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Abstract 

Ionizing radiation (IR) is a ubiquitous stress capable of directly ionizing and indirectly 

oxidizing all cellular macromolecules. All organisms encode in their genome the proteins 

necessary to repair DNA damage caused by IR and ameliorate reactive oxygen species (ROS) 

formed due to radiolysis of intracellular H2O; however, the extent of damage caused by IR is such 

that most organisms are sensitive to irradiation. Despite the types of IR-induced damage being 

well-known, the determinants of whether a cell survives IR exposure are not clear. Studies of IR-

resistant organisms have yielded insights into extraordinary methods of DNA repair and ROS 

amelioration, but there is no clear answer as to what the foundational requirements for IR resistance 

are. Utilizing directed evolution, we have generated populations of IR-resistant E. coli and 

harnessed deep-sequencing technology to determine the profile of mutations that occur in these 

populations. By isolating the mutations which increase IR-resistance, the evolving bacteria can 

then ‘tell’ us what alterations to existing cellular machinery can allow a cell to become IR-resistant. 

We are continuing to evolve four replicate populations using high energy electron beam IR in an 

ongoing effort to generate the most IR-resistant organisms ever produced in the laboratory. We are 

additionally utilizing state-of-the-art mass spectrometry technology to categorize the full profile 

of oxidative modifications to the proteome of E. coli. In sum, this thesis work aims to build and 

expand a catalogue of genetic changes that can incrementally enhance an organism’s ability to 

withstand irradiation, and furthermore determine the nature of IR-induced protein damage in order 

to prevent this damage from occurring.  
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Chapter I: Introduction 

1.1 What is ionizing radiation? 

Ionizing radiation (IR) is radiation capable of ionizing molecules. IR may be particulate (α 

particles [neutrons], β particles [electrons], protons, and more) or electromagnetic (γ rays or X rays 

[photons]). These particles have a differential ability to penetrate matter (in ascending order with 

from α, to β particles to γ rays and X rays) and therefore deposit energy along different track 

lengths (α particles deposit energy along a shorter track, while the same amount of energy is 

deposited along increasingly longer tracks with β particles to γ rays and X rays) [1](Figure 1.1). 

Both types of IR deposit energy through interactions with molecules; however, electromagnetic 

IR is capable of both directly and indirectly ionizing molecules through imparting energy to and 

ejecting electrons from molecules that are capable of further ionization events (known as the 

Compton effect) [1].The γ or X rays can continue to travel through matter after depositing some 

portion of energy to an electron, further potentiating damage. The dose deposited by 

electromagnetic and particulate IR is measured in a variety of ways, but for the purposes of this 

work the unit Gray (Gy) will be used, which is defined by the Joules deposited per kilogram of 

irradiated material. 

The majority of background radiation is non-ionizing (ex: UV, radio waves, and 

microwaves); however, IR is produced from naturally decaying radioactive and cosmic sources. 

Though the value may vary by location, the annual background dose of IR does not exceed 400 

mGy, with an average annual dose of approximately 2.4 mGy [1, 2]. This annual dose may 

increase; activities such as air travel and exposure to certain medical instruments will impart a 

small, but significant, dose of IR. However, without catastrophic events, a full-body dose of 5000 

mGy, the lethal dose for a human, is highly unlikely. 
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Manmade irradiators can produce γ-rays (60Co and 137Cs irradiators), X-rays (through 

photon-emission of metal plates struck by electrically generated high-energy electrons), and high 

energy particles including β-particles (electron accelerators). Each type of irradiator has their own 

benefits and drawbacks [3]. Of interest to this thesis work is the clinical linear accelerator, or Linac 

for short. This instrument can generate both high-energy electron beams as well as photon beams, 

separately, and is commonly used for cancer radiotherapy. The University of Wisconsin Medical 

Radiation Research Center (UWMRRC), within the Department of Medical Physics, has a Linac 

appropriated solely for research use, and access to this instrument has made much of this thesis 

work possible. Importantly, the Linac does not utilize a decaying source to produce IR, and 

therefore can consistently produce the same known dose over time. 

 

1.2 Damage caused by ionizing radiation 

Damage to cells caused by IR is due to primary ionization events, secondary ionization 

events (from electromagnetic IR), and oxidative damage from reactive oxygen species (ROS) 

produced by radiolysis of H2O (Figure 2.1). Radiolysis products of H2O include hydrogen radicals 

and hydrated electrons, however the primary species generated are ionized water (H2O+) and 

hydroxyl radicals (●OH). Approximately two-thirds of damage caused by IR is due to the indirect 

effects of ROS, particularly hydroxyl radicals [2, 4]. Hydroxyl radicals damage cellular 

macromolecules indiscriminately and react within 2 nm; therefore, the damage caused by IR is 

primarily diffusion-limited [5]. Hydrogen peroxide (H2O2) and superoxide (O2
-) are secondary 

ROS products generated by IR, which are capable of diffusing through cells, generating damage 

distant from the initial ionization event. H2O2 is a key component to the Fenton Reaction where 

H2O2 forces release of Fe2+ from protein-coordinated Fe-S clusters. The Fe2+ atom can react with 
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additional H2O2 to generate more ●OH (Fenton Reaction: H2O2 + Fe2+ ⇒ Fe3+ + -OH + ●OH) [6]. 

Within 1 ms post-irradiation, reactions with IR-generated ROS have completed [2]. In order to 

survive this oxidative burst, cells rely on both enzymatic amelioration of ROS and ROS scavenging 

by low molecular weight (LMW) antioxidants, such as glutathione. How quickly the LMW 

antioxidant supply becomes depleted likely determines an organisms’ sensitivity to low levels of 

IR [2]. 

 

1.2.1 DNA damage caused by IR 

High doses of IR can cause extreme damage to DNA. The abundance and reactivity of 

hydroxyl radicals generated by IR make them especially problematic; superoxide and hydrogen 

peroxide are not very reactive with DNA on their own [7, 8]. Oxidation of DNA from hydroxyl 

radicals may lead to base modification, formation of DNA cross-links, and DNA breaks. Hydroxyl 

radicals are three to four-fold more likely to induce base modifications than react with the 

deoxyribose sugar. Modified bases have a wide variety of effects on the helical structure of DNA 

(which may block DNA replication machinery) as well as base mispairing (which may lead to 

heritable mutations)[8, 9]. 

Common forms of base damage include formation of 8-hydroxyguanine (8-oxodG), and cytidine 

oxidation to cytidine glycol. Cytidine glycol is subject to deamination to uracil glycol and 

dehydration to 5-hydroxy-2’-deoxyuridine (5-OH-dU). Of the four bases, guanine is particularly 

susceptible to oxidative damage [10]. 8-oxodG is the most abundant oxidized purine product 

detected in DNA and in the intracellular nucleotide pool post-irradiation, and leads to GC > TA or 

AT > CG transversions, respectively (due to incorporated 8-oxodG being mispaired with A, versus 
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incorporated A being mispaired with free 8-oxodG). 5-OH-dU leads to GC > AT transitions with 

83% frequency [8, 11]. Unsurprisingly, GC > AT transitions are the most common base 

substitution arising from oxidative DNA damage, followed by GC > TA transversions [8, 12, 13]. 

As such, E. coli encodes a variety of defenses against 8-oxoG and 5-OH-dU in its genome (see 1.3 

Mechanisms of natural ionizing radiation resistance).  

Despite the mutagenic potential of 8-oxodG, the adenine analogue 8-oxodA is a neutral 

modification in prokaryotes (as it is preferentially paired with T), although it is mutagenic in 

eukaryotic cells. 8-oxodA causes only a minor conformational change in DNA, unlike 8-oxodG, 

and therefore is not a block to replication [8, 14]. 2-Hydroxy-2’-deoxyadenosine (2-OH-dA) is 

another, and more mutagenic, oxidized product of adenine. It has been observed that adenine in 

the nucleotide pool, as opposed to that in duplex DNA, is preferentially oxidized to 2-OH-dA, 

indicating that 2-OH-dA must be incorporated. 2-OH-dA can lead to differing mutations dependent 

in which strand it has been incorporated: -1 deletions if 2-OH-dA was incorporated in the ‘+’ 

strand, or A > T or A > G substitutions if incorporated in the ‘-‘ strand [8]. 

