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Abstract

Numerous lethal stresses in bacteria including antibiotics, thymineless death, and MalE-LacZ
expression trigger an increase in the production of reactive oxygen species. This results in the
oxidation of the nucleotide pool by radicals produced by Fenton chemistry. Following the
incorporation of these oxidized nucleotides into the genome, the cell’s unsuccessful attempt to
repair these lesions through base excision repair (BER) contributes causally to the lethality of
these stresses. We review the evidence for this phenomenon of incomplete BER-mediated cell
death and discuss how better understanding this pathway could contribute to the development of
new antibiotics.
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1. Introduction

Maintaining the integrity of the genome is vital to the survival of any organism. The DNA of
cells is constantly subject to potentially mutagenic damage from many endogenous and
exogenous sources such as reactive oxygen species (ROS), reactive nitrogen species (RNS),
UV, and alkylating agents, so cells have evolved multiple mechanisms to repair or tolerate
this damage. One of these pathways, base excision repair (BER), removes a single damaged
or mispaired base from the genome, which can then be replaced with the appropriate
nucleotide [1,2]. BER is a multistep process that requires several enzymes working in
concert with the intermediate steps all being forms of DNA damage themselves that are
potentially much more acutely dangerous to the cell than the original lesion [3]. While the
potential toxicity of incomplete base excision repair has been extensively studied in
eukaryotes [4], much less is known about this phenomenon in bacteria.

There is a large and growing body of evidence from multiple laboratories that numerous
lethal stresses in bacteria produce ROS that causally contribute to cell death. These stresses
are extremely varied and include multiple classes of bactericidal antibiotics [[5], [6], [7]],
the P1vir phage, the type VI secretion system, antimicrobial peptides [8,9], the MalE-LacZ
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fusion protein [10], and thymineless death [11]. One consequence of this ROS production is
the oxidation of guanine nucleotide pool to produce the mutagenic nucleotide 8-0xo-GTP,
which is then incorporated into the genome. The resulting 8-oxo-dG can then be removed
through BER and the DNA accurately repaired. However, the cell’s attempt at using BER to
repair these lesions can also be a contributing factor to the lethality of these stresses.

This phenomenon of bacterial cell death caused by incomplete BER has been extensively
documented [6,7,[10], [11], [12], [13], [14], [15], [16], [17]], but its relevance to antibiotic
lethality has only recently been appreciated. In this review, we will summarize the evidence
for this pathway of cell death in bacteria and draw parallels to similar results in eukaryotes.

2. 8-oxo-guanine: its processing and repair

Cells normally generate a low level of reactive oxygen species as a consequence of aerobic
metabolism, with superoxide and hydrogen peroxide both being produced [18]. E. coli
detoxifies superoxide by dismutating it to hydrogen peroxide using superoxide dismutases,
while hydrogen peroxide is removed by catalases or peroxidases [19]. Despite these
protective mechanisms, the basal level of endogenous ROS is still capable of damaging
cellular components.

Due to its low redox potential, guanine is the most susceptible nucleotide to oxidative
damage with the major product being 7,8-dihydro-8-oxoguanine (8-oxo-G) (Fig. 1B) [20].
Importantly, nucleotides are not directly damaged by the superoxide or hydrogen peroxide
produced by the cell, instead they are damaged by «OH or other radicals produced through
the Fenton reaction between Fe2+ and hydrogen peroxide [19,21]. Additionally, nucleotides
are even more at risk as they naturally chelate Fe2+, which both strikingly increases the rate
of the Fenton reaction as well as localizes the resultant highly reactive radical to the
nucleotide [22], adjacent to the C8 carbon in purines [23]. The resulting 8-oxo-GTP can then
be incorporated into the genome, where it is highly mutagenic [24].

8-0x0-dG is mutagenic because, like guanine, it can pair with dC in its anti conformation,
but it is also capable of rotating at its glycosidic bond and pairing with dA in its syn
conformation. Thus, 8-0x0-dG introduced into DNA through the use of 8-0xo-dGTP during
DNA synthesis produces A:T to C:G transversions, whereas 8-0xo-dG resulting from
oxidation of a dG in DNA produces G:C to T:A transversions. 8-o0xo-dG is one of the most
common kinds of DNA damage in the genome, but accurately measuring it has been
challenging, with earlier estimates being too high due to oxidation of undamaged dG
residues during sample preparation [25]. Older estimates in E. coli were around 2.5 8-0xo-
dG/105 dG in E. coli [26] compared a more modern estimate of 0.5-4.24 8-0x0-dG/106 dG
in human cells [27].

