan® cassette were PCR-amplified and transformed into
E. coli using electroporation. Recovered cells were selected for kanamycin-resistant
homologous recombinants. To avoid potential off-target effects, the selected mutant
containing the AnuoA-N:Kan® allele was used as a donor for P1 transduction to generate
the AnuoA-N mutant. The plasmid was cured, and the Kan® cassette was removed to
generate the unmarked nuoA-N deletion mutant. The mutant genotype was verified by
PCR and sequencing. For complementation of the gene deletion mutants, the coding
region of the target gene was PCR-amplified and cloned into a low-copy plasmid pZS*24
(63). The resulting plasmid was transformed into the mutant strain by electroporation.

Antibiotic susceptibility

To measure MIC, strains were grown to the exponential phase and diluted to ~10° CFU
per mL in 200-pL LB media containing antibiotics at indicated concentrations. Growth
was monitored by ODggp and expressed as percent of growth relative to the untreated
control. Ninety percent inhibitory concentration (MICgg) was determined by plotting the
percent of growth versus concentration of antibiotic. The growth inhibition dynamics
were approximated by nonlinear regression using the inhibitor versus response model of
GraphPad Prism 9.0. Three biological replicates were performed.

Antibiotic killing assay

Bacterial cultures were grown overnight in LB and then diluted 1:200 in 10-mL LB in
50-mL flasks. For the complementary strains, cultures were grown in LB containing
20 pg/mL kanamycin; gene expression was induced by 1 mM isopropyl-1-thio-B-D-galac-
topyranoside upon inoculation of the seeding culture. At an ODggg of 0.3 to 0.4, aliquots
of 1 mL culture (in a 14-mL tube) were treated with antibiotics at 37°C. Aliquots were
taken, serially diluted, and plated onto LB agar plates to determine CFU. Survival was
expressed as the ratio compared with pre-treatment.

ATP qualification

ATP concentration was measured by using the BacTiter-Glo Microbial Cell Viability
Assay kit (Promega) and FlexStation 3 (Molecular Devices) following the manufacturer’s
protocols. Samples (100 pL) at an ODggg of 0.4 to 0.6 were mixed with an equal volume
of BacTiter-Glo reagent in 96-well opaque plates and incubated at room temperature
for 5 minutes. The relative light units were recorded by FlexStation 3 and normalized by
ODg00-
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NADH/NAD" assay

The qualification of NADH and NAD" was performed by using the NAD/NADH-Glo Assay
kit (Promega) and FlexStation 3 following the manufacturer’s protocols. The samples
(100 pL) at an ODggq of 0.4 to 0.6 were mixed with an equal volume of NAD/NADH-Glo
detection reagent in 96-well opaque plates and incubated at room temperature with
gentle shaking for 60 minutes. RLU values were recorded by FlexStation 3 and normal-
ized by ODgqo.

Statistical analysis

Statistical analysis was performed on logjg-transformed data (for antibiotic killing
experiments) or untransformed data (for NADH and ATP assays) using unpaired two-
tailed Student’s t-test using GraphPad Prism 9.0 software. A statistical difference between
wild type and a gene deletion mutant is marked (*P < 0.05; **P < 0.01; ***P < 0.001).

ACKNOWLEDGMENTS

The work was supported by the National Natural Science Foundation 81991532,
31970032 (to L.-D.L), and 31830002 (to G.-PZ) and the Science and Technology
Commission of Shanghai Municipality ZD2021CY001 (to L-D.L.).

AUTHOR AFFILIATIONS

'Key Laboratory of Medical Molecular Virology of the Ministry of Education/National
Health Commission, School of Basic Medical Sciences and Department of Microbiology
and Microbial Engineering, School of Life Sciences, Fudan University, Shanghai, China
2CAS Key Laboratory of Synthetic Biology, CAS Center for Excellence in Molecular Plant
Sciences, Chinese Academy of Sciences (CAS), Shanghai, China

*University of Chinese Academy of Sciences, Beijing, China

“Shanghai Key Laboratory of Tuberculosis, Shanghai Clinical Research Center for
Infectious Disease (Tuberculosis), Shanghai Pulmonary Hospital, Shanghai, China