A major oxidative product of thymidine is thymidine glycol or dTg. Thymidine glycol 

induces structural changes in the DNA helix, blocking DNA replication. When bypass of dTg does 

occur, introduction of a T > C transition mutation is the likely outcome [15]. 

ROS can additionally cause breaks in the DNA phosphate-backbone through oxidative 

attacks on deoxyribose. Radical formation on the C4 of deoxyribose due to hydroxyl radical 

damage may lead to abasic sites and DNA strand breaks. As single-strand breaks (SSBs) 

accumulate, the likelihood that breaks will occur in closer proximity on opposite strands increases 

which leads to double-strand breaks (DSBs) (when two SSBs occur on opposite strands within 

approximately 12 nucleotides). IR can also cause DSBs through direct ionization of DNA 
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molecules. A single unrepaired DSB is lethal and is a major cause of cell death from IR [1]. It is 

estimated that IR-induced DSBs accumulate at a rate of 0.003 – 0.006 DSBs/Gy/Mbp of DNA 

[16]. 

Importantly, DNA damage caused by IR-generated ROS is clustered as opposed to lone 

events caused by endogenous ROS. Clusters of DNA damage including base modifications, abasic 

sites, bulky adducts, along with SSBs and DSBs near these sites of damage can prove to be difficult 

to repair for typical cellular DNA repair mechanisms. [14, 17, 18]. 

 

1.2.2 Protein damage 

Protein damage by IR has been argued to be an important factor, if not the main 

determinant, of cell survival [6, 16, 19-22]. Indeed, previous studies with eukaryotic cells have 

suggested that proteins are the primary target of IR-produced ROS [23]. However, it is important 

to note than in bacterial cells, unlike eukaryotes, DNA is the macromolecule which comprises most 

of the intracellular volume [1]. There are still many unknowns as to the importance of protein 

damage as a determinant of cell survival in bacterial cells, and part of this thesis work aims to 

begin to determine the role of IR-induced protein damage. However, studies of oxidative damage 

to proteins in vitro and in eukaryotic cells will likely provide a helpful guide to the study of protein 

damage in bacteria. 

There are conflicting reports as to whether hydroxyl radicals more readily attack the protein 

amide backbone [2] or amino acid side chains [24]. However, studies that have irradiated 

lyophilized or frozen samples (to eliminate production of secondary ROS from radiolysis of H2O) 

have shown that primary ionization events on proteins result in peptide cleavage [3]. Peptide 
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backbone cleavage most likely results from attack at the alpha-carbon in the protein backbone; 

however, cleavage of the peptide backbone has also been observed due to radical transfer from 

oxidized proline side chains, and the gamma and beta carbons of side chains [24]. As such, protein 

cleavage is a likely and severe outcome of irradiation. 

Amino acid side chain modification is a major outcome of IR damage to proteins. 

Methionine, cysteine, tryptophan, tyrosine, phenylalanine and histidine are the most reactive 

amino acids with hydroxyl radicals, although there is disagreement as to the exact order of 

reactivity [2] [25] [24]. Oxidation of methionine to methionine sulfoxide (MetO) is a common 

event from ROS (although hydroxyl radicals preferentially attack the amino group of free 

methionine) [2] [25] [24]. Methionine sulfoxide can be irreversibly further oxidized to methionine 

sulfone. Cysteine residues can be oxidized first to sulfenic acid, then (irreversibly) to sulfinic acid, 

and finally sulfonic acid. Hydroxyl radicals and superoxide will first oxidize the thiol group of 

cysteine to a thiol radical, which can react again to form sulfenic acid or form disulfide bonds with 

a nearby cysteine or low molecular weight thiols, such as glutathione [26, 27]. Additionally, 

hydrogen radicals and aqueous electrons can reduce cysteine to alanine [2, 25]. 

Protein carbonylation is an irreversible modification due to ROS. In eukaryotic studies, it 

has been shown that protein carbonylation inactivates proteins and marks them for degradation 

[2]. Arginine, lysine, threonine, cysteine, histidine and proline side chains are susceptible to 

carbonylation, but solvent accessibility and proximity to another carbonylated residue further 

govern susceptibility [2, 28]. Protein carbonylation is commonly used as marker for protein 

oxidation due to IR [2, 22]. However, common detection methods of protein carbonylation using 

immunoblotting are likely to overestimate levels of protein carbonylation, as the reagent used to 
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derive carbonyls for antibody detection is cross-reactive with sulfenic acid, and nucleic acid 

contamination of samples can lead to false-positives [2]. 

While oxidation of cysteine and methionine, and carbonylation are major outcomes of 

irradiation, there are additional modifications. These species are numerous and have been 

extensively characterized by Xu and Chance [24]. However, carbonylation (+14 Da), oxidation 

(+16 Da) and peroxidation (+33 Da) are the most prominent species [23, 24]. 

The susceptibility of iron sulfur-clusters (commonly [4Fe-4S]), often coordinated by 

cysteine side chains, to ROS pose another problem for proteins exposed to IR. Iron-sulfur proteins 

are used to transfer electrons in central metabolic pathways and other reactions and are used to 

detect oxygen levels and oxidative stress. Destruction of iron-sulfur clusters is caused by electron 

transfer to one of the coordinated Fe atoms. This newly released Fe2+ can further potentiate 

oxidative stress through the Fenton Reaction (Fenton Reaction: H2O2 + Fe2+ ⇒ Fe3+ + -OH + ●OH 

[6].  

 

1.2.3 Damage to lipids 

Oxidation of lipids from IR exposure in bacteria is apparently a fairly under-studied phenomenon. 

Poly-unsaturated fatty acids (PUFA) are a major target for ROS. Oxidation of PUFAs can lead to a decrease 

in membrane fluidity, and breakdown of oxidized PUFAs can generate highly reactive aldehyde, which can 

diffuse to and damage distant sites in the cell [29]. However, most bacteria do not produce PUFA [30], as 

such lipid peroxidation and ionization, to the extent that they occur in bacteria, likely forms through other 

pathways. Interestingly, it has been observed that plasma-induced oxidative stress in E. coli leads to loss of 

membrane potential and lipid peroxidation [31]. There is clearly more work to be done to determine the 

effects of IR on bacterial cell membranes. 
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1.3 Mechanisms of natural ionizing radiation resistance 

1.3.1 DNA repair mechanisms 

All organisms rely on a wide-array of DNA repair mechanisms to withstand the damage 

caused by IR. There are more pathways and proteins involved in DNA repair than are introduced 

here, however a list of the DNA repair proteins of E. coli is provided in Table 1.1.  

Base excision repair (BER) through the MutM, MutY, Nth, and Nei glycosylases play an 

important role in the removal of oxidized DNA bases [8, 10, 15]. The MutM, MutY, and MutT 

proteins can efficiently remove incorporated 8-oxodG from the genome (through interplay 

between the purine-specific MutM and MutY glycosylases) and the nucleotide pool (MutT is 

capable of hydrolyzing 8-oxoGTP to 8-oxoGMP).  

The glycosylases endonuclease III (Nth) and endonuclease VIII (Nei) remove oxidized 

pyrimidines (including 5-OH-dU) [15]. Surprisingly, E. coli strains lacking Nth are not IR 

sensitive, indicating that Nei, and perhaps other endonucleases, may be able complement the loss 

of Nth [15],[8]. BER through Nth and Nei are also capable of removing thymidine glycol [15]. 

Nucleotide excision repair (NER), consisting of the UvrABC proteins, has also been implicated in 

the removal of thymidine glycol [32, 33]. However, NER is not the major pathway for removal of 

oxidized bases in E. coli. This does not completely discount a role for NER in IR resistance, as 

removal of bulky nucleotide adducts or DNA-crosslinks requires NER [32].  

To combat DNA DSBs, cells rely on non-homologous end joining (NHEJ) in which two 

DNA fragments are ligated together, and homologous recombination (HR) where a sister 

chromosome is used as a template to repair the broken DNA. NHEJ has potential for loss of genetic 

information or DNA translocation, as DNA fragments may be ligated together regardless of 
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sequence context. In contrast, HR is relatively error-free. HR is catalyzed by the RecA protein in 

bacteria, known as Rad51 in eukaryotes (Figure 3.1). As this thesis work focuses on E. coli, the 

following discussion of homologous recombination will focus on the proteins known in this 

organism. At a DSB, the heterotrimer RecBCD helicase/exonuclease will load onto a blunt duplex 

DNA end and unwind DNA in a 3’ to 5’ direction while degrading DNA from 5’ to 3’. This 

exonuclease activity is attenuated once the RecBCD enzyme reaches a chi sequence (5’- 

GCTGGTGG-3’), at which point RecA is loaded on the prepared single-strand DNA by RecBCD 

[34-36] [37, 38]. RecA-bound single-strand DNA can then invade a sister chromosome and search 

for homologous DNA and begin repair of the parent DNA. Additionally, RecA can repair single-

strand gaps in DNA through a RecFOR-mediated pathway [39], and RecA bound to ssDNA can 

activate the global response to DNA damage, the SOS response [40, 41]. The functions of RecA 

in DNA repair, and the myriad of proteins involved, have been extensively reviewed [42-44]. 