2.1. 8-0x0-dG repair

Bacterial cells possess multiple systems to mitigate the mutations caused by 8-oxo-dG
[1,28]. In E. coli, the 8-0xo-dGTP diphosphatase MutT acts a nucleotide sanitizer,
converting both 8-oxo-dGTP and 8-oxo-GTP to their monophosphates, thereby preventing
the incorporation 8-0x0-dG and 8-0x0-G into DNA and RNA respectively [24,[29], [30],
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[31]]. Cells with a loss of function mutT allele are classic mutator strains, with a 1000 fold
higher rate of A:T to C:G transversions, which further demonstrates how common this form
of DNA damage is.

Once incorporated into the genome, E. coli uses BER DNA glycosylases to remove the
damaged nucleotides. MutM, the formamidopyrimidine DNA glycosylase (Fpg), recognizes
8-0x0-dG and breaks the glycosidic bond connecting the base to the sugar, creating an
apurinic site [26,30,[32], [33], [34]]. MutM is a bifunctional enzyme that can then act as a
lyase to remove the sugar through B and & elimination, resulting in both 3" and 5’
phosphates [35,36]. Since DNA polymerase requires a5” phosphate and 3" OH, the 3’
phosphate must then be removed by an AP endonuclease such as exodeoxyribonuclease 11l
(XthA) or endonuclease IV (Nfo) [37]. A new base can then be inserted by DNA polymerase
I, and finally DNA ligase reseals the nicked strand, completing the repair (Fig. 2).

Complementing the actions of MutM is MutY, an adenine DNA glycosylase that removes
undamaged but mispaired adenine residue across from 8-oxo-dG, thereby preventing G:C to
T:A mutations that would otherwise occur from incorporation of an A opposite an 8-0xo0-dG
that has resulted from oxidation of a dG in cellular DNA [38]. In contrast to the bifunctional
MutM, MutY is a monofunctional DNA glycosylase, which produces an AP site that must
be further processed by an AP endonuclease or lyase [39]. AP endonucleases generate a 5’
deoxyribose phosphate (dRP) residue that must be processed by yet another enzyme. Several
different proteins have been proposed to have this dRPase function in E. coli. These include
Exonuclease | (SbcB) [40] and RecJ [41], as well as the bifunctional glycosylases MutM
[42] and Nth [43] acting through their lyase activity, although more work is still needed to
clarify which enzymes actually perform this activity. MutY also initially stays bound to the
resulting AP lesion to exclude MutM, preventing the 8-oxo-dG from being removed until its
corresponding base is properly repaired (Fig. 2) [44].

In addition to BER, E. coli can use the methyl-directed mismatch repair system (MMR) to
repair oxidized lesions [45]. This system requires the MutS, MutL, and MutH proteins as
well as the Dam methylase, which methylates the adenine at newly synthesized GATC sites
after DNA replication. Methylation is much slower than replication, so recently replicated
DNA is only hemimethylated, thereby creating a temporal window that allows the cell to
differentiate the newly synthesized unmethylated daughter strand from the methylated
parental template [46,47]. MutS binds to mismatched bases and recruits MutL and together
they activate the nuclease MutH, which cuts the unmethylated strand at hemimethylated
GATC sites [[48], [49], [50]]. The unmethylated strand is unwound and digested by an
exonuclease and the gap is filled in by DNA polymerase 111 [[51], [52], [53]]. Additionally,
MutS can interact with the DNA glycosylase MutY and increases its affinity for A:8-oxo0-G
mismatches, increasing the rate of repair and specifically targeting it to the newly
synthesized strand [54].

Interestingly, these repair pathways are regulated independently of each other. The
nucleotide sanitizer MutT is encoded within the secM secA mutT operon along with
components of the Sec protein translocation system, so its expression is increased in
response to secretion stress [55]. MutM is under the direct control of a 032 heat-shock
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promoter, so that mutM is upregulated in response to high temperatures, misfolded proteins,
and other related stresses [56]. MutY expression is downregulated under oxidative stress and
upregulated under anaerobic conditions. It is positively regulated by Fur, Fnr and ArcA,
although it is unknown whether this regulation is direct [57]. The MutHLS system is
negatively regulated in stationary phase by the SRNA SdsR [58]. Importantly, none of these
genes are part of the OxyR- and SoxRS-dependent responses to oxidative stress, despite the
fact they are all involved in oxidized nucleotide repair. This suggests that increasing their
expression under conditions of oxidative stress may not be advantageous to the cell, likely
due to the risk of BER-mediated cell death.

2.2. Repair intermediates and strand breaks

While BER allows a cell to limit the number of mutations that become fixed in its genome
under normal conditions, the act of repair itself is potentially dangerous. Although
mutagenic, 8-0xo0-dG is not immediately toxic to the cell since it is not a barrier to
replication or transcription. However, the intermediate steps involved in BER are all
potentially lethal to the cell because they introduce strand breaks.

