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The bactericidal effects of antibiotics are undoubtedly triggered by
target-specific interactions, but there is growing evidence that an
important aspect of cytotoxicity results from treatment-induced
metabolic perturbations. In this study, we characterized molecular
mechanisms whereby trimethoprim treatment results in cell death,
using Escherichia coli as the model organism. E. coli cells grown in
rich medium that contained all amino acids and low amounts of
thymidine were treated with trimethoprim under aerobic and an-
aerobic conditions. Under these growth conditions, accelerated
thymine depletion is the primary trigger of the processes leading
to cell death. Thymine depletion-induced DNA replication stress
leads to the production of reactive oxygen species under aerobic
conditions and of the DNA-damaging byproducts of nitrate respi-
ration under anaerobic conditions. Lowering the DNA replication
initiation rate by introducing the dnaA(Sx) allele or by overex-
pressing Hda protein reduces the number of active replication
forks, which reduces the consumption of thymidine and increases
resistance to trimethoprim under both aerobic and anaerobic
conditions. Analysis of the involvement of DNA repair enzymes
in trimethoprim-induced cytotoxicity clearly indicates that differ-
ent amounts and/or different types of DNA lesions are produced
in the presence or absence of oxygen. Maladaptive processing of
the DNA damage by DNA repair enzymes, in particular by MutM
and MutY DNA glycosylases, ultimately contributes to cell death.
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Tetrahydrofolate (THF) is required for the synthesis of several
essential molecules (Fig. S1), including certain amino acids
(methionine and glycine), purines (ATP and GTP), and thymidy-
late (1). Therefore, treatment with compounds that interfere with
THF production leads to the starvation of molecules required for
DNA replication, protein synthesis, and energy metabolism. For
this reason, these compounds are used as antimicrobial, antima-
larial, and anticancer drugs. Trimethoprim (TMP), a competitive
inhibitor of bacterial dihydrofolate reductase, which mediates the
reduction of dihydrofolate to THF, is commonly used as a wide-
spectrum antibiotic (2—4). The effect of TMP treatment on bac-
teria depends on the composition of growth media. It is bacte-
riostatic in minimal medium, whereas it is bactericidal in rich
medium and in minimal medium supplemented with amino acids
and a purine source (5). The bactericidal effect of TMP results
from thymidylate depletion, and therefore, the effect is assumed to
be similar to that of a thymineless death (TLD) (6).

The TLD phenomenon has been thoroughly studied using the
Escherichia coli thyA mutant, which lacks thymidylate synthase
(6). When thy4 mutant cells are deprived of thymine, the DNA
replication forks are rapidly stalled, but replication initiation
continues, which results in massive DNA breakage, and ulti-
mately cell death (6). Interestingly, although some DNA repair
functions increase tolerance, others increased sensitivity to TLD.
For example, recF mutants are more tolerant, whereas recB
mutants are more sensitive to TLD (6). Although it is clear that
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the bactericidal effect of TMP, similar to TLD, is triggered by
thymine depletion, the available data suggest that the mechanisms
ultimately responsible for TLD and for the bactericidal effect of
TMP may be different. For example, the screening of the E. coli
Keio collection identified 31 mutants that showed significantly
different sensitivity to TMP relative to the wild-type (wt) strain in
the Luria Broth medium (LB) (5). Only one of those genes, rec/,
which encodes a single-strand DNA exonuclease, was previously
reported to contribute to TLD. It is likely that mechanisms re-
sponsible for TLD and for the bactericidal effect of TMP in LB
medium are different because LB contains low amounts of thy-
midine, whereas TLD is always studied under conditions of total
thymine deprivation.

In this study, we decided to use LB medium to study TMP cy-
totoxicity because thymidine is present in different mammalian
tissues and body fluids (7, 8) and can, therefore, have an effect on
the TMP treatment. We also tested an effect of oxygen availability
on TMP cytotoxicity. Oxygen availability, which varies among
different body compartments, has an important effect on bacterial
cell metabolism, and therefore, on the antibiotic treatment out-
come. To characterize how TMP treatment leads to bacterial cell
death, we used a set of E. coli mutants with deficiencies in DNA
replication, repair, and recombination ability, as well as several
metabolic pathways. We grew these strains in LB supplemented
with TMP under aerobic and anaerobic conditions. We found that
bactericidal TMP effects are triggered by thymidine depletion under
both aerobic and anaerobic conditions. Under both conditions,
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decreasing the DNA replication initiation rate and the inactivation of
mutM and mutY genes, which code for DNA glycosylases, reduced
TMP toxicity. In the presence of oxygen, TMP-induced cell death
resulted from the increased production of reactive oxygen species
(ROS). TMP-induced bactericidal potential under anaerobic con-
ditions was boosted by nitrate respiration. Taken together, our data
suggest that TMP-induced DNA replication stress leads to a per-
turbation of cell metabolism, which results in the production of the
DNA-damaging agents. Maladaptive processing of the TMP-
induced DNA damage by DNA repair enzymes ultimately con-
tributes to cell death.