 

1.3.2 ROS amelioration and repair of oxidized protein 

Organisms encode a wide array of ROS ameliorating proteins such as catalases, superoxide 

dismutases, and oxidoreductases to reduce IR-induced ROS stress. These enzymatic mechanisms 

of reducing ROS come in addition to low molecular weight ROS scavengers, such as glutathione. 

Expression of genes involved in ROS stress are controlled, in part, by the SoxR and OxyR response 

regulators which respond to superoxide and hydrogen peroxide stress, respectively. Interestingly, 

these proteins use oxidation to their advantage; oxidation of the [2Fe-2S] cluster of SoxR and the 

CXXC motif of OxyR allow for the conformational changes necessary to activate transcription of 

the respective regulons [45]. The expression of many proteins listed below is controlled by OxyR 

or SoxR.  



10 
 

An important step to survive ROS stress from IR is to repair damage to highly susceptible 

methionine and cysteine resides. To combat methionine oxidation, E. coli utilizes the MsrA, MsrB, 

MsrC, and BisC proteins to reduce these oxidized residues [26, 46-50]. E. coli also encodes two 

Msr proteins to specifically repair methionine residues of membrane-bound proteins, MsrP and 

MsrQ [26, 51]. The effects of reducing agents produced by IR, hydrogen radicals and aqueous 

electrons, is much less studied than oxidizing agents. However, it has been observed that 

irradiation can generate methionine reduction to aminobutyric acid [2, 25]. 

Di-oxidation of cysteine residues results in the irreversible formation of sulfinic acid 

(cysteine thiols are oxidized to sulfenic acid, then again to sulfinic acid). To prevent sulfinic acid 

formation E. coli encodes thioredoxins (Trx1 and Trx2) as well as glutaredoxins (Grx1, Grx2, and 

Grx3). These proteins contain their own catalytically active cysteines (in a CXXC motif) which 

reduce sulfenic acid through oxidation of the CXXC motif to a disulfide bond. Oxidized Trx 

proteins can be reduced to active Trx through TrxR, and oxidized Grx proteins are reduced using 

the low-molecular weight antioxidant, glutathione [26]. To repair oxidized methionine residues in 

envelope proteins, E. coli encodes the Trx-like proteins DsbC and DsbG [26, 52, 53].  

Destruction of Fe-S clusters and exacerbating ROS stress through participation of the 

released Fe in the Fenton Reaction (Fenton Reaction: H2O2 + Fe2+ ⇒ Fe3+ + -OH + ●OH [6]) is 

countered through many pathways. In addition to encoding multiple catalase and superoxide 

dismutase enzymes to reduce H2O2 and superoxide, respectively, E. coli encodes the Dps protein, 

which can sequester free Fe2+ to prevent this Fenton chemistry. To repair and rebuild Fe-S clusters, 

the gene products of the iscRSUA and sufABCDSE operons are responsible for housekeeping 

maintenance and re-construction during oxidative stress of iron-sulfur cluster proteins, 
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respectively [54, 55]. Two additional proteins of unknown function, YggX and YtfE, are 

implicated in repair of Fe-S clusters [45]. 

 

1.3.3 IR resistance of Deinococcus radiodurans 

The study of highly IR-resistant organisms is a subject of fascination as well as a potential 

source of insights into novel mechanisms of DNA repair and ROS amelioration. The Gram-

positive bacterium Deinococcus radiodurans is a prominent subject of research into extreme IR 

resistance, as it is capable of surviving a dose of IR that exceeds the lethal dose for humans by 

1000-fold or more [6, 19, 56].  

D. radiodurans relies on remarkably efficient DNA repair mechanisms, some of which are 

unique to this bacterium, as well as an incredible capacity for ROS amelioration to achieve extreme 

IR resistance [1, 6, 16, 19-22, 57]. In addition to the usual complement of DNA repair pathways 

(including DNA replication restart, homologous recombination (HR), nucleotide excision repair 

(NER), base excision repair (BER) and mismatch repair (MMR)), D. radiodurans highly expresses 

several unique DNA repair-associated proteins post-irradiation and desiccation including DdrA 

[58], DdrB [59], DdrC [60, 61], DdrD [62],  IrrE [63] and PprA [64]. See Table 2.1 for a summary 

of these proteins. PprA, DdrA, DdrB and DdrC are all implicated in single-strand DNA or DNA 

end binding and are the most abundant transcripts detected in D. Radiodurans post-irradiation and 

desiccation [56]; these observations are highly suggestive of the need to protect the ends of 

fragmented DNA after these stresses. IrrE appears to be a novel regulator of RecA post-IR 

exposure [63]. 
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 Another proposed mechanism of IR resistance of D. radiodurans is an extraordinary 

capacity to ameliorate ROS generated by IR to avoid protein oxidation [1, 6, 16, 19-22, 57]. In 

comparison to more IR-sensitive organisms, D. radiodurans has a remarkable resistance to protein 

oxidation caused by IR exposure. Despite this enhanced capacity to protect its proteome, D. 

radiodurans suffers DNA double-strand breaks (DSBs) at a rate similar to other organisms [6]. 

Taken together, these observations have led to the hypothesis that the integrity of the proteome, 

which can then repair the genome, is a key determinant for IR resistance of an organism. Indeed, 

it was discovered that protein-free Deinococcus cell lysate could protect protein, but not DNA, at 

doses of IR as high as 50 kGy. Complexes of Mn2+ ions, orthophosphates, and peptides provide 

the observed protection [16, 19, 22]. The hypothesis that accumulation of Mn2+ ions, in conjunction 

with cellular metabolites, is a strong determinant of IR resistance is supported by data indicating 

that intracellular manganese:iron ratio of organisms correlates with IR sensitivity (IR resistance 

increases as the ratio increases) [6, 16].  

 The radioresistant phenotype of D. radiodurans is seemingly not a product of natural 

selection for IR resistance, as an annual background doses of 2.4 mGy likely would not be a strong 

enough selection pressure for extreme IR resistance [1]. In the case of this bacterium, extreme IR 

resistance appears to be a byproduct of natural selection for desiccation tolerance [65]. Organisms 

with high levels of IR resistance can be found readily in arid environments [66, 67]. No known 

organism has likely evolved to withstand high doses of IR. 

  

1.4 Experimental evolution 

Studies of evolution are incredibly important to understanding the foundations of biology. 

However, evolution studies in natural contexts are typically limited to observation; it would be 
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impossible to ‘repeat’ evolution in an ecological context. This is where microbes become excellent 

models for studying evolution. Their short generation time, ability to be stored indefinitely and 

relative ease of genetic manipulation makes them ideal models for evolution. As sequencing 

technology has advanced to the point of whole-genome sequencing, evolution experiments in 

microbes have become incredibly powerful [68, 69]. Generations of change can be observed easily, 

allowing for evolution to be followed in real-time both phenotypically and genetically using next-

generation sequencing technology. Since microbes can be readily stored, the original population, 

or the Founder, can be compared against any subsequent generation to directly compare fitness, 

phenotype, or genotype [68, 69]. 

There are two major types of evolution experiments: mutation accumulation (without 

selective pressure) and adaptive (directed) evolution (utilizing a selective pressure). Mutation 

accumulation experiments repeatedly propagate a single clone from an evolving population. This 

randomized selection allows for the study of mutation rates during evolution, though the rate will 

be slightly underestimated due to underrepresentation of lethal and deleterious mutations [69-72] 

Recent work from the laboratory of Patricia Foster has highlighted the benefits of mutation 

accumulation experiments through their exploration of the mutation topology accumulated across 

the E. coli genome, where mutation hotspots appear to be dependent on replication forks that are 

blocked or have experienced collisions  [70] [73-75]. 