AUTHOR ORCIDs

Guo-Ping Zhao 2 http://orcid.org/0000-0002-7621-6620
Liang-Dong Lyu @ http://orcid.org/0000-0001-6391-6030

FUNDING

Funder Grant(s) Author(s)

MOST | National Natural Science Foundation of China 81991532 Liang-Dong Lyu
(NSFQ)

MOST | National Natural Science Foundation of China 31970032 Liang-Dong Lyu
(NSFQ)

MOST | National Natural Science Foundation of China 31830002 Guo-Ping Zhao
(NSFC)

The Science and Technology Commission of Shanghai  ZD2021CY001 Liang-Dong Lyu
Municipality

AUTHOR CONTRIBUTIONS

Yu Wang, Data curation, Formal analysis, Investigation, Methodology, Writing — original
draft | Han Fu, Data curation, Formal analysis, Investigation, Methodology | Xiao-Jie
Shi, Data curation, Formal analysis, Investigation | Guo-Ping Zhao, Conceptualization,
Funding acquisition, Supervision | Liang-Dong Lyu, Conceptualization, Formal analysis,
Funding acquisition, Supervision, Writing — review and editing

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.02895-2313


https://doi.org/10.1128/spectrum.02895-23

Research Article

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Microbiology Spectrum

Fig.S1, Tables S1 and S5 (Spectrum02895-23-s0001.pdf). Supplemental material.
Table S2 (Spectrum02895-23-s0002.xIsx). Raw data of resampling analysis.
Table S3 (Spectrum02895-23-s0003.xlsx). Identified genes.

Table S4 (Spectrum02895-23-s0004.xIsx). Pathway enrichment analysis.

REFERENCES

1.

January 2024 Volume 12

Webhrli W. 1983. Rifampin: mechanisms of action and resistance. Rev
Infect Dis 5 Suppl 3:5407-S411. https://doi.org/10.1093/clinids/5.
supplement_3.5407

Floss HG, Yu TW. 2005. Rifamycin-mode of action, resistance, and
biosynthesis. Chem Rev 105:621-632. https://doi.org/10.1021/cr030112j
Campbell EA, Korzheva N, Mustaev A, Murakami K, Nair S, Goldfarb A,
Darst SA. 2001. Structural mechanism for rifampicin inhibition of
bacterial RNA polymerase. Cell 104:901-912. https://doi.org/10.1016/
50092-8674(01)00286-0

Mitchison DA. 1985. The action of antituberculosis drugs in short-course
chemotherapy. Tubercle 66:219-225. https://doi.org/10.1016/0041-
3879(85)90040-6

Lobritz MA, Belenky P, Porter CBM, Gutierrez A, Yang JH, Schwarz EG,
Dwyer DJ, Khalil AS, Collins JJ. 2015. Antibiotic efficacy is linked to
bacterial cellular respiration. Proc Natl Acad Sci U S A 112:8173-8180.
https://doi.org/10.1073/pnas.1509743112

Chao L. 1986. Sensitivity of DNA-repair-deficient strains of Escherichia
coli to rifampicin killing. Mutat Res 173:25-29. https://doi.org/10.1016/
0165-7992(86)90006-0

Reid P, Speyer J. 1970. Rifampicin inhibition of ribonucleic acid and
protein synthesis in normal and ethylenediaminetetraacetic acid-treated
Escherichia coli. ) Bacteriol 104:376-389. https://doi.org/10.1128/jb.104.
1.376-389.1970

Lancini GC, Sartori G. 1968. Rifamycins LXI: in vivo inhibition of RNA
synthesis of rifamycins. Experientia 24:1105-1106. https://doi.org/10.
1007/BF02147783

Webhrli W, Knusel F, Staehelin M. 1968. Action of rifamycin on RNA-
polymerase from sensitive and resistant bacteria. Biochem Biophys Res
Commun 32:284-288. https://doi.org/10.1016/0006-291x(68)90382-3
Gill SK, Garcia GA. 2011. Rifamycin inhibition of WT and Rif-resistant
Mycobacterium tuberculosis and Escherichia coli RNA polymerases in vitro.
Tuberculosis (Edinb) 91:361-369. https://doi.org/10.1016/j.tube.2011.05.
002