Results

TMP Treatment Provokes Thymidine Starvation and Induces SOS
Response. Because TMP affects several biosynthetic pathways (Fig.
S1), we investigated which compound or compounds E. coli is starved
for under our experimental conditions. We supplemented LB with
one or a combination of the following molecules: thymidine, glycine,
methionine, and inosine. Only thymidine was able, and sufficient, to
completely inhibit TMP toxicity in liquid LB or on LB agar plates
under aerobic and anaerobic conditions (Fig. 1 and Fig. S24). Only
half of a given dose of TMP was required to obtain the same effect on
cell survival under anaerobic rather than aerobic conditions.

It was previously reported that TMP induces the SOS response
(5). We showed that this was also the case under our experi-
mental conditions, using PrecA-GFP reporter fusion (Fig. S2B).
Induction was abolished when thymidine was added to the me-
dia. Next, we examined the contribution of SOS induction to the
survival of treated bacteria by using the lex4A/ (Ind”) mutant,
which cannot induce the SOS response. This mutant was more
sensitive than wt to the higher doses of TMP in the presence of
oxygen (Fig. 24 and Table S1). Under anaerobic conditions, it
was more sensitive to low TMP doses, and it was as sensitive as
the wt at the highest TMP dose (Fig. 2B and Table S1).

We also tested the involvement of several SOS-controlled
functions in the survival of TMP-treated cells (Fig. 2 and Table
S1). The deletion of the sul4 gene, involved in the inhibition of
cell division, increased the survival of cells treated with higher
doses of TMP in the presence of oxygen, whereas it had no effect
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Fig. 1. The bactericidal effect of TMP results from thymidine starvation.
Overnight liquid cultures of the wt strain were serially diluted and plated on
LB agar with or without TMP, and complemented, or not, with THF-derived
molecules: thymidine (Thy), glycine (Gly), methionine (Met), and inosine
(Ino). Plates were incubated under aerobic (A) or anaerobic (B) conditions.
The presented results are representative of three independent experiments.
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Fig. 2. Survival of E. coli mutants treated with TMP under aerobic and
anaerobic conditions. Overnight liquid cultures were serially diluted and
plated on LB agar with or without TMP. Plates were incubated under aerobic
(A) or anaerobic (B) conditions. The presented results are representative of
at least three independent experiments.

under anaerobic conditions. Both rec4 and ruvA mutants that have
impaired homologous recombination showed high sensitivity to TMP
under aerobic and anaerobic conditions. There was no significant
difference in the survival of the nucleotide excision repair-deficient
uvrA strain or of the single-deletion mutants of dinB, polB, and
umuCD genes coding for the translesion synthesis (TLS) DNA
polymerases under any experimental conditions. Triple TLS poly-
merases deletion mutant (referred to as #ls) showed a decrease in
survival at higher TMP doses in the presence and absence of oxygen.
Therefore, as it was reported for TLD, some SOS functions con-
tribute to the survival of TMP-treated cells, whereas others contribute
to cell death.