MutY and MutM produce a transient AP site that is highly mutagenic. Without a base to
serve as a template, RNA polymerase and replicative DNA polymerases are blocked and
unable to continue synthesis, however error-prone translesion polymerases are able to bypass
the lesion [1,59]. AP sites are also unstable and can form more complex DNA lesions such
as interstrand crosslinks that require more extensive repair mechanisms [60].

To complete BER, the AP site then requires the action of an AP endonuclease or AP lysase
which generates a single-strand break (SSB). Depending on the enzyme responsible,
including MutM itself, the resulting break requires further processing by another protein,
thereby slowing down the rate of repair. SSBs within 7 bp of each other on opposite strands
will result in double strand break [61], which means that under conditions that cause a high
amount of damage, these SSBs could become a DSB. This mechanism of double strand
break formation might be especially important in stressed cells in which the 8-ox0-dG’s are
being incorporated by a DNA polymerase such as DNA Pol IV (DinB), which is prone to
using 8-o0xo-dGTP and thus might incorporate them close together [14]. Alternatively, a
replication fork encountering one of these SSB will result in a double-strand break [62],
which can then be repaired using the RecA-dependent homologous recombination pathway
[63]. Since a single unrepaired DSB in E. coli is lethal [64], the accumulation of repair
intermediates poses a serious threat to the cell.

3. Lethal stresses and ROS

Under normal physiological conditions, the endogenous levels of ROS produced by E. coli
are well tolerated despite contributing to spontaneous mutagenesis [65]. Increasing the
amount of ROS by directly adding exogenous hydrogen peroxide to E. coli results in the
cells dying. The exact mechanism of cell death is bimodal and dependent on the
concentration of hydrogen peroxide added. At lower concentrations of exogenously added
H202 (~1-5 mM), the cell’s DNA is heavily damaged and recA mutants defective in DSB
repair are more susceptible, indicating that DNA damage contributes to the mechanism of
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action. In contrast, high concentrations (>20 mM) kill though a non-DNA repair dependent
manner [66,67]. It is important to remember that the “low” levels of H202 in these seminal
exogenously added H202 experiments are orders of magnitude higher than the much lower
intracellular levels of H202 that cells normally experience [68].

Base excision repair is a key part of E. coli’s response to H202 induced DNA damage. Null
mutants lacking two of the AP endonucleases, Exolll (XthA) and EndolV (Nfo), are much
more susceptible to killing by 5 mM of H202., and this phenotype can be partially
suppressed by knocking out mutM [37]. In the absence of AP endonucleases, MutM would
generate potentially lethal unrepairable SSB intermediates. In contrast, a single mutant
AmutM strain that still possesses the AP endonucleases has wildtype susceptibility at the
same concentrations [69].

While cells can be exposed to damagingly high levels of exogenous H202 in their
environment, there are also a diverse range of conditions that result in an increase in their
endogenous levels of H202. The increased production of ROS and the accumulation of its
associated cellular damage is well described in eukaryotes and is associated with both cancer
[70] and neurodegeneration [71], with the levels of both 8-0x0-G and 8-0xo0-dG being
commonly used as a biomarker for oxidative stress and cancer [25,72]. There is a growing
body of evidence that numerous stresses can similarly induce ROS production in bacteria
that contributes to their lethality.

3.1. Bactericidal antibiotics

The direct targets of most antibiotics have been extensively studied. However, aside from
their classical mechanism of actions, antibiotics also trigger complex and diverse
physiological changes as the cell attempts to respond to this potentially lethal stress [13].
Numerous reports have shown that this response includes the production of ROS, and that
ROS contributes to the mechanism of killing in diverse classes of antibiotics [6,7,[10], [11],
[12], [13], [14], [15]].

The exact molecular events that result in this antibiotic-induced ROS production are still
incompletely understood. However, similar metabolic changes occur after treatment with
three different classes of bactericidal antibiotics: B-lactams which inhibit cell wall synthesis,
aminoglycosides which interfere with translation, and fluoroquinolones which block gyrase
and topoisomerase, suggesting that the downstream effects are related [12,73]. In the case of
B-lactams, they trigger a futile cycle of synthesis and degradation of the cell wall [74], while
more generally such futile metabolic cycles have been shown to increase production of
endogenous ROS [75]. Trimethoprim, an inhibitor of dihydrofolate reductase, also leads to
an increase in ROS production [7] and will be discussed later.