Baquero F, Levin BR. 2021. Proximate and ultimate causes of the
bactericidal action of antibiotics. Nat Rev Microbiol 19:123-132. https://
doi.org/10.1038/541579-020-00443-1

Stokes JM, Lopatkin AJ, Lobritz MA, Collins JJ. 2019. Bacterial metabo-
lism and antibiotic efficacy. Cell Metab 30:251-259. https://doi.org/10.
1016/j.cmet.2019.06.009

Lopatkin AJ, Bening SC, Manson AL, Stokes JM, Kohanski MA, Badran AH,
Earl AM, Cheney NJ, Yang JH, Collins JJ. 2021. Clinically relevant
mutations in core metabolic genes confer antibiotic resistance. Science
371:eaba0862. https://doi.org/10.1126/science.aba0862

Nakamura Y, Yura T. 1976. Effects of rifampicin on synthesis and
functional activity of DNA-dependent RNA polymerase in Escherichia
coli. Mol Gen Genet 145:227-237. https://doi.org/10.1007/BF00325817
McClure WR, Cech CL. 1978. On the mechanism of rifampicin inhibition
of RNA synthesis. J Biol Chem 253:8949-8956. https://doi.org/10.1016/
S0021-9258(17)34269-2

Takahashi N, Gruber CC, Yang JH, Liu X, Braff D, Yashaswini CN,
Bhubhanil S, Furuta Y, Andreescu S, Collins JJ, Walker GC. 2017. Lethality
of MalE-LacZ hybrid protein shares mechanistic attributes with oxidative
component of antibiotic lethality. Proc Natl Acad Sci U S A 114:9164—
9169. https://doi.org/10.1073/pnas.1707466114

Fan XY, Tang BK, Xu YY, Han AX, Shi KX, Wu YK, Ye Y, Wei ML, Niu C,
Wong KW, Zhao GP, Lyu LD. 2018. Oxidation of dCTP contributes to

Issue 1

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

antibiotic lethality in stationary-phase mycobacteria. Proc Natl Acad Sci
US A 115:2210-2215. https://doi.org/10.1073/pnas.1719627115

Dwyer DJ, Belenky PA, Yang JH, MacDonald IC, Martell JD, Takahashi N,
Chan CTY, Lobritz MA, Braff D, Schwarz EG, Ye JD, Pati M, Vercruysse M,
Ralifo PS, Allison KR, Khalil AS, Ting AY, Walker GC, Collins JJ. 2014.
Antibiotics induce redox-related physiological alterations as part of their
lethality. Proc Natl Acad Sci U S A 111:E2100-E2109. https://doi.org/10.
1073/pnas.1401876111

Dong TG, Dong S, Catalano C, Moore R, Liang X, Mekalanos JJ. 2015.
Generation of reactive oxygen species by lethal attacks from competing
microbes. Proc Natl Acad Sci U S A 112:2181-2186. https://doi.org/10.
1073/pnas. 1425007112

Saito K, Mishra S, Warrier T, Cicchetti N, Mi J, Weber E, Jiang X, Roberts J,
Gouzy A, Kaplan E, Brown CD, Gold B, Nathan C. 2021. Oxidative damage
and delayed replication allow viable Mycobacterium tuberculosis to go
undetected. Sci Transl Med 13:eabg2612. https://doi.org/10.1126/
scitransimed.abg2612

Tiwari S, van Tonder AJ, Vilchéze C, Mendes V, Thomas SE, Malek A, Chen
B, Chen M, Kim J, Blundell TL, Parkhill J, Weinrick B, Berney M, Jacobs WR.
2018. Arginine-deprivation-induced oxidative damage sterilizes
Mycobacterium tuberculosis. Proc Natl Acad Sci U S A 115:9779-9784.
https://doi.org/10.1073/pnas.1808874115