ROS Production in TMP-Treated Cells. Stalling of the replication forks
and antibiotic treatments is known to increase the production
of ROS, which contribute to cell death (9, 10). We investigated
whether TMP treatment also induces ROS production. We first used
reporter fusions of the promoters of soxsS, sodA, oxyR, and katG genes
and the gene coding for the fast-folding green fluorescent protein
(GFP) (11). First, two genes are induced by increased intracellular
superoxide levels, while two latter genes are induced by hydrogen
peroxide (H,O,) (12). TMP treatment significantly increased ex-
pression of all reporter fusions in the wt background (Fig. 3 and Fig.
S2 C-E). Induction of all reporters was abolished when thymidine
was added to the media.
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Fig. 3. TMP induces oxidative stress response. ODgoo nm and fluorescence
were measured during growth of the wt strain, carrying a PsoxS-GFP reporter,
in LB or LB TMP (0.08 pg/mL), with or without the addition of thymidine
(0.3 mM). Paraquat (0.25 mM) was used as a positive control. After sub-
straction of the autofluorescence background of the control strain without a
PsoxS-GFP reporter, the fluorescence ratio between treated and nontreated
cultures at ODggp nm = 0.4 was calculated. The mean + SEM of three in-
dependent experiments is presented. *Significant difference of PsoxS ex-
pression in TMP-treated mutant cells compared with wt cells (t test, P values <
0.05). +Significant difference of PsoxS expression in thymidine-supplemented
cultures compared with cultures without thymidine (t test, P values < 0.05).

Next, we showed that TMP treatment increased H,O, pro-
duction using Amplex Red assay (Fig. 44). The increased H,O,
production in TMP-treated cells was further confirmed by the
high sensitivity of the strain with a deleted ahpC gene, which codes
for alkyl hydroperoxide reductase, which is the primary H,O,
scavenger, as well as of the Hpx™ (AkatG AkatE AahpCF) strain,
which is devoid of any catalase activity (13) (Figs. 24 and 4B and
Table S1). Under anaerobic conditions, ahpC and Hpx~ strains
were no more sensitive than the wt strain (Fig. 2B and Fig. S3).
The addition of catalase to the LB plates under aerobic conditions
abolished sensitivity to TMP of wt, but also of ahpC and, to a great
extent, of Hpx™. Importantly, catalase also abolished sensitivity of
the rec4 and ruvA mutants, suggesting H,O,-induced damages
require homologous recombination to be repaired (Fig. 4B).

The hydroxyl radical is the most toxic ROS, which is produced
through a Fenton reaction between H,O, and iron. Therefore,
diminishing the import of extracellular iron by fonB deletion
should diminish hydroxyl radical production (12, 14). We found
that the fonB mutant showed increased resistance to TMP
compared with the wt under aerobic, but not under anaerobic,
conditions (Fig. 2 and Table S1). Taken together, our data
strongly suggest that TMP treatment increases ROS production
that contributes to the TMP toxicity.

TMP-Induced Mutagenesis. TMP treatment results in an imbalance
in the dNTP pool and in ROS production, both of which result in
increased mutagenesis (15, 16). We indeed observed that growth in
liquid LB supplemented with 0.04 pg/mL TMP significantly in-
duced mutagenesis in the wt (Fig. 5), as previously observed (17).
As inactivation of the tonB gene increased survival after TMP
treatment, we measured TMP-induced mutagenesis in the tonB
mutant. TMP induced mutagenesis in this mutant to a signifi-
cantly lower level than in the wt (Mann-Whitney, P value = 0.02;
Fig. 5). This suggests hydroxyl radical production through the
Fenton reaction contributes to the TMP-induced mutagenesis.
Because we observed that TLS polymerases contribute to the
survival of the TMP-treated cells, and because it is known that
they have lower DNA replication fidelity than the replicative
DNA polymerase, we investigated their contribution to TMP-
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induced mutagenesis. However, deletions of genes coding for
each or all three TLS polymerases did not have significant effects
on mutagenesis compared with the wt (Mann-Whitney, P val-
ues > 0.05; Fig. 5). This indicates that TLS in the TMP-treated
cells is mostly error-free and that replicative DNA polymerase
may be responsible for most of the TMP-induced mutations.

DNA Methylation, Mismatch Repair, and Survival of the TMP-Treated
Cells. In E. coli, 99.99% of the errors made by DNA polymerases
are corrected by mismatch repair (MMR) (18). MMR is targeted
to a newly synthesized DNA strand, which carries the vast majority
of the DNA replication errors. Discrimination between template
and newly synthesized strands is based on the methylation of the
adenines (A) in the 5-GATC-3' sequences by deoxyadenosine
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Fig. 4. H,0, production in the TMP-treated cells and protective effect of cat-
alase against TMP-induced cytotoxicity. (A) ODggo nm and fluorescence were
measured during growth of the wt strain in LB or LB TMP (0.04 and 0.08 pg/mL).
Paraquat (0.25 mM) was used as a positive control. Using Amplex Ultrared
fluorescent dye, we followed intracellular H,O, production. The mean + SEM of
six replicates from independent experiments is represented. (B and C) Overnight
liquid cultures were serially diluted and plated on LB agar with or without TMP
and with or without addition of catalase (3,000 units per plate). The presented
results are representatives of at least three independent experiments.
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Fig. 5. Mutagenesis in E. coli strains treated with sub-lethal concentration
of TMP. Tetracycline resistant (Tet) mutant frequency in cultures grown in
LB without (white bars) or with (black bars) 0.04 pg/mL TMP. The mean +
SEM of at least five independent experiments with three technical repeats
each is presented. *Significant difference in TMP-induced mutagenesis be-
tween wt and mutant strains (Mann-Whitney, P value < 0.05).