Regardless of its source, the ROS produced by ampicillin, kanamycin, and norfloxacin
treatment oxidize many biomolecules, which leads to an increase in the amount of 8-oxo-dG
present in the nucleotide pool and in the genome [12]. Several key observations indicate that
incomplete BER of this 8-0x0-dG contributes causally to the lethality of these antibiotics.
Many antibiotics are less lethal under anaerobic conditions, which would prevent the
production of ROS [6]. Preventing the incorporation of 8-oxo-dG through overexpression of
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the 8-ox0-dGTP sanitizer MutT provides a protective effect [6,14], as does removing it
immediately after replication through the MutHSL-dependent MMR system [76,77].
Interestingly, subinhibitory concentrations of p-lactam antibiotics induce the RpoS regulon,
which causes a reduction in MMR mediated by SdsR, the RpoS-controlled small RNA that
seems to directly repress the mutS mRNA [58]. Importantly, a AmutM AmutY double
knockout of the two major DNA glycosylases is also more resistant to killing by bactericidal
antibiotics [14]. Antibiotics, at least partially through the action of the MutM and MutY
DNA glycosylases, induce breaks in the genome [6,14]. Additionally, ArecA mutants
defective in homologous recombination, including DSB repair, are more susceptible to
killing by bactericidal antibiotics [14,78]. Collectively these observations have led to a
model in which incomplete base excision repair of 8-0x0-dG contributes to the lethality of
antibiotics [6,12,14]. As discussed below, depending on the complement of nucleotide
sanitizers, DNA glycosylases, and DNA polymerases possessed by a particular bacterium,
other oxidized nucleotides such as 5-OH-dCTP can also cause cell death by being
incorporated into DNA and then being processed to yield toxic BER intermediates [15]. Not
considering the evidence for the role of incomplete BER in antibiotic lethality [14], appears
to have contributed to the inference that ROS are not involved in cell death from antibiotics
[79,80], a conclusion that has subsequently be shown to be inaccurate [6,7,[11], [12], [13],
73,81,82]

3.2. MalE-LacZz

The historically important MalE-LacZ fusion protein also causes cell death through the
incomplete BER death pathway [10]. This periplasmic-cytoplasmic fusion protein was used
by John Beckwith and colleagues to identify and characterize the Sec-dependent secretion
system [83].

The expression of MalE-LacZ is only lethal under aerobic conditions and induces the
expression of the oxidative response gene soxS. The levels of endogenous hydrogen
peroxide and superoxide are increased and the amount of 8-oxo0-dG incorporated in the
genome is elevated. Deletion mutants of genes that protect against oxidative stress are also
more susceptible, showing that ROS is causative to cell death [10].

Importantly, increasing the level of expression of MutT, which degrades 8-oxo-dGTP, or the
MMR protein MutS, which can restore MMR due to reduced MutS levels [6,58] both
suppress the lethality of MalE-LacZ expression. Deletion of the genes encoding the DNA
glycosylases mutM and mutY renders the fusion protein bacteriostatic, indicating that their
action is essential for lethality. Additionally, a recA mutant or a double recB recF mutant
have greatly increased susceptibility to MalE-LacZ [10], indicating that in wild type cells
homologous recombination is able to repair DNA strand breaks that would otherwise prove
lethal. Interestingly, the incorporation of 8-ox0-dG into the genome followed by incisions by
BER DNA glycosylases that lead to lethal DNA problems is the primary mechanism of
MalE-LacZ-induced cell death. This contrasts with bactericidal antibiotics, where this
mechanism involving incomplete BER is instead only a contributing factor to cell death.

Time-resolved microarrays at multiple time points performed on cells expressing MalE-
LacZ provided an interesting spotlight on the transcriptomic changes caused by this lethal
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stress. Despite soxS being induced, the rest of the OxyR and SoxRS oxidative stress systems
were not activated, which would have limited the protective response against ROS. Instead,
key genes responsible for 8-oxo-dG repair are all affected. Expression of mutT is increased,
probably as a consequence of it sharing an operon with secM secA whose expression is
increased in response to secretion stress. Both MutM and MutY are upregulated, with MutM
induction in particular being strong due to it being a member of the heat shock regulon [10].
This increased production of MutM is thought to be a factor in why incomplete BER is the
primary mechanism responsible for the death of cells upon MalE-LacZ induction.

3.3. Thymineless death

Thymineless death (TLD) is a phenomenon in which thymine auxotrophs, both eukaryotic
and prokaryotic, that are provided every nutrient except thymine will lose viability rather
than simply experiencing growth arrest [84,85]. The exact mechanism of cell death in TLD
has remained elusive, but it is known to stall replication forks, induce the SOS response, and
eventually lead to fragmentation of the genome [[86], [87], [88]]. Numerous drugs induce
this effect primarily through targeting dihydrofolate reductase, including chemotherapeutics
such as methotrexate [89], antiparasitics such as pyrimethamine [90], as well as
antibacterials such as trimethoprim [91].