Nandakumar M, Nathan C, Rhee KY. 2014. Isocitrate lyase mediates
broad antibiotic tolerance in Mycobacterium tuberculosis. Nat Commun
5:4306. https://doi.org/10.1038/ncomms5306

Wu M, Shan W, Zhao GP, Lyu LD. 2022. H,0; concentration-dependent
kinetics of gene expression: linking the intensity of oxidative stress and
mycobacterial physiological adaptation. Emerg Microbes Infect 11:573-
584. https://doi.org/10.1080/22221751.2022.2034484

Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, Collins JJ. 2007. A
common mechanism of cellular death induced by bactericidal
antibiotics. Cell 130:797-810. https://doi.org/10.1016/j.cell.2007.06.049
Cain AK, Barquist L, Goodman AL, Paulsen IT, Parkhill J, van Opijnen T.
2020. A decade of advances in transposon-insertion sequencing. Nat
Rev Genet 21:526-540. https://doi.org/10.1038/s41576-020-0244-x
Langridge GC, Phan MD, Turner DJ, Perkins TT, Parts L, Haase J, Charles |,
Maskell DJ, Peters SE, Dougan G, Wain J, Parkhill J, Turner AK. 2009.
Simultaneous assay of every Salmonella typhi gene using one million
transposon mutants. Genome Res 19:2308-2316. https://doi.org/10.
1101/9r.097097.109

Delesus MA, Ambadipudi C, Baker R, Sassetti C, loerger TR. 2015.
TRANSIT--a software tool for Himar1 TnSeq analysis. PLoS Comput Biol
11:1004401. https://doi.org/10.1371/journal.pcbi.1004401

Bellerose MM, Proulx MK, Smith CM, Baker RE, loerger TR, Sassetti CM.
2020. Distinct bacterial pathways influence the efficacy of antibiotics
against Mycobacterium tuberculosis. mSystems 5:00396-20. https://doi.
org/10.1128/mSystems.00396-20

Konovalova A, Kahne DE, Silhavy TJ. 2017. Outer membrane biogenesis.
Annu Rev Microbiol 71:539-556. https://doi.org/10.1146/annurev-micro-
090816-093754

Lewis K. 2020. The science of antibiotic discovery. Cell 181:29-45. https:/
/doi.org/10.1016/j.cell.2020.02.056

Rai AK, Mitchell AM, Garsin DA. 2020. Enterobacterial common antigen:
synthesis and function of an enigmatic molecule. mBio 11:e01914-20.
https://doi.org/10.1128/mBi0.01914-20

10.1128/spectrum.02895-2314


https://doi.org/10.1128/spectrum.02895-23
https://doi.org/10.1093/clinids/5.supplement_3.s407
https://doi.org/10.1021/cr030112j
https://doi.org/10.1016/s0092-8674(01)00286-0
https://doi.org/10.1016/0041-3879(85)90040-6
https://doi.org/10.1073/pnas.1509743112
https://doi.org/10.1016/0165-7992(86)90006-0
https://doi.org/10.1128/jb.104.1.376-389.1970
https://doi.org/10.1007/BF02147783
https://doi.org/10.1016/0006-291x(68)90382-3
https://doi.org/10.1016/j.tube.2011.05.002
https://doi.org/10.1038/s41579-020-00443-1
https://doi.org/10.1016/j.cmet.2019.06.009
https://doi.org/10.1126/science.aba0862
https://doi.org/10.1007/BF00325817
https://doi.org/10.1016/S0021-9258(17)34269-2
https://doi.org/10.1073/pnas.1707466114
https://doi.org/10.1073/pnas.1719627115
https://doi.org/10.1073/pnas.1401876111
https://doi.org/10.1073/pnas.1425007112
https://doi.org/10.1126/scitranslmed.abg2612
https://doi.org/10.1073/pnas.1808874115
https://doi.org/10.1038/ncomms5306
https://doi.org/10.1080/22221751.2022.2034484
https://doi.org/10.1016/j.cell.2007.06.049
https://doi.org/10.1038/s41576-020-0244-x
https://doi.org/10.1101/gr.097097.109
https://doi.org/10.1371/journal.pcbi.1004401
https://doi.org/10.1128/mSystems.00396-20
https://doi.org/10.1146/annurev-micro-090816-093754
https://doi.org/10.1016/j.cell.2020.02.056
https://doi.org/10.1128/mBio.01914-20
https://doi.org/10.1128/spectrum.02895-23