methylase (Dam). These As are methylated in the template strand
and transiently unmethylated in the newly synthesized strand. In
dam mutant, both DNA strands are unmethylated and MMR cuts
them both indifferently, leading to DNA nicking and double-
strand breaks (18). This confers high sensitivity to mutagens in
dam mutants, which can be suppressed by inactivating the mutS
gene. We showed that this is also the case with TMP treatment
under aerobic and anaerobic conditions (Fig. 2 and Table S1).
This confirms that TMP treatment is mutagenic.

We also verified whether TLS polymerases contribute to TMP-
induced lethality in the dam mutant. The dam tls mutant was as
sensitive as dam mutant under aerobic and anaerobic conditions
(Table S1). This suggests TMP-induced mutations were not gen-
erated by the TLS polymerases when all three were present.
Therefore, most of the TMP-induced mutations should be a con-
sequence of replicative DNA polymerase errors. However, Pol IV
polymerase may contribute to mutagenesis under anaerobic con-
ditions because deletion of the dinB gene in the dam background
attenuated toxicity of the low TMP dose (Fig. 2B and Table S1).

The dam mutant was more sensitive to TMP compared with the
wt, under aerobic conditions. In addition, we found that Psox$S
expression was more induced in TMP-treated dam than in wt, and
that the induction was abolished by the addition of thymidine (Fig.
3). To evaluate how much ROS contribute to sensitivity of the
dam mutant to TMP, we introduced fonB deletion in the dam
mutant. Although dam fonB mutant grew rather poorly without
treatment, it was more resistant at lower doses, but not at the
higher TMP dose, under aerobic conditions. Under anaerobic
conditions, dam and dam tonB had same sensitivity to TMP (Fig. 2
and Table S1). Finally, the addition of catalase to the LB plates
under aerobic conditions attenuated to a great extent the sensi-
tivity to TMP of the dam mutant, and totally abolished sensitivity
to TMP of the dam mutS mutant (Fig. 4C).

Deletion of the mutS gene in the wt did not have any no-
ticeable effect on E. coli survival in the presence of oxygen.
Similarly, it was shown that MMR is not involved in TLD (19).
Under anaerobic conditions, deletion of the mutS gene in the wt
and dam backgrounds conferred resistance to TMP to a higher
level than in wt (Fig. 24 and Table S1). The inactivation of the
mutS gene increases survival of the TMP-treated dam mutant,
but not to the wt level in the presence of oxygen, which suggests

Giroux et al.

that some other mechanisms contribute to cell death of the dam
mutant. Another known role of A methylation is the regulation
of DNA replication initiation (20). The hemimethylated origin of
replication, OriC, is sequestered by the SeqA protein, which
prevents binding of the replication initiator protein, DnaA, thus
inhibiting fast replication reinitiation. In the dam mutant back-
ground, replication initiation cannot be controlled by SeqA,
which results in replication hyperinitiation and can contribute to
sensitivity of the dam mutant to TMP.

DNA Replication Initiation and Sensitivity to TMP. We examined
whether the reduction of DNA replication initiation can increase
resistance to TMP. We first introduced the dnaA(Sx) allele,
which reduces DNA replication initiation rates (21), in wt strain.
dnaA(Sx) mutant had higher resistance to all tested TMP doses
than wt under aerobic and anaerobic conditions (Fig. 2 and
Table S1). In addition, this mutant did not show any increase in
expression of the PsoxS-GFP reporter on TMP treatment under
aerobic conditions (Fig. 3). Next, we overproduced the hda gene,
which codes for a protein that inhibits DNA replication reini-
tiation by binding to the DnaA protein (22), and found that it
abolished TMP toxicity just as the dnaA(Sx) allele (Figs. 2 and
4B). Interestingly, we also found that TMP treatment induced
expression of the hda gene (Fig. S2F), which suggests that re-
duction of the DNA replication initiation rates may be a cellular
strategy to attenuate genotoxic stress.