Treatment of bacteria with trimethoprim (TMP) is bactericidal in rich media and closely
mimics, although is not identical to, thymine starvation of a thyA mutant [92,93]. These
cells also experience oxidative stress due to production of ROS. Catalases and anaerobic
growth provide some protective effect, indicating that ROS causally contribute to killing [7].
Additionally, a mutM mutY double mutant is less susceptible to TMP, indicating that 8-oxo-
dG is involved [7]. Similarly, thymine starvation itself also leads to the production of ROS
which contributes to the lethality of TLD and again the deletion of mutM mutY has a modest
protective effect [11].

3.4. Other ROS inducing stresses

Other lethal stresses have also been linked to the production of ROS, but have not yet been
investigated for a potential involvement of incomplete BER-mediated cell death. For
example, the type VI secretion system (T6SS) of Vibrio cholera induces the production of
ROS and increases the expression of the oxidative stress regulator SoxS in E. coli. This
production of ROS is also causal to death, as a double knockout mutant of the sodAB
superoxide dismutases is more susceptible to being killed. Similarly, the T6SS from
Acinetobacter baylyi and Pseudomonas aeruginosa both increase soxS expression [8],
suggesting this may be a common feature of killing via the T6SS. Additionally, the
bacteriophage P1vir also causes the production of ROS and induces the expression of soxS

[8].

Antimicrobial peptides are also capable of causing physiological and metabolic changes that
result in ROS production. CM15, a hybrid antimicrobial peptide (AMP) derived from
cecropin A (moth) and melittin (bee venom) [94], increases the autofluorescence of E. coli
due to the oxidation of flavins and leads to the production of ROS. Its MIC is 20 fold higher
under anaerobic conditions, suggesting that ROS production contributes to the mechanism of
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killing [9]. Additionally, the unrelated AMP polymyxin B (from Paenibacillus polymyxa)
induces the expression of the oxidative response gene soxS [8].

4. Other lethal stresses

Increasing the amount of 8-oxo-dG through the production of ROS is not the only way for
cells to die via incomplete BER. Any other stress or condition that would lead to an increase
in repair intermediates present in the genome would potentially be susceptible.

4.1. Radiation

lonizing radiation is capable of directly breaking the phosphodiester bonds of DNA and
fragmenting the genome. However, the majority of DNA damage from irradiation actually
results from oxidative damage caused by free radicals produced through the radiolysis of
water [95]. The resultant damaged bases are the same as those produced through regular
metabolism, primarily 8-oxo-dG, and are repaired through the standard BER pathway.

E. coli mutants lacking the MutM DNA glycosylase are significantly more resistant to x-ray
radiation. Cells that are allowed to recover after irradiation normally generate more DSBs as
they attempt to repair their DNA, while a AmutM strain produces far fewer DSBs.
Conversely, expression of MutM from a plasmid results in an increase in susceptibility to
radiation and an increase in the number of DSBs [96]. In this case, direct oxidation by ROS
produced by ionizing radiation rather than endogenous ROS produces the same end result,
DNA damage and cell death through incomplete BER.

4.2. DinB overexpression

Overexpression of the E. coli Y family DNA polymerase DinB (DNA pol IV) is lethal
[14,25], and this can be suppressed by growing the cells under anaerobic conditions,
expressing the 8-oxo-dGTP sanitizer MutT, or by knocking out the DNA glycosylases MutM
and MutY. In this case, the increased incorporation of 8-0x0-dG is a result of DNA pol IV
having a higher affinity for 8-oxo-dGTP than the replicative polymerases [97], rather than
from an increased 8-oxo0-dGTP level caused by an increase in ROS production.
Overexpression of a mutant allele DinB F13V which has a lower affinity for 8-oxo-dGTP is
not lethal [14]. Increasing the rate of 8-0x0-dG incorporation into the genome without
increasing the levels of 8-0xo-dGTP is sufficient to cause bacterial cell death.

DinB also contributes to the lethality of antibiotics through this pathway. Subinhibitory
concentrations of bactericidal antibiotics induce mutagenesis in an oxygen-dependent
manner [78], and this pathway requires the induction of the SOS response [98] and
specifically DinB [58,76].

4.3. Hyperinitiation

Hyperinitiation of DNA replication in E. coli leads to replication fork collapse and cell death
[99,100]. This initiation is regulated by DnaA binding to origin of replication, oriC [101].
DnaA is an AAA + ATPase that binds both ADP and ATP, with the ATP bound form
initiating replication [102]. The cell controls the rate of replication by altering the ratio of
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DnaAATP/DnaAADP [103]. The protein Hda lowers this ratio by promoting the hydrolysis
of ATP, limiting the replication initiation [100,104]. hda null mutants hyperinitiate
replication and have a severe growth defect that quickly leads to the generation of suppressor
mutations [105,106].