Directed evolution experiments can be utilized to select for a specific phenotype and 

allows the organism to ‘tell’ the researcher where fitness peaks for this selection pressure may 

be. These types of experiments can be fine-tuned to the goals of the experiment by applying 

either strong or weak pressures, though either has downsides. Too weak of selection runs the risk 

of producing populations that are more fit but will not reach the highest possible fitness peak 
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against that pressure; if the selection is too harsh, the organism could find the ‘easy way out’ and 

reach an easily attainable fitness peak that will constrain further evolvability [69]. Directed 

evolution studies can expose biological phenomena that need iterative cycles of selection to 

make the phenotype in question prominent enough to be observed. For example, studies on E. 

coli cultured to long-term stationary phase in iterative cycles has revealed the underlying 

selective forces at play in cultures typically thought to be ‘stationary’ [76-78]. 

As mutations accumulate in experimental evolution experiments, they lead to the 

formation of diverse fitness landscapes where organisms find their own path to fitness ‘peaks’ 

depending on the types and order of mutations gained. Adaptations to an environment can be 

classified as ‘optimization’ or ‘innovation’ depending on how quickly the accumulated mutations 

benefit fitness. A slow build-up of fitness is considered optimization, as the acquired phenotype 

is improved overtime. Conversely, innovation is characterized by a sudden major increase in 

fitness [69]. Optimization and innovation are not mutually exclusive; slow optimization may set 

the stage for innovation in an ‘all-or-none’ epistatic interaction where the innovative phenotype 

needs all the previous mutations to occur. Diminishing returns epistasis is also common, where 

early innovations rapidly increase fitness, but over time new beneficial mutations return 

decreasing improvements of relative fitness [79]. 

Sub-populations within evolving populations reach distinct peaks in fitness landscapes, 

increasing diversity. In asexual populations, the competition of sub-populations is known as 

clonal interference [80]. Clonal interference will prevent mutations which enhance fitness from 

fixing (reaching 100% frequency) in a population if other sub-populations with beneficial 

mutations exist. These differing lineages can co-exist in evolving populations until one is able to 



15 
 

accumulate the beneficial mutations necessary to sweep through the population and drive 

competitors extinct (Figure 4.1) [69]. 

One needs not look further than the E. coli Long-Term Evolution Experiment (LTEE) 

conducted by the laboratory of Richard Lenski over the past 30 years to understand the wealth of 

information packed into microbial evolution experiments [81, 82]. The LTEE was designed to 

track the adaption of E. coli to growth in glucose-limiting minimal medium in a chemostat 

environment. Now at over 60,000 generations, the 12 replicate populations in the LTEE have 

demonstrated a wide-variety of evolutionary trends, including heavy clonal interference [82], 

evolution of cross-feeding within a population (where one sub-population utilizes the glucose in 

the medium, and the other feeds off of the build-up of acetate waste from the former population) 

[77] [83], and even observation of a complex series of mutations beginning with gene duplication 

to allow for aerobic metabolism of citrate [84, 85]. The LTEE has proven to be a brilliant guide 

and comparator for any long-term evolution experiments. 

 

1.5 Previous ventures in experimental evolution of ionizing radiation resistance 

Rather than study the mechanisms of resistance in radioresistant organisms, we have taken 

a different approach: evolve extreme IR resistance in the laboratory. Directed evolution has been 

previously used to generate IR-resistance in previously IR-sensitive organisms ([86-89]). The 

extensively-studied model bacterium E. coli, has been observed to generate increasingly 

radioresistant progeny due to IR exposure [86] However, previous studies have been unable to 

determine the genetic basis of experimentally-evolved IR resistance. Due to current sequencing 
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technology, the mechanisms of radioresistance in experimentally-evolved E. coli can be 

investigated with relative ease. 

We previously subjected four separate populations of Escherichia coli to 20 cycles of 60Co 

irradiation (sufficient to kill up to 99.9% of the population) followed by outgrowth of the survivors. 

The 20 cycles resulted in large gains in IR resistance in all four populations, designated IR-1-20, 

IR-2-20, IR-3-20, and IR-4-20 [13, 90]. Isolates from these populations (designated CB1000, 

CB2000, CB3000, and CB4000) were highly IR resistant compared to the MG1655 parent strain, 

exhibiting up to a 1000-fold increase in percent survival at a dose of 3000 Gy (Figure 5.1) [13]. 

Sequencing of these and other isolates from each of the four populations opened the first-ever 

window onto evolved IR resistance in E. coli. Mutations in DNA repair, ROS amelioration and 

cell wall metabolism were prominent among these isolates. Of particular interest were the 

numerous mutations in RecA, the enzyme responsible for catalyzing DNA repair through 

homologous recombination and triggering the SOS response (which upregulates a wide array of 

DNA repair genes) in E. coli [42-44]. Indeed, the RecA A290S variant was shown to enhance IR-

resistance when placed into the parent strain, indicating a role for modified DNA repair proteins 

in radioresistance [13]. Despite the implicated beneficial role of RecA variants, these mutations 

were only observed in three of four populations. In fact, only a single mutation, the excision of the 

cryptic prophage e14, occurred in each of the four populations. Even within population IR-1-20 

there were no fixed mutations due to clonal interference. 

 An isolate from population IR-2-20, CB2000, was previously characterized [90]. Three 

variants affecting DNA metabolism were found to enhance IR resistance in this isolate: a variant 

of the DNA repair protein RecA (D276N), the replicative helicase DnaB (P80H), and the putative 

helicase YfjK (A151D) [90]. Reliance of CB2000 on three variant DNA metabolism proteins for 
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IR resistance further suggested modification of existing DNA repair mechanisms could enhance 

radioresistance. Further biochemical characterization of the RecA D276N variant revealed novel 

activities consistent with repair of genomes fragmented by IR exposure [91] 

Unlike the other three populations, IR-3-20 contained no mutations in RecA, DnaB, and 

YfjK [13, 90]. This population had apparently taken a distinct evolutionary path to IR resistance, 

suggesting that E. coli may utilize mechanisms other than enhanced DNA repair to radioresistance. 

This thesis work in part focuses on characterizing the unique phenotypes of CB3000, an isolate 

from population IR-3-20.  

As CB3000 work was underway, we came to the realization that CB3000, and each of these 

initial populations, were an evolutionary dead-end; decaying radioactive sources capable of 

delivering doses to evolve, and even assay, these populations were no longer available. As such, 

we sought out a new source to generate E. coli with IR resistance comparable to D. radiodurans. 

We have since been employing a clinical linear accelerator (Linac) to generate a high-energy 

electron beam with a dose rate approximately 4-fold higher than that used to evolve the previous 

populations (72 Gy/min versus 19 Gy/min). The process of directed evolution of these populations 

and characterization of these lineages to an unprecedented 100 rounds of selection is detailed in 

this thesis work.  

The final chapter of this thesis focuses a new collaborative effort with the lab of Professor 

Michael Sussman (University of Wisconsin – Madison). In conjunction with their expertise in and 

access to state-of-the art mass spectrometry technology, we are undertaking the task of cataloguing 

all modifications to the E. coli proteome caused by IR. With the data generated from this work, we 

will be able to determine the molecular basis, if any, for cell death by IR due to protein damage. 

In all, this thesis work aims to determine the foundations of IR resistance in E. coli. 
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1.6 Tables 

 

Table 1.1A. The DNA repair proteome of Escherichia coli. 



19 
 

 

Table 1.1B. The DNA repair proteome of Escherichia coli. 
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Table 1.1C. The DNA repair proteome of Escherichia coli. Table provided by Professor 

Michael Cox and was modified to include proteins which coordinate metal ions. 

 

 

 

 

 

 

 

 



21 
 

 

Table 2.1. Novel DNA repair proteins in Deinococcus radiodurans. Six of the most-studied 

novel DNA repair proteins of D. radiodurans. Of these six, the genes for DdrA, DdrB, DdrC, 

DdrD, and PprA are the most highly transcribed genes post-irradiation and desiccation in D. 

radiodurans [56, 58, 59, 61, 62, 64]. 
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1.7 Figures 

 

Figure 1.1. Types of ionizing radiation. Ionizing radiation (IR) consists of particulate (including 

α particles (neutrons) and β particles (electrons)) and electromagnetic (γ rays and X rays) radiation. 