Introduction of dnaA(Sx) in the dam mutant also increased
resistance to TMP compared with the dam strain under aerobic
and anaerobic conditions (Fig. 4C and Fig. S3). Although the
dam dnaA(Sx) strain was more resistant than wt under anaerobic
conditions, it was still more sensitive than wt under aerobic
conditions. The addition of catalase diminished, but did not to-
tally abolish, sensitivity of the dam dnaA(Sx) mutant to TMP
under aerobic conditions relative to wt (Fig. 4C). This result
further confirmed that ROS is a major cause of the lethality of
TMP-treated aerobically growing cells.

Processing 8-Oxo-Deoxyguanosine DNA Damaged TMP-Treated Cells.
ROS can damage many cellular constituents including DNA. One of
the most frequent oxidative DNA damages is 8-oxo-deoxyguanosine
(80x0G), which can be found both in the nucleotide pool and in the
DNA (23, 24). High toxicity of the 8oxoG is illustrated by the fact
that several DNA repair enzymes participate in its removal. MutT
removes 80xoG from the nucleotide pool. MutM (Fpg) DNA gly-
cosylase removes 8oxoG from DNA, and MutY DNA glycosylase
removes adenine bases when they are mispaired with guanine, cy-
tosine, or 8oxoG (25). We investigated whether TMP treatment re-
sults in the production of 8oxoG by measuring sensitivity of the
mutT, mutM, and mutY mutants to TMP. All three single mutants
exhibited the same sensitivity to TMP as the wt under aerobic and
anaerobic conditions. However, the double mutM mutY mutant was
more resistant to TMP than the wt under aerobic and anaerobic
conditions (Fig. 2 and Table S1). The hypothesis that the mutM mutY
mutant, which has a high mutation rate (16), survives better than the
wt because it generates mutations that confer resistance to TMP at a
high rate can be ruled out because musT and mutS mutants, which
also have high mutation rates, do not survive better than wt.

TMP Cytotoxicity Under Anaerobic Conditions. Increased ROS
production, and processing of oxidative damages, are deleterious
for TMP-treated cells under aerobic conditions. The question is,
how are DNA lesions generated under anaerobic conditions
where ROS cannot be produced. To test the effect of TMP on
bacteria under anaerobic conditions, we used anaerobic jars. We
are confident that ROS were not produced in the jars, or at least
not to a level that can significantly affect cell survival, because tonB,
ahpC, and Hpx~ strains exhibited the same sensitivity to TMP as
the wt under anaerobic conditions (Fig. 2B and Fig. S3B and Table
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S1). In the absence of oxygen, E. coli can use nitrogen as an
electron acceptor, which is present in LB under the form of ni-
trates. Anaerobic nitrate respiration does not produce any ROS,
but it does produce analogous byproducts; that is, reactive nitrogen
species (RNS). RNS cause DNA damage, which are different from
damage caused by ROS (26). To assess the role of nitrate respi-
ration in TMP toxicity, we tested mutants with impaired nitrate
respiration (Fig. 2B and Table S1). Inactivation of the narG gene
that codes for the main anaerobic nitrate reductase greatly in-
creased resistance to TMP treatment. Inactivation of the narX gene
that participates in the signal transduction system, which controls
anaerobic respiratory gene expression in response to nitrate and
nitrite (27), also greatly increased resistance to TMP treatment, but
to a lesser extent than inactivation of narG. Inactivation of the
narG and narX genes had no effect on the sensitivity to TMP under
aerobic conditions. Thus, nitrate respiration toxic byproducts are
deleterious for TMP-treated cells under anaerobic conditions.

Discussion

In this study, we characterized molecular mechanisms whereby
TMP treatment results in E. coli cell death. Cells were grown
under aerobic and anaerobic conditions in the presence of low
amounts of thymidine. We first found that thymidine depletion is
the primary trigger of processes that lead to cell death under
aerobic and anaerobic conditions. Next, we showed that TMP-
treated cells increase production of ROS under aerobic condi-
tions. Under anaerobic conditions, nitrate respiration of the TMP-
treated cells produces toxic byproducts, most likely RNS. Finally,
we showed that the processing of TMP-induced DNA damage by
DNA repair enzymes is the ultimate contributor to the death of
TMP-treated cells under both aerobic and anaerobic conditions.