Research Article

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

January 2024 Volume 12

Nichols RJ, Sen S, Choo YJ, Beltrao P, Zietek M, Chaba R, Lee S,
Kazmierczak KM, Lee KJ, Wong A, Shales M, Lovett S, Winkler ME, Krogan
NJ, Typas A, Gross CA. 2011. Phenotypic landscape of a bacterial cell. Cell
144:143-156. https://doi.org/10.1016/j.cell.2010.11.052

Bertani B, Ruiz N. 2018. Function and biogenesis of lipopolysaccharides.
EcoSal Plus 8. https://doi.org/10.1128/ecosalplus.ESP-0001-2018
Andrews SC, Robinson AK, Rodriguez-Quifiones F. 2003. Bacterial iron
homeostasis. FEMS Microbiol Rev 27:215-237. https://doi.org/10.1016/
S0168-6445(03)00055-X

Nicolaou SA, Fast AG, Nakamaru-Ogiso E, Papoutsakis ET. 2013.
Overexpression of fetA (ybblL) and fetB (ybbM), encoding an iron
exporter, enhances resistance to oxidative stress in Escherichia coli. Appl
Environ Microbiol 79:7210-7219. https://doi.org/10.1128/AEM.02322-13
Ochs M, Veitinger S, Kim |, Welz D, Angerer A, Braun V. 1995. Regulation
of citrate-dependent iron transport of Escherichia coli: fecR is required
for transcription activation by Feel. Mol Microbiol 15:119-132. https://
doi.org/10.1111/j.1365-2958.1995.tb02226.x

Chenault SS, Earhart CF. 1991. Organization of genes encoding
membrane proteins of the Escherichia coli ferrienterobactin permease.
Mol Microbiol 5:1405-1413. https://doi.org/10.1111/j.1365-2958.1991.
tb00787.x

Ferguson AD, Kodding J, Walker G, Bos C, Coulton JW, Diederichs K,
Braun V, Welte W. 2001. Active transport of an antibiotic rifamycin
derivative by the outer-membrane protein FhuA. Structure 9:707-716.
https://doi.org/10.1016/50969-2126(01)00631-1

Pugsley AP, Zimmerman W, Wehrli W. 1987. Highly efficient uptake of a
rifamycin derivative via the FhuA-TonB-dependent uptake route in
Escherichia coli. J Gen Microbiol 133:3505-3511. https://doi.org/10.1099/
00221287-133-12-3505

Piccaro G, Pietraforte D, Giannoni F, Mustazzolu A, Fattorini L. 2014.
Rifampin induces hydroxyl radical formation in Mycobacterium
tuberculosis. Antimicrob Agents Chemother 58:7527-7533. https://doi.
org/10.1128/AAC.03169-14

Imlay JA, Chin SM, Linn S. 1988. Toxic DNA damage by hydrogen
peroxide through the fenton reaction in vivo and in vitro. Science
240:640-642. https://doi.org/10.1126/science.2834821

Imlay JA. 2013. The molecular mechanisms and physiological conse-
quences of oxidative stress: lessons from a model bacterium. Nat Rev
Microbiol 11:443-454. https://doi.org/10.1038/nrmicro3032
Gonzalez-Flecha B, Demple B. 1997. Homeostatic regulation of
intracellular hydrogen peroxide concentration in aerobically growing
Escherichia coli. J Bacteriol 179:382-388. https://doi.org/10.1128/jb.179.
2.382-388.1997

Friedberg EC, Walker GC, Siede W, Wood RD, Schultz RA, Ellenberger T.
2005. DNA repair and mutagenesis. Second edition. ASM Press,
Washington, DC, USA.