However this phenotype is suppressed by growth under anaerobic conditions, by
supplementing the media with the antioxidant glutathione, or by knocking out the MutM
DNA glycosylase. [107]. The increase in the number of replication forks in this strain
increases the probability that a fork will encounter a repair intermediate in the genome, as
there is less time to complete BER. While 8-0x0-dG lesions would be one of the most
common in the genome, some breaks are still detected in the Ahda AmutM AmutY strain,
suggesting that there may be other potentially toxic repair intermediates present.

4.4. Other nucleotides

This pathway of bacterial cell death involving incomplete BER has been most extensively
studied in E. coli with a focus on 8-oxo-dG, however, the same mechanism can apply to
other oxidized nucleotides and to other bacteria.

Deamination of nucleotides, either spontaneously through hydrolysis or caused by chemical
agents such as nitric oxide [108,109], produces potentially mutagenic non-standard
deoxynucleotides: hypoxanthine, xanthine, and uracil are produced by deamination of
adenine, guanine, and cytosine, respectively (Fig. 1C). E. coli sanitizes inosine and
xanthosine using the highly conserved ITP/XTP pyrophosphatase RdgB. While a ArdgB
mutant is viable in a wildtype background, it is lethal in ArecA or ArecBC mutants,
indicating a requirement for DSB repair. This can be suppressed with a knockout of Anfi
[110]. The nfi gene encodes endonuclease V, which removes incorporated inosine and
xanthine nucleotides [111,112], indicating that it is the DNA breaks introduced by EndoV
that cause the lethality, not the simple presence of the incorrect bases.

A similar system exists to prevent and repair any incorporation of uracil into DNA. The
deoxyuridine triphosphatase Dut sanitizes dUTP [113] and the DNA glycosylase Ung
removes uracil residues in the genome [114]. Again, mutations in the nucleotide sanitizer are
lethal in a rec deficient background [115]. However, in this case a Aung mutant is not
sufficient to suppress this lethality, possibly due to redundancy, as other enzymes including
EndoV are also capable of removing uracil residues from DNA [116]. While BER-mediated
cell death due to oxidized nucleotides can be caused through various stresses, BER-mediated
cell death through deaminated nucleotides is currently only known to occur with gene
knockouts of the nucleotide sanitizers. Whether reactive nitrogen species (RNS) or any
deaminating agents can trigger this pathway is not yet known.

4.5. 5-OH-dCTP can result in lethality in stationary phase Mycobacteria

Most of what is known about bacterial death resulting from incomplete BER comes from E.
coli, where 8-0xo-dGTP is the most important oxidized nucleotide. However, a
mechanistically analogous example involving 5-OH-dCTP was recently reported for
Mycobacteria. Mycobacterial MazG is a nucleotide pyrophosphatase specific for 5-OH-
dCTP, an oxidized form of cytosine [117,118] (Fig. 1B). Deletions of this gene are more
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susceptible to antibiotic killing, but only during stationary phase, and they have an increase
in the number of double-strand breaks. This increased susceptibility can be suppressed by
knocking out Nth, the BER DNA glycosylase responsible for repairing 5-OH-dC lesions
[15], indicating that the cell death does not result simply from the incorporation of 5-OH-dC
into DNA, but rather from incisions introduced during BER.

The dependence of this pathway on stationary phase is due to the expression of the error-
prone DNA polymerase DnaE3, which is only expressed under these conditions.
Analogously to E. coli DinB, which has an increased propensity to use 8-0xo-GTP as a
substrate, DnaE3 has a higher affinity for 5-OH-dCTP and deletion of this gene suppresses
the increased susceptibility of a AmazG strain to antibiotic killing [15].

5. Eukaryotes

5.1. Incomplete BER in eukaryotic cells

Incomplete BER-mediated cell death is a phenomenon that is not limited to bacteria and has
been extensively studied in eukaryotes, with the majority of work focusing on a alkylation-
induced damage.

Alkylating agents are a diverse group of reactive compounds that include both carcinogens
and chemotherapeutic agents [119,120]. These compounds act by transferring an alkyl group
to one or more DNA bases, sugars, or phosphates and, depending on the alkylating agent,
can produce a wide array of different lesions including strand crosslinks, large bulky
adducts, or methylation of individual bases, all of which are repaired through a variety of
different mechanisms [4].

The major methylation products (Fig. 1D) are: N7-methylguanine (7meG) which is
comparatively innocuous although it can spontaneously convert to an AP site, N3-
methyladenine (3meA) which is potentially cytotoxic due to its ability to block the
replicative, but not translesion, DNA polymerases, and O6-methylguanine (O6meG), which
can mispair with thymine and is highly mutagenic. Two less common methylation products
1meA and 3meC can be directly repaired through the direct oxidative removal of their
methyl groups by a member of the AIkB homolog family, and O6-methylguanine can be
directly repaired by O6-methylguanine-DNA methyltransferase. These types of direct
removal of the damage do not introduce a strand break and are thus not potentially lethal.
However, 3meA lesions must be repaired through BER by the alkyladenine-DNA
glycosylase (AAG), thereby introducing a strand break [4].