Taken together, the following observations indicate that TMP-
induced ROS production is a major contributor to cell death under
aerobic conditions: TMP induces SoxS- and OxyR-regulated oxi-
dative stress responses; using Amplex Red assay, we showed that
TMP treatment increased H,O, production; loss of genes coding
for the H,O, scavengers, katG, katE, and ahpCF, increases sensi-
tivity to TMP only in the presence of oxygen; addition of the H,O,
scavenger, catalase, to growth medium greatly attenuates TMP
toxicity for wt strain, as well as for the Hpx™, ahpC, dam, recA, and
ruvA mutants; and inactivation of the fonB gene, responsible for
iron intake, increases the resistance to TMP of the wt strain and
dam mutant only in the presence of oxygen. The fonB mutant has
also a significantly lower frequency of TMP-induced mutagenesis
than wt.

In the presence of oxygen, the TMP dose that severely reduces
the survival of wt cells barely affects the viability of the murM
mutY mutant. MutM removes 8oxoG from DNA, whereas MutY
removes A from the 80xoG:A mismatches. Deleterious conse-
quences of the MutM and MutY activities result most likely from
their lyase activity, which cleaves DNA at AP sites. If the resulting
single-strand break is not processed with Poll before the arrival of
the replication fork, it can provoke a double-strand break (28).
The observation that recA and ruvA mutants are very sensitive to
TMP suggests this treatment provokes DNA breaks. Because the
addition of catalase eliminates sensitivity of rec4 and ruv4 mu-
tants to TMP, it indicates that ROS are involved in DNA break-
age. It may be that homologous recombination can process
double-strand breaks in the mutM mutY genetic background, but
it is overwhelmed in the wt and single glycosylase mutants.

The inactivation of mutM and mutY genes also increased re-
sistance to TMP treatment under anaerobic conditions. We
found that TMP cytotoxicity under anaerobic conditions was
dependent on the activity of enzymes involved in nitrate respi-
ration. This dependency was previously observed for the toxicity
of several antibiotics and silver nanoparticles (9, 29, 30). Most
likely, toxic byproducts of the nitrate respiration are RNS such
as nitric oxide and nitrous acid, which can damage different
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macromolecules, including DNA. Although MutM and MutY
are known to process oxidative DNA damage, it cannot be ex-
cluded that they can also remove some RNS-damaged bases,
which remain to be identified. We also found that TMP was
more toxic in the absence than the presence of oxygen. This is in
accordance with observations that the sensitivity of E. coli and
Salmonella enterica to many antibiotics, including sulfamethox-
azole/trimethoprim, was higher under anaerobic than under
aerobic conditions (31).

The reduction of DNA replication initiation rates by intro-
duction of the dnaA(Sx) allele, or by overproducing the ida gene,
greatly attenuated TMP toxicity under aerobic and anaerobic
conditions. Similarly, the impairment of DNA replication initia-
tion by rifampicin or shifting the thermosensitive dna4 mutants to
nonpermissive temperatures suppressed TLD (6). We also showed
that hyperinitiation, in addition to MMR activity, contributes to
sensitivity of the dam mutant to TMP. In addition, soxS was not
induced in TMP-treated dnaA(Sx) cells. Attenuation of the TMP
toxicity by diminishing DNA replication initiation rates can result
from slower thymine depletion, resulting in a lower likelihood of
blocking replication forks and, therefore, decreasing ROS pro-
duction; and/or from a reduced probability that the advancing
replication fork encounters either single-strand nicks generated by
DNA glycosylase activity or previously blocked replication forks.
The synergistic contribution of the DNA replication hyper-
initiation, ROS and DNA glycosylases activity to the cell death is
illustrated by the report that DNA replication hyperinitiation-in-
duced lethality in E. coli cells can be attenuated with ROS scav-
engers and inactivation of the mutM gene (32).

The comparison of our results with other studies that exam-
ined the consequences of the blockage of DNA replication on
the E. coli cell survival revealed many important similarities.
Hence, blocking replication forks with hydroxyurea, or in the
dnaFEts mutant with shift to nonpermissive temperatures, induces
ROS production that contributes to cell death (10, 33). Contri-
bution of ROS to hydroxyurea-induced lethality is illustrated by
the observation that it can be attenuated by inactivation of the
major respiratory cytochrome oxidase, by treating cells with an-
tioxidants, and by interrupting iron uptake (10).