Foti JJ, Devadoss B, Winkler JA, Collins JJ, Walker GC. 2012. Oxidation of
the guanine nucleotide pool underlies cell death by bactericidal
antibiotics. Science 336:315-319. https://doi.org/10.1126/science.
1219192

Gruber CC, Babu VMP, Livingston K, Joisher H, Walker GC. 2021.
Degradation of the Escherichia coli essential proteins DapB and Dxr
results in oxidative stress, which contributes to lethality through
incomplete base excision repair. mBio 13:€0375621. https://doi.org/10.
1128/mbio.03756-21

Dupuy P, Howlader M, Glickman MS. 2020. A multilayered repair system
protects the mycobacterial chromosome from endogenous and
antibiotic-induced oxidative damage. Proc Natl Acad Sci U S A
117:19517-19527. https://doi.org/10.1073/pnas.2006792117

Gupta MK, Guy CP, Yeeles JTP, Atkinson J, Bell H, Lloyd RG, Marians KJ,
McGlynn P. 2013. Protein-DNA complexes are the primary sources of
replication fork pausing in Escherichia coli. Proc Natl Acad Sci U S A
110:7252-7257. https://doi.org/10.1073/pnas.1303890110

Issue 1

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Microbiology Spectrum

Guy CP, Atkinson J, Gupta MK, Mahdi AA, Gwynn EJ, Rudolph CJ, Moon
PB, van Knippenberg IC, Cadman CJ, Dillingham MS, Lloyd RG, McGlynn
P. 2009. Rep provides a second motor at the replisome to promote
duplication of protein-bound DNA. Mol Cell 36:654-666. https://doi.org/
10.1016/j.molcel.2009.11.009

Bharati BK, Gowder M, Zheng F, Alzoubi K, Svetlov V, Kamarthapu V,
Weaver JW, Epshtein V, Vasilyev N, Shen L, Zhang Y, Nudler E. 2022.
Crucial role and mechanism of transcription-coupled DNA repair in
bacteria. Nature 604:152-159. https://doi.org/10.1038/541586-022-
04530-6

Epshtein V, Kamarthapu V, McGary K, Svetlov V, Ueberheide B, Proshkin
S, Mironov A, Nudler E. 2014. UvrD facilitates DNA repair by pulling RNA
polymerase backwards. Nature 505:372-377. https://doi.org/10.1038/
nature12928

Cohen SE, Lewis CA, Mooney RA, Kohanski MA, Collins JJ, Landick R,
Walker GC. 2010. Roles for the transcription elongation factor NusA in
both DNA repair and damage tolerance pathways in Escherichia coli. Proc
Natl Acad Sci U S A 107:15517-15522. https://doi.org/10.1073/pnas.
1005203107

Sivaramakrishnan P, Sepulveda LA, Halliday JA, Liu J, Nufez MAB,
Golding |, Rosenberg SM, Herman C. 2017. The transcription fidelity
factor GreA impedes DNA break repair. Nature 550:214-218. https://doi.
org/10.1038/nature23907

Calhoun MW, Oden KL, Gennis RB, de Mattos MJ, Neijssel OM. 1993.
Energetic efficiency of Escherichia coli: effects of mutations in compo-
nents of the aerobic respiratory chain. J Bacteriol 175:3020-3025. https:/
/doi.org/10.1128/jb.175.10.3020-3025.1993

Erhardt H, Steimle S, Muders V, Pohl T, Walter J, Friedrich T. 2012.
Disruption of individual nuo-genes leads to the formation of partially
assembled NADH:ubiquinone oxidoreductase (complex 1) in Escherichia
coli. Biochim Biophys Acta 1817:863-871. https://doi.org/10.1016/j.
bbabio.2011.10.008

Andersen KB, von Meyenburg K. 1977. Charges of nicotinamide adenine
nucleotides and adenylate energy charge as regulatory parameters of
the metabolism in Escherichia coli. J Biol Chem 252:4151-4156. https:/
doi.org/10.1016/50021-9258(17)40245-6