α particles have the highest linear energy transfer; these particles transfer more energy over a 

shorter, linear track. Electromagnetic IR can penetrate the farthest into matter and has the lowest 

linear energy transfer. The Compton effect is also depicted, where γ or X rays can impart energy 

to an electron (thus generating a β particle) and continue along its track, ionizing additional atoms. 

Figured modified from Cox and Battista, 2005 [1]. 
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Figure 2.1. Reactive oxygen species produced by exposure to ionizing radiation. Ionizing 

radiation will hydrolyze intracellular water to ionized water (H2O+), hydrogen radicals (H●), 

hydrated electrons (e-
aq), hydroxyl radicals (●OH), hydrogen peroxide (H2O2) and superoxide (O2-

). Reactive oxygen can oxidize all intracellular macromolecules with varying discrimination. 

Figure modified from Daly et al., 2009 [6]. 
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Figure 3.1. Cartoon depiction of RecA-mediated DNA double-strand break repair. A) Two 

sister chromosomes. B) Ionizing radiation causes a DNA double-strand break. C) The RecBCD 

heterotrimer binds to the fragmented blunt ends and unwinds DNA 3’ to 5’, while degrading the 

5’ strand. DNA degradation slows once RecBCD reaches a chi sequence. D) Single-strand binding 

protein (SSB) binds to single-strand DNA (ssDNA) and stimulates RecA filamentation. The RecA 

filament bound to ssDNA invades the sister chromosome and initiates the homology search. E) 

RuvAB and RecG stimulate branch migration of the Holiday junctions, and new DNA synthesis 

begins from the free 3’ DNA ends. F) RuvABC process the Holiday junctions and the synthesized 

DNA is ligated to the existing chromosomes. Figure is modified from Masson and West, 2001. 

[92]. 
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Figure 4.1. Cartoon depiction of allele frequencies in evolving populations. A) A single 

mutation within an evolving population is depicted by the differently-colored lines. Beneficial 

mutations increase in frequency in a population until they are fixed in the population (i.e. 100% 

frequency). Once a mutation fixes, each mutation afterwards appears within that new genetic 

background. B) Clonal interference impairs the ability of beneficial mutations to fix in a 

population. Sub-populations containing different beneficial mutations (yellow and blue) increase 

in frequency until they come into direct competition, at which point neither frequency continues 

to increase. The subpopulation with the yellow mutation gains new beneficial mutations, so it 

outcompetes the blue subpopulation and fixes. The blue subpopulation is driven extinct. Figure is 

modified from Barrick and Lenski, 2013 [69]. 
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Figure 5.1. Survival curves of evolved E. coli isolates exposed to γ-ray irradiation. CB1000, 

CB2000, CB3000, and CB4000 are individual isolates from four separate populations; each 

population was started from the Founder strain. The four evolved populations were exposed to 20 

iterative rounds of sufficient γ-ray IR to kill 99% of the population at each round of selection. 

These isolates have 100 to 1000-fold higher percent survival than the Founder strain at a dose of 

3000 Gy. Figure modified from Harris, et al., 2009 [13].  
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Chapter II: Mechanisms of experimentally-evolved gamma ray ionizing radiation resistance 

2.1 Abstract 

Escherichia coli can acquire high levels of resistance to ionizing radiation via directed 

evolution. In previous work, the IR resistance of one of four evolved populations (IR-2-20) was 

explained by mutations in three different DNA repair functions: recA, dnaB, and yfjK. Another of 

the four populations (IR-3-20; characterized here) took a different path to the observed IR 

resistance. One mutation largely accounted for the phenotype, this time affecting the fnr gene 

(encoding the FNR F186I variant). Two additional mutations affecting the clpX and priA genes 

appear to make contributions to IR resistance. In population IR-3-20, regulatory changes affecting 

anaerobic metabolism and proteolysis is evidence that more pathways other than alterations in 

DNA repair processes exist as an IR resistance mechanism. The key mutations in IR-2-20 and IR-

3-20 exhibited an additive effect on overall IR resistance levels.  



28 
 

2.2 Introduction 

 Organisms resistant to extreme doses of ionizing radiation (IR) have yielded insights into 

mechanisms that could modulate radiation effects in cells. The Gram-positive bacterium 

Deinococcus radiodurans has been a prominent subject in the study of radioresistance. Despite 

being able to survive doses of IR well over 10 kGy (over 1,000-fold higher than the lethal human 

dose), the IR-resistance phenotype of D. radiodurans appears to be a by-product of desiccation 

resistance [1, 56]. Indeed, IR-resistant species are readily isolated from desert environments [66, 

67]. 

 D. radiodurans relies on DNA repair mechanisms, some of which are unique to this 

bacterium, that can repair hundreds of DNA double-strand breaks (DSBs) without loss of genetic 

information [1, 57]. Additionally, D. radiodurans resists substantial protein oxidation due to IR 

exposure via an extraordinary ability to ameliorate reactive oxygen species (ROS) generated by 

radiolysis of intracellular H2O [19, 22]. Although D. radiodurans has an extreme capacity for ROS 

amelioration, this bacterium accumulates DNA double-strand breaks (DSBs) induced by IR at a 

normal rate [6]. These observations have led to the hypothesis that protecting the proteome from 

damage, not the genome, is the primary determinant of IR resistance [6, 16, 20, 21]. Indeed, 

protein-free Deinococcus cell lysate protects protein, but not DNA, from doses of IR as high as 50 

kGy [22].  

 Whereas Deinococcus radiodurans has provided some insight into mechanisms of extreme 

radiation resistance [1, 6, 57], we have pursued another strategy. Bacterial species that do not 

display unusual levels of resistance to ionizing radiation can acquire such resistance by directed 

evolution [86-89]. However, limits of sequencing technology prevented molecular 

characterization of evolved IR resistance in previous studies. 



29 
 

With the advent of modern sequencing techniques, we sought to generate IR resistance in 

the model bacterium Escherichia coli and deep-sequence these evolved populations. We 

previously subjected four separate populations of E. coli to 20 cycles of 60Co irradiation (sufficient 

to kill up to 99.9% of the cells) followed in each cycle by survivor outgrowth. The 20 cycles 

resulted in large gains in IR resistance in all four populations, designated IR-1-20, IR-2-20, IR-3-

20, and IR-4-20 [13, 90].  

 An isolate from population IR-2-20, CB2000, was previously characterized to identify the 

genetic alterations underlying the phenotype [90]. The effort focused on mutations that were fixed 

in the population and affected genes or pathways altered in additional populations. Though seven 

mutations made at least a minor contribution, three mutations affecting DNA metabolism 

accounted for the majority of the IR resistant phenotype of CB2000. These were variants of (a) the 

DNA repair protein RecA (D276N), (b) the replicative helicase DnaB (P80H), and (c) the putative 

helicase YfjK (A151D) [90]. Reliance of CB2000 on three variant DNA metabolism proteins for 

IR resistance implicated a role for enhanced DNA repair in IR resistance. Indeed, biochemical 

characterization of the RecA D276N variant revealed novel activities consistent with repair of 

genomes fragmented by IR exposure [91].  

 Sequencing of isolates from each population revealed a striking trend: RecA, DnaB, and 

YfjK variants appeared in IR-1-20, IR-2-20, and IR-4-20 [13, 90]. These sequencing results 

suggested that, in addition to IR-2-20, both IR-1-20 and IR-4-20 rely at least in part on enhanced 

DNA repair for IR resistance. However, of seven isolates sequenced from population IR-3-20, 

none contained mutations in recA, dnaB, or yfjK. Protein variants common to IR-3-20 which 

appear in the same protein or pathway in at least one other population include those involved in 

DNA replication restart (PriA V554I), amelioration of reactive oxygen species (ROS) (GsiB 
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L289P and RsxD V45A), cell wall metabolism (NanT F406S), and anaerobic metabolism (FNR 

F186I) [13, 90]. IR-3-20 also contains a unique intergenic SNP between the clpP and clpX genes 

(clpP/clpX int). Variants of the ClpP and ClpX proteins were also identified in population IR-1-20 

[13, 90]. Of these pathways, only protein variants affecting ROS amelioration and cell metabolism 

have been previously associated with contributions to IR resistance [90]. 

 We now present the characterization of an isolate from population IR-3-20, CB3000. IR 

resistance in CB3000 is a highly variable phenotype compared to that observed in CB2000. This 

variability likely stems from the different IR resistance mechanisms of CB3000. Primarily, IR 

resistance in CB3000 is founded in altered global regulation of anaerobic respiration (FNR F186I).  