Several research groups have provided independent lines of
evidence that the interactions of antibiotics with their targets
cannot completely account for the antibiotic toxicity (ref. 9 and
references therein). It was proposed that interactions of antibiotics
with their targets cause metabolic perturbations, alter the cellular
redox state, and induce formation of ROS, which contribute to cell
death. This hypothesis was challenged by a proposition that ROS
production is a consequence and not a causal contributor to the
cell death (34, 35). However, an important support for this hy-
pothesis can be found in the existence of clinical isolates whose
antibiotic tolerance involves mutations in oxidative stress response
genes. Finally, our study also shows that the bactericidal effect of
TMP is triggered by target-specific interactions, which results in
thymine starvation, but that an important aspect of cytotoxicity
results from the processing of the ROS-induced lesions.

Interestingly, ROS production also greatly contributes to the
cytotoxic effects of antifolate drugs, such as methotrexate and
pemetrexed, which are used as anticancer chemotherapy agents
(36, 37). Our observation that nitrosative stress contributes to
TMP-induced cytotoxicity under anaerobic conditions was not
examined for the other abovementioned DNA replication-blocking
treatments. However, it is likely that this may be the case because
nitrosative stress also plays a critical role in methotrexate-induced
intestinal damage in rats (38). Therefore, it can be concluded that
in prokaryotes and eukaryotes, DNA synthesis-inhibiting drugs
primarily interact with their different cellular targets, which then
provoke ROS and RNS production and DNA damage, the pro-
cessing of which ultimately contributes to cell death.
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Materials and Methods

Bacterial Strains and Growth Conditions. Bacterial strains used in this study are
described in Tables S2 and S3.

Overnight liquid cultures were grown in 5 mL LB (Difco) at 37 °C with
150 rpm shaking. When needed, medium was supplemented with antibiotics
(Sigma Aldrich) at the following concentrations: 30 pg/mL chloramphenicol
(Cm), 100 pg/mL ampicillin, 75 pg/mL spectinomycin, 50 pg/mL streptomycin, 50
pg/mL kanamycin, and 12.5 pg/mL tetracycline.

Measuring Expression of the GFP-Based Transcription Reporters. Fresh over-
night cultures were diluted to a final ratio of 1/10,000 vol/vol and inoculated
in 96-well microtiter plates containing LB with or without TMP (0.04, 0.08, and
0.16 pg/mL) and with or without 0.3 mM thymidine. As a control, cells were
treated with 0.25 mM paraquat that has the same effect on growth as
0.08 pg/mL TMP. Microtiter plates were incubated at 37 °C in a microplate
reader incubator (Infinite M200 Pro from TECAN). Optical density (600 nm) and
fluorescence (GFP 480/510) were read every 20 min for 16 h. The strain with
the control plasmid without reporter fusion was used as an autofluorescence
control for all experiments. Values obtained for the autofluorescence control
cultures were subtracted from the corresponding cultures.

H,0, Measurement. Intracellular H,O, concentration was measured using Amplex
Red assay as described in ref. 9, with some modifications (S/ Materials and
Methods).
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Mutation Assay. To study the effect of TMP on mutagenesis, we used a pre-
viously described mutation assay (39). For more details see S/ Materials and
Methods.

Spot Test. Fresh overnight cultures were serially diluted in 10 MM MgSOg4. A 7-uL
volume of each dilution was spotted on LB agar plates with different amounts
of TMP (from 0.05 to 0.2 pg/mL). When needed, LB medium was supplemented
with: 0.3 mM thymidine, 0.3 mM glycine, 0.3 mM methionine, 0.3 mM inosine,
or 3,000 U/plate catalase (Sigma). After 16 h of incubation at 37 °C, growth of
the spots was verified and compared with the spots on the control LB agar
plates. Alternatively, plates were incubated at 37 °C in anaerobic jars with
anaerobic atmosphere generation bags (Sigma-Aldrich) for 40 h. Anaerobic
conditions were verified using an anaerobe indicator test (Sigma).

Statistical Analyses. All statistical analyses were performed using the software
Graphpad Prism 7 (https://www.graphpad.com).

All data, protocols, and materials are available upon request (ivan.
matic@inserm.fr).
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