As in bacteria, BER in eukaryotes is a multistep process that requires: i) a DNA glycosylase
to remove the base generating an AP site, ii) AP endonuclease (APE) to cut the strand
resulting ina 3’OH and 5" deoxyribosephosphate (5’ dRP), iii) DNA polymerase B (Polp)
to remove the 5”dRP and fill in the nucleotide, and iv) DNA ligase to ligate the ends (Fig. 2).
It has been proposed that under normal conditions these repair proteins act in a coordinated
manner as a relay to sequester the toxic repair intermediates [121].
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Transgenic mice that are Aag—/- are viable and have been used extensively to study the role
of BER following exposure to alkylating agents such as methyl methanesulfonate (MMS)
[122,123]. Interestingly, wild type mice exposed to methylating agents experience severe
degradation of their retinas due to apoptosis [[124], [125], [126]]. In contrast, retinas in Aag
—/- mice are completely resistant to the cytotoxic effects of MMS treatment, and Aag+/-
heterozygotes display an intermediate phenotype, while mice overexpressing Aag were even
more sensitive [127]. Similarly, bone marrow cells isolated from Aag—/- mice were more
resistant to alkylating agents [128], and Aag—/— mice are partially protected from developing
diabetes after treatment with the B-cell specific alkylating agent streptozotocin [129,130]
which normally results in the death of insulin producing cells through the incomplete BER-
mediated death pathway.

However, the lack of Aag does not always provide protection. For example, Aag—/— mouse
embryonic stem cells and RNAi knockdowns of Aag in human carcinoma cells both have an
increased sensitivity to alkylating agents [131,132]. Additionally, while an Aag—/- mouse
might be protected against the acute toxicity of alkylating agents in some tissues, it is at
increased risk of colon cancer due to its inability to prevent alkylation-induced mutagenesis
[133,134].

Alkylation is not the only kind of DNA damage that can contribute to incomplete BER-
mediated cell death in eukaryotes. Retinitis pigmentosa (RP) is an inherited form of
degenerative blindness caused by loss of photoreceptors that has been linked to oxidative
stress. An RP mouse model using a mutation in PDE6 found in human patients
recapitulates this retinal degradation. Transgenic overexpression of MTH1, the human
homolog of the 8-ox0-dG sanitizer MutT, helps protect the photoreceptors from cell death
[135]. Similarly, the knockout of Mutyh, the human homolog of the A:8-0x0-G DNA
glycosylase MutY, results in mice that experience reduced retinal degradation. Interestingly,
the Mutyh—/— mice also produce less ROS, suggesting that some sort of positive feedback
loop is involved that exacerbates the damage [136].

The cells susceptible to this form of cell death from incomplete BER seem to be extremely
specific. In the case of retinal photoreceptors, only a single layer of cells dies in both
alkylation and oxidative stress, while neighboring cells are unaffected [127,136]. The exact
reason for this specificity is currently unknown, but an imbalance between all the proteins
involved in BER is a possibility. Blocking the function of APE, the next step of BER,
increases the susceptibility to alkylating agents in many different cell types, and MEFs
lacking the subsequent enzyme, Polp, are also much more susceptible [137]. In contrast,
Polp and Aag double mutant cells are resistant to alkylating agents. More work will need to
be done to determine if the cells susceptible to Aag or Mutyh mediated cell death display
this sort of BER imbalance.

5.2. Cisplatin induction of ROS

There is an interesting example in eukaryotes that mirrors the results in bacteria treated with
bactericidal antibiotics. The chemotherapeutic agent cisplatin causes interstrand crosslinks
which results in cell death through blocking of replication and transcription [138].
Independent of the damage caused to the nuclear genome, cisplatin treatment also causes
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mitochondria to produce more ROS. This production of ROS contributes causally to the
lethality of cisplatin in cancer cells as mitochondria that produce excess catalase and cells
with dysfunctional mitochondria are both more resistant to cisplatin treatment. This increase
in ROS production is likely a consequence of cisplatin damaging the mitochondrial genome
and thus affecting the synthesis of the proteins in the electron transport chain [139]. It is not
currently known which cellular components are damaged by this ROS that is responsible for
the oxidative component of cisplatin lethality.