Altered replication restart (PriA V554I) and proteolysis (clpP/clpX int) may also play a role. The 

precise reason for the variable IR resistant phenotype of CB3000 could not be determined, 

although the FNR F186I mutation contributes to IR resistance with regularity. 
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2.3 Results 

2.3.1 Deep sequencing of the IR resistant populations reveals trends in molecular adaptation 

to high dose ionizing radiation. 

The evolved IR-resistant populations IR-1-20, IR-2-20, IR-3-20 and IR-4-20 were 

previously characterized by sequencing individual isolates from each [13, 90]. In a new effort, all 

four populations were subjected to deep sequencing using Illumina MiSeq technology. This 

instrument was employed to achieve approximately 1000X coverage of the E. coli genome, 

allowing for reliable detection of genomic variants present in at least 2% of each population (Table 

1.2). Patterns of mutations previously detected in each population  were confirmed (Table 2.2) [13, 

90].  

As in the earlier study [90], we examined the genomic sequencing data for patterns in which 

the same gene or process was altered in multiple evolved populations. Mutations in DNA 

metabolism genes, including recA, yfjK, and genes encoding proteins involved in replication restart 

were prominent in three of the populations, including the poorly-characterized (until now) 

population IR-4-20. Much like IR-2-20, fixed (>95% frequency) mutations in the DNA 

metabolism genes encoding RecA, DnaB, and YfjK appeared independently in this population. 

IR-4-20 shares the same RecA variant (D276N) as IR-2-20. The DnaB and YfjK variants of IR-4-

20 (P200Q and H652Y, respectively) are unique and remain to be tested for a contribution to IR 

resistance.  

Population IR-1-20 has no fixed mutations due to clonal interference. We have previously 

sequenced seven isolates from IR-1-20 [90]. Therefore, we can identify three unique major 

subpopulations (termed population IR-1-20 A, B, and C) based on linked mutations in the 
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sequenced isolates. Each of these subpopulations prominently feature mutations in DNA repair 

pathways. IR-1-20 A (approximately 55% of the population) contains gene alterations encoding 

RecA (A2S) and DnaT (R145C) variants. Population IR-1-20 B (about 25% of the population) 

also contains mutations that produce a RecA variant (D276A), as well as a YfjK (K294E) variant. 

The third sub-population does not include a recA allele but does include a mutation in the gene 

encoding PriC (L162P). Additionally, low frequency mutations in the genes encoding DNA 

metabolism proteins DnaB (P80H and N398K), PriA (G279D), and YfjK (I172L) appear in IR-1-

20 but cannot be linked to one of the three major subpopulations as they were not detected in the 

previously sequenced isolates [13, 90]. 

 The mutations in RecA and variants of replication restart proteins (DnaT, DnaB, PriA, 

PriC; assuming the loading target protein DnaB is included in the category) appear often in each 

of the evolved populations (Table 2.2) [90]. Such prevalence presents a strong indication for a role 

for enhanced RecA activity [13, 90], and a previously undocumented role for modified replication 

restart in IR resistance. 

There were a total of 46 mutations that appeared to be fixed (present in all, or nearly all, of 

the cells) in IR-3-20. As in the previous work, we focused on mutations that were not only 

prominent in the population (fixed or nearly so), but which occurred in genes or pathways that 

were also significant mutation targets in other populations. We followed these criteria to focus on 

mutations that are likely linked to radioresistance in multiple populations. Based on these criteria, 

six mutations attracted our interest. These were the priA mutation, a mutant fnr allele (encoding 

the alteration F186I), an intergenic SNP between the clpP and clpX genes (referred to hereafter as 

clpP/clpX int), a GsiB variant (L289P), a RsxD variant (V45A), and a NanT variant (F406S) 

proteins.  
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The mutations that are fixed in IR-3-20 (the primary subject of this report) are largely 

outside the pattern set by the remaining three populations. Aside from one fixed PriA allele 

(V554I), none of the 701 high-confidence variants detected in the population (>1% frequency and 

detected on both DNA strands) in population IR-3-20 are in the commonly mutated DNA 

metabolism genes or pathways seen in the other populations (such as recA and dnaB). 

None of the other three evolved populations considered in Table 2.2 contain a mutation in 

the gene encoding FNR, a transcription factor that controls the transition between aerobic and 

anaerobic growth [93] [94] [95].  However, a pilot study in which a single isolate of IR-1-20 

(CB1000) was taken through 30 more rounds of directed evolution using 60Co radiation did 

produce a prominent FNR variant (a nonsense mutation at codon 156, or M156*) [13, 90], 

suggesting a potential role for FNR variants in IR resistance.  

The ClpX and ClpP proteins form the multisubunit ClpXP protease, a AAA+ enzyme 

responsible for cleavage and elimination of an array of target proteins, including many involved 

in DNA metabolism [96]. The clpP/clpX int mutation is a guanine to adenine SNP thirteen 

nucleotides upstream of the clpX 5’-ATG-3’ start codon, within the 125 bp intergenic region 

between clpP and clpX. While no other intergenic mutations between clpP and clpX were detected 

in the four evolved populations, mutations within the clpP and clpX genes are detectable in IR-1-

20. The mutational pattern suggests that modification of ClpXP levels or activity may be beneficial 

for IR resistance.  

The remaining three fixed protein variants are GsiB L289P, RsxD V45A, and NanT F406S. 

The gsiB gene encodes one of four types of subunits for an ABC transporter for glutathione [97], 

a prominent cellular antioxidant. RsxD is a membrane-spanning protein in the membrane-

associated RsxABCDGE protein complex, which is involved in regulation of the SoxRS two-
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component signaling pathway [98]. The nanT gene encodes a membrane-bound sialic acid/H+ 

symporter [99, 100]. Mutations in these genes/operons have been previously explored for 

contributions to IR resistance in IR-2-20 (GsiB N105S, RsxB K122E, and NanE A129T) [90]. 

 

2.3.2 The ionizing radiation resistant phenotype of CB3000 is highly variable 

We have assayed CB3000 for IR resistance from 2014 to 2017. Over this time-period, the 

percent survival of CB3000 to 3000 Gy of IR has ranged from the level of Founder Δe14 (a 

derivative of the Founder ancestor strain which lacks the e14 prophage that was lost early in the 

directed evolution experiment [13]) to that of CB2000 (Figure 1.2). There is no apparent 

explanation for this highly variable phenotype. It is unlikely that CB3000 is no more IR resistant 

than Founder Δe14. Like CB2000, CB3000 is an isolate from a population that had undergone 20 

cycles of selection with sufficient IR to kill 99% of the population at each round of selection. The 

isolates from these populations were highly IR resistant compared to the Founder strain [13]. It is 

likely, however, that the IR-resistant phenotype of CB3000 is highly dependent on irradiation 

conditions. Unfortunately, the available methods for assaying CB3000 are not well-controlled. The 

duration necessary to achieve a dose of 3000 Gy, the dose at which we assay mutations from 

contribution to IR resistance, has changed with the decay of the 137Cs source (from ~7.75 hr and a 

dose rate of 6.6 Gy/min in 2014, to ~ 8.5 hr and a dose rate of 6.1 Gy/min in 2017). In addition to 

changing irradiation conditions, the irradiator is not temperature controlled, leading to changes in 

room temperature with the use of air conditioning and heating where the irradiator is housed, 

depending on the season. Finally, cells are suspended in an undefined rich medium (LB) for the 

duration of these irradiations, which likely allows for growth during the assay. 
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Despite these variable irradiation conditions, IR resistance of Founder Δe14 and CB2000 

has not changed IR-resistance from 2014 to 2017. Therefore, the unstable phenotype of CB3000 

is likely a biological problem, where the mutations which increase IR resistance of this isolate are 

affected by the variable irradiation conditions noted above. As such, despite being able to 

accurately determine the mutations which contribute to IR resistance in CB2000 (Byrne et al, 

2014) [90], it is out of our ability to reproducibly determine which mutations contribute to IR 

resistance in CB3000. Additionally, new federal policies have incentivized the decommissioning 

of 137Cs and 60Co irradiators, which renders us unable to repeat previous experiments and further 

explore what factors affect the IR resistant phenotype of CB3000. 