Trebosc V, Schellhorn B, Schill J, Lucchini V, Bihler J, Bourotte M, Butcher
JJ, Gitzinger M, Lociuro S, Kemmer C, Dale GE. 2020. In vitro activity of
rifabutin against 293 contemporary carbapenem-resistant Acinetobacter
baumannii clinical isolates and characterization of rifabutin mode of
action and resistance mechanisms. J Antimicrob Chemother 75:3552—
3562. https://doi.org/10.1093/jac/dkaa370

Wong F, Stokes JM, Bening SC, Vidoudez C, Trauger SA, Collins JJ. 2022.
Reactive metabolic byproducts contribute to antibiotic lethality under
anaerobic conditions. Mol Cell 82:3499-3512. https://doi.org/10.1016/j.
molcel.2022.07.009

Christen B, Abeliuk E, Collier JM, Kalogeraki VS, Passarelli B, Coller JA,
Fero MJ, McAdams HH, Shapiro L. 2011. The essential genome of a
bacterium. Mol Syst Biol 7:528. https://doi.org/10.1038/msb.2011.58

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25:1754-1760. https://doi.
org/10.1093/bioinformatics/btp324

Gallagher LA, Shendure J, Manoil C. 2011. Genome-scale identification of
resistance functions in Pseudomonas aeruginosa using Tn-seq. mBio
2:e00315-10. https://doi.org/10.1128/mBi0.00315-10

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst
Biol 2:2006. https://doi.org/10.1038/msb4100050

Lutz R, Bujard H. 1997. Independent and tight regulation of transcrip-
tional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-12
regulatory elements. Nucleic Acids Res 25:1203-1210. https://doi.org/10.
1093/nar/25.6.1203

10.1128/spectrum.02895-2315


https://doi.org/10.1016/j.cell.2010.11.052
https://doi.org/10.1128/ecosalplus.ESP-0001-2018
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1128/AEM.02322-13
https://doi.org/10.1111/j.1365-2958.1995.tb02226.x
https://doi.org/10.1111/j.1365-2958.1991.tb00787.x
https://doi.org/10.1016/s0969-2126(01)00631-1
https://doi.org/10.1099/00221287-133-12-3505
https://doi.org/10.1128/AAC.03169-14
https://doi.org/10.1126/science.2834821
https://doi.org/10.1038/nrmicro3032
https://doi.org/10.1128/jb.179.2.382-388.1997
https://doi.org/10.1126/science.1219192
https://doi.org/10.1128/mbio.03756-21
https://doi.org/10.1073/pnas.2006792117
https://doi.org/10.1073/pnas.1303890110
https://doi.org/10.1016/j.molcel.2009.11.009
https://doi.org/10.1038/s41586-022-04530-6
https://doi.org/10.1038/nature12928
https://doi.org/10.1073/pnas.1005203107
https://doi.org/10.1038/nature23907
https://doi.org/10.1128/jb.175.10.3020-3025.1993
https://doi.org/10.1016/j.bbabio.2011.10.008
https://doi.org/10.1016/S0021-9258(17)40245-6
https://doi.org/10.1093/jac/dkaa370
https://doi.org/10.1016/j.molcel.2022.07.009
https://doi.org/10.1038/msb.2011.58
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1128/mBio.00315-10
https://doi.org/10.1038/msb4100050
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1128/spectrum.02895-23

	Genome-wide screen reveals cellular functions that counteract rifampicin lethality in Escherichia coli
	RESULTS
	Selection of transposon mutants altering rifampicin efficacy
	The impact of cellular permeability barriers on rifampicin susceptibility
	Genes selected under above-MIC concentrations of rifampicin
	Iron acquisition modulates rifampicin lethality in a hydroxyl radical-independent manner
	Maintenance of DNA replication and transcription-coupled DNA repair protect E. coli cells against killing by rifampicin
	Sustained cellular respiration and catabolism diminish rifampicin efficacy

	DISCUSSION
	MATERIALS AND METHODS
	Strains, media, and growth conditions
	Generation of transposon mutant library
	Library screening
	DNA preparation and Tn-Seq
	Sequencing analysis
	Gene enrichment analysis
	Gene deletion and complementation
	Antibiotic susceptibility
	Antibiotic killing assay
	ATP qualification
	NADH/NAD+ assay
	Statistical analysis