6. Conclusions

Incomplete base excision repair appears to be an important pathway of cell death in both
eukaryotes and prokaryotes (Fig. 3). Importantly, it should be noted that it is not the only
pathway, and that many of the lethal stresses discussed in this review would likely still be
lethal even in the complete absence of BER, just with a different mechanism serving as the
terminal cause of death.

There are still many unanswered questions about this pathway, with the most obvious being
what the identity of the lethal DNA problem caused by these repair intermediates actually is.
In the most extreme cases such as exposure to ionizing radiation, it seems perfectly plausible
that the accumulation of adjacent SSBs could easily result in a DSB, however, in other
instances it seems unlikely enough 8-oxo-dG would be incorporated for this to be the
primary lethal mechanism. The contribution of MutM and MutY to hyperinitiation lethality
[107] suggests a replication fork encountering a single strand break caused by incomplete
BER is the potential “cause of death.” This interpretation is supported by the protective
effect of the MutHSL system [13,76]. BER and MMR both require generating breaks to
repair their various lesions, however, because it is specifically targeted to recently
synthesized hemimethylated DNA, the intermediate steps in MMR are much less likely to be
encountered by a replication fork.

Another direction for future research is to investigate what conditions make bacteria
susceptible to this pathway. The data from both bacteria and eukaryotes suggest it is the
imbalance of BER components that results in toxicity and that multiple factors may be
involved. For example, simply increasing the amount of endogenous ROS alone may not
produce enough 8-oxo-dG to be lethal under normal conditions [140], but antibiotics also
increase its incorporation into the genome through induction of DinB, while MalE-LacZ
expression strongly induces the DNA glycosylase MutM. The relative imbalance of the
various genes involved in BER should be investigated in more of these lethal stresses. There
is also the possibility of a positive feedback loop involved. DNA damage has been reported
to cause ROS in both mice and yeast [136,141], and in E. coli TLD alone can trigger ROS
production [11]. These complex interactions suggest that global changes in the cell’s
physiology will have to be considered to further investigate this mechanism.

The commonality of this BER-mediated death pathway makes it a potential target for drug
discovery. With the rise of antibiotic resistance and the relative lack of new drugs being
discovered, there is an interest in finding ways to extend the usefulness of our current
repertoire of antibiotics and increase their effectiveness, and a BER targeting adjuvant drug
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is an intriguing possibility. Currently, other bacterial proteins involved in DNA repair are
also being investigated as drug targets, such as the single-strand binding protein (Ssb) which
is a major coordinator of repair pathways including double strand break repair and uracil
BER [68,142]. DNA repair pathways are also currently being investigated as potential
targets for adjuvants in chemotherapy [143] with APE itself being a promising target [144].
Much work will need to be done to better characterize this common pathway of bacterial cell
death and hopefully use it to better treat bacterial infections.
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Fig. 1. Nucleotides
A. Undamaged. B. Oxidized. C. Deaminated. D. Alkylated.
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Fig. 2. Diagram of the BER repair pathways. Bacterial proteinsarein black and eukaryotic are
in blue.

A. The damaged or mispaired nucleotide, represented here by 8-oxo0-dG, is removed by a
glycosylase to generate an AP site. B. Bifunctional glycosylases then act as a lyase and
generate a single strand break. Some, such as Nth and Nei act through p-elimination,
generating a 5” phosphate and a 3’ 4-hydroxy-2-pentenal-5-phosphate. MutM, which acts
through B,8-elimination leaves both 3’ and 5’ phosphates. Monofunctional glycosylases
including, MutY, Ung and AAG require an AP endonuclease, such as the £. coli Exolll or
eukaryotic APE1 and generate 5 dRP and 3" OH. C. The resulting ends then need to be
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cleaned up by different enzymes to generated the 5’ phosphate and 3’ OH required for a
polymerase: in E. coli, either of the two AP endonucleases Exoll and EndolV can process
the 3’ end. 5’ dRP is processed by Polf in eukaryotes and a variety of different proteins are
proposed to have this activity in £. coli. D. The gap is then filled in by a DNA polymerase.
E. And sealed by DNA ligase.
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Fig. 3.

M?:)del of BER-mediated cell death of oxidized nucleotides. Various lethal stresses induce
ROS, which damages the nucleotide pool and nucleotide sanitizers such as £. co/i MutT and
mycobacterial MazG act to hydrolyze them. Damage nucleotides can be incorporated into
the genome during replication, particularly through error-prone polymerases DinB and
DnaE3 which have a higher affinity for oxidized nucleotides. The mismatch repair system
repairs these lesions shortly after replication, protecting the cell. The BER pathway attempts
to repair these lesions and generates SSBs as intermediates. If hit by a replication fork, a
SSB would cause the fork to collapse and generate a DSB. Alternatively, clusters of SSBs
are opposing strands can become a DSB. An unrepaired break is lethal to the cell.
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