Though we have been unable to determine the extent of IR resistance of CB3000, one 

mutation from CB3000, FNR F186I, has reproducibly increased IR resistance of Founder Δe14 

from 2014 to 2017 (Figure 1.2). In addition, over a two-month period in 2016 when temperature 

conditions where the 137Cs irradiator is housed were likely stable, two mutations (the PriA V554I 

variant and in intergenic mutation between the clpP and clpX genes) appeared to epistatically 

contribute to IR resistance in CB3000. The data presented here on which mutations contribute to 

IR resistance in CB3000 will focus on this time-period in 2016. However, we recognize that any 

assertion of contribution by the PriA V554I and clpP/clpX int mutations is speculative, and that 

only the FNR F186I mutation from CB3000 can reliably enhance IR resistance of E. coli. 

 

2.3.3 Altered regulatory pathways enhance IR-resistance in IR-3-20 

 Six fixed mutations from the IR-3-20 isolate CB3000 were tested for their contribution to 

IR resistance: clpP/clpX int, plus mutations in genes encoding: FNR F186I, PriA V554I, GsiB 
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L289P, RsxD V45A, and NanT F406A. As described previously [90], wild type genes were 

replaced by mutations inserted singly and in combination into the Founder Δe14 background. In 

addition, the mutated sequences of these loci were reverted, singly and in combination, to the wild-

type sequence in CB3000, maintaining the otherwise evolved mutant background (Figure 2.2A, 

B).  

As shown in Figure 2.2, the radioresistant phenotype of CB3000 was accounted for entirely 

by the mutations in the fnr and priA genes, along with the intergenic clpP/clpX int mutation (Figure 

2.2B). Three variants tested had no effect on IR resistance as measured in these trials: GsiB L289P, 

RsxD V45A and NanT F406S (Supplemental Figure 1.2). All these mutants were testing over a 

two-month period in 2016, to eliminate variability of the CB3000 IR resistant phenotype that may 

be affected by ambient temperature at the location of the irradiator.  

Surprisingly, the clpP/clpX int and PriA V554I mutations appear to work epistatically to 

enhance IR resistance. Alone, neither mutation contributes to IR resistance when placed into the 

otherwise wild-type Founder Δe14 background. Consistently, converting any of these single 

mutations to the wild-type sequence in CB3000 results in a decrease in IR resistance. FNR F186I 

has no epistatic relationship with other mutations and alone confers the greatest contribution to IR 

resistance. Taken together, these mutations indicate that IR resistance in CB3000 is largely 

explained by alterations in particular patterns of global regulation, a distinct path from the 

enzymatic changes previously noted in CB2000 [90]. Both altered proteomic regulation (clpP/clpX 

int) that acts with PriA-mediated replication restart (PriA V554I) and altered transcriptional 

regulation affecting anaerobic metabolism (FNR F186I) appear to be important. 
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2.3.4 The prominent mutations affecting IR-resistance in CB2000 and CB3000 act additively 

 As the isolates CB2000 and CB3000 appear to have developed IR resistance through two 

separate pathways, we investigated how these two pathways interact. We combined the prominent 

mutations contributing to IR-resistance from CB2000 (RecA D276N, DnaB P80H, and YfjK 

A151D) with those from CB3000 (clpP/clpX int, PriA V554I and FNR F186I) in the Founder Δe14 

background. We found that these sets of mutations act additively to increase IR resistance (Figure 

2.2C). This suggests that these two sets of mutations affect complementary pathways in the cell.  

 

2.3.5 CB3000 is not resistant to non-IR DNA damaging agents 

To gain a deeper understanding of how these evolved populations survive IR, we tested 

resistance of CB2000 and CB3000 to other types of DNA damaging agents related to the damage 

caused by IR. DNA double-strand breaks (DSBs) are a prominent, and lethal, form of damage 

caused by IR. The antibiotic ciprofloxacin was used as a proxy for the DSBs caused by IR to assay 

the DSB repair capability of our evolved populations. CB2000, whose IR resistance stems from 

DNA metabolism protein variants, was approximately two logs more resistant to ciprofloxacin at 

a concentration of 0.01 µg/ml compared to Founder Δe14 (Figure 3.2A).  Interestingly, CB3000 

was more sensitive to the antibiotic than Founder Δe14, further suggesting that the mechanism of 

IR resistance in CB3000 was distinct from that seen in CB2000. 

CB3000 has been previously reported to exhibit enhanced UV resistance compared to the 

Founder strain [13]. However, UV resistance in this strain appears to be solely founded in the loss 

of the e14 prophage, a deletion, which appears in all the evolved populations. CB3000 only 

exhibits increased UV resistance compared to Founder, but not Founder Δe14 (Figure 3.2B). In 
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contrast, CB2000 is more UV resistant than both CB3000 and Founder Δe14, which is consistent 

with an enhanced DNA repair capability. 

 

2.3.6 CB3000 has enhanced ROS amelioration capabilities. 

Most damage caused by IR comes from the reactive oxygen species (ROS) formed from 

the interaction of IR with intracellular water molecules [4, 16]. Therefore, ROS amelioration could 

provide a path to surviving high levels of irradiation. Since we have seen that CB3000 is likely not 

radioresistant due to enhanced global DNA repair, we sought to determine the extent of ROS 

amelioration capability in CB3000. As a general representative of ROS, we challenged our evolved 

strains with H2O2. In direct contrast to the results obtained with ciprofloxacin, CB3000 was more 

resistant to 10 mM H2O2 compared to Founder Δe14. In contrast, CB2000 exhibited greater 

sensitivity to H2O2 (Figure 4.2).  

We then sought to determine whether the H2O2 resistance of CB3000 stems from an 

enhanced capacity to ameliorate ROS levels or repair damage caused by intracellular ROS. The 

dye H2DCFDA can be used to quantify intracellular ROS, as it must be modified by intracellular 

esterases and then oxidized to form a detectable fluorescent compound [101]. We therefore mixed 

H2DCFDA with Founder Δe14, CB2000, and CB3000 after exposure to 10 mM H2O2 and detected 

resulting fluorescence to infer ROS levels. While fluorescence of the compound mixed with 

Founder Δe14 and CB2000 is similar, significantly less fluorescence is detected in CB3000, 

suggesting an enhanced capacity to ameliorate levels of intracellular ROS (Figure 5.2).  

  As measured by the H2DCFDA assay, the enhanced ROS amelioration capacity of CB3000 

does not reside in the three key mutations that account for the IR resistance phenotype.  Founder 
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Δe14 carrying the three mutations from CB3000, which increase IR resistance (clpP/clpX int, PriA 

V554I, and FNR F186I), does not mimic the ROS amelioration capacity of CB3000 (Figure 5.2). 

The overall result indicates that CB3000 has enhanced ROS amelioration capacity, and that this 

capacity is not shared by CB2000. However, that capacity likely reflects other mutations in 

CB3000 that are not studied here, and it remains unclear as to what extent ROS amelioration 

contributes to the measured IR resistance phenotype in this strain. 

 

2.3.7 FNR F186I is a hyperactive FNR variant 

We sought to better understand IR resistance in CB3000 by further characterizing the 

mutations, which confer radioresistance in this isolate. FNR is a Fe-S binding transcription factor 

that regulates genes related to anaerobic metabolism [102, 103]. It has been previously reported 

that the F186 residue of FNR contacts the alpha C-terminal domain of RNA polymerase and that 

variants of residue F186 decrease activation of Class I and Class II FNR-dependent promoters 

[104, 105]. Therefore, we sought to determine the effects, if any, of the F186I variant on FNR-

controlled transcription. We utilized a β-galactosidase fusion of the classical FNR-controlled narG 

promoter (PnarG) to lacZ [106] to characterize the FNR F186I variant activity. We observed no 

difference in promoter activity in Founder Δe14 with the FNR F186I variant compared to Founder 

Δe14 with the wild-type FNR F186 allele at early exponential (OD600 of 0.2) and stationary phase 

(overnight cultures grown for 15 to 18 hours) (Figure 6.2).  

The conditions in which we irradiate strains (approximately an 8 hour duration for a dose 

of 3000 Gy, in sealed 1.5 mL tubes containing 1 mL of exponential phase culture) likely create a 

microaerophilic environment over time. A microaerophilic environment should increase the 
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amount of active FNR dimers, which are destroyed by O2 [107] [108]. To determine the effect of 

these conditions on FNR activity, we performed a mock-irradiation, allowing culture to incubate 

at room temperature in microfuge tubes as they do during radiation assays. In mock-irradiation 

conditions, Founder Δe14 with the FNR F186I variant shows increased transcription from the PnarG 

– lacZ fusion compared to Founder Δe14 with the wild-type FNR (Figure 6.2). These results 

indicate that the FNR F186I variant allows for enhanced FNR activity under the conditions of our 

irradiation trials. 

 

2.3.8 The clpP/clpX int mutation reduces levels of the ClpX protein 

The clpP/clpX int mutation is a SNP thirteen nucleotides upstream of the clpX ‘ATG’ start 

codon, within the 125 bp intergenic region between the clpP and clpX genes. The clpP and clpX 

genes share a promoter, proximal to clpP [109, 110]. Therefore, it is unlikely that the clpP/clpX 

int mutation affects transcription of the clpX gene. Based on sequence similarity to the consensus 

E. coli ribosome binding site (RBS) (5’-AGGAGGT-3’), this SNP may be in the clpX mRNA RBS 

(Figure 7.2A). This SNP reduces the similarity of this RBS to the consensus sequence. Therefore, 

we hypothesized that the clpP/clpX int mutation reduces translation of the ClpX protein. To test 

this hypothesis, we determined the amount of ClpX in Founder Δe14 and CB3000 via Western 

blot (Figure 7.2B). We observed that CB3000 produces less ClpX protein, and this reduction of 

ClpX is abolished when the clpP/clpX int mutation is converted to the wild-type sequence in 

CB3000 (Figure 7.2C). 
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2.3.9 PriA V554I has reduced ATPase and helicase activity 

PriA is a 3’ to 5’ DNA helicase which assists in replisome reassembly at the replication 

fork [111-114]. The V554 residue of PriA is in the helicase lobe II domain, C-terminal of the 

helicase motif V. In the published PriA structure[115] (K. pneumoniae PriA; 88 % identity with 

E. coli PriA), V554 appeared to pack with helicase motif VI (3.5 Å between V554 side chain 

carbon and a side chain carbon of V580 and 4.0 Å between the other V554 side chain carbon and 

the A584 side chain carbon within the motif VI QVSGRAGR) (Figure 8.2A). With the ATP pocket 

on the opposite side of motif VI, we hypothesized that this mutation would alter the ATP 

hydrolysis mechanism and the helicase activity of PriA. It has been previously reported that PriA 

variants, including a variant at residue L557, rescue the UV-sensitivity of ΔrecG mutants [116] 

and that this rescue is due to decreased helicase activity [117]. We deleted recG from Founder 

Δe14 and CB3000 derived strains to determine the effect of PriA V554I on UV sensitivity in these 

backgrounds.  PriA V554I partially rescues the UV sensitivity of Founder Δe14 ΔrecG at a dose 

of 60 J/m2. The effect is not as great as that seen with some other PriA variants [116], but it suggests 

that this variant may have decreased, but not abolished, helicase activity (Figure 9.2).   

We purified PriA V554I to characterize the effect of this mutation in vitro. We first tested 

for retention of PriA DNA fork-binding using a fluorescence anisotropy assay. The V554I PriA 

KD for a fluorescein labeled DNA fork (two partial complementary oligonucleotides) was equal to 

that of WT PriA (Figure 8.2B). We next analyzed the PriA DNA-dependent ATPase activity of 

this variant. PriA and ATP concentrations were held constant and poly dT was titrated into the 

reaction (Figure 8.2C). The kmax of V554I was 0.14 that of WT PriA (~7-fold reduction). This 

V554I ATPase activity was in a detectable range, ~12-fold above the ATPase-dead, Walker A 

mutant K230R. The KDNA of V554I was near that of WT PriA. To analyze the effect of this ATPase 
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defect on PriA helicase activity, we next analyzed V554I in a variety of in vitro helicase assays. 

On the simple DNA fork, V554I helicase activity was significantly reduced from WT PriA, near 

background and the level of K230R PriA (Figure 8.2D). As a previously characterized PriA point 

mutation near V554, recG suppressor “srgA1” (L557P), was shown to be deficient in unwinding 

a fork of this type but to retain helicase activity when both nascent strands were present  [117], we 

also tested V554I on a four-oligonucleotide fork. V554I helicase activity was similarly reduced on 

this fork type, near background levels with K230R PriA. To test for any detectable retention of 

PriA helicase activity, we tested PriA helicase activity under SSB and PriB-mediated stimulation 

of PriA helicase activity [118-120].  In the presence of SSB and PriB, V554I PriA helicase activity 

was detectable above background. In the presence of PriB, specifically, V554I helicase activity 

was near the WT PriA level, in conditions were WT PriA helicase activity appeared to be above a 

detectable range.  

 

2.3.10 IR-resistant isolates CB2000 and CB3000 exhibit increased fitness in rich media 

We have previously assessed fitness of evolved isolates in a direct competition assay [121] 

relative to Founder Δe14 during irradiation. The results of this assay confirmed that the evolved 

isolate CB2000 is more fit, i.e., it grows faster, than Founder Δe14 post-irradiation [90]. We now 

demonstrate that this trend continues without selection. In mixed cultures (Founder Δe14 versus 

CB2000; Founder Δe14 versus CB3000) grown for 72 hours, both CB2000 and CB3000 almost 

completely outcompete Founder Δe14 (Figure 10.2 A,B). To determine the basis of this phenotype, 

we competed Founder Δe14 with each of the IR resistance increasing mutations (FNR F186I, 

clpP/clpX int, and PriA V554I) against the wild-type Founder Δe14. We additionally calculated 

fitness statistics for each mutation to determine quantitative contributions, if any, to the growth 
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phenotype [121]. Despite an enhancement of growth from the F186I mutation, these three 

mutations did not completely recapitulate the growth phenotype of CB3000. We hypothesized that 

this growth phenotype was likely selected for in the outgrowth step of our directed evolution 

protocol. We therefore applied the criteria we used to determine candidate mutations, which 

increase IR resistance to find mutations that enhance growth. We assayed the GsiB L289P 

mutation from CB3000, which does not increase IR resistance (Figure 10.2C), for a contribution 

to enhanced growth. We found that the GsiB L289P variant enhances growth of Founder Δe14 

almost to the level of CB3000. Adding the FNR F186I mutation, which enhances fitness of 

Founder Δe14 without selection, to Founder Δe14 with GsiB L289P completely recapitulates the 

enhanced growth phenotype of CB3000. Consistently, converting the gsiB and fnr genes to their 

wild-type sequence in CB3000 abolishes the enhanced growth phenotype (Figure 10.2D). In 

addition, the GsiB N104S mutation from CB2000 also enhances growth of Founder Δe14 (Figure 

10.2E). Enhanced growth from two different GsiB variants indicates that despite differing 

mechanisms of IR resistance, CB2000 and CB3000 have evolved similar mechanisms of enhanced 

growth. 
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2.4 Discussion 

Making use of four E. coli populations that have acquired enhanced resistance to ionizing 

radiation via directed evolution, we have further explored the molecular basis of the IR resistance 

phenotype. IR resistance of the CB3000 isolate derived from population IR-3-20 is at least partially 

due to the FNR F186I variant. Despite FNR F186I reproducibly increasing IR resistance of the 

Founder Δe14 background strain (Figure 1.2), the IR resistant phenotype of CB3000 is highly 

variable over time. However, over a two-month time-period the clpP/clpX int and PriA V554I 

mutations increased IR resistance in conjunction with FNR F186I, and these three mutations 

appeared to contribute to the entirety of the IR resistant phenotype of CB3000. Thus, IR resistance 

in CB3000 has come about via mechanisms distinct from those most prominent in CB2000. In 

addition to the distinct genetic alterations, CB3000 exhibits greater resistance to H2O2 than either 

Founder Δe14 cells or CB2000, whereas CB2000 exhibits greater resistance to the DNA damaging 

agents ciprofloxacin and UV irradiation. A similar pattern was seen in an earlier study in which 

CB2000 exhibited enhanced resistance to treatment with mitomycin C while CB3000 did not [13]. 

Second, the most prominent mutations conferring IR resistance in CB2000 and CB3000 are 

additive in their effects, again suggesting they affect complementary pathways. Third, some of the 

mutations arising in these populations, most notably mutations in the gene gsiB, enhance cellular 

growth rate and likely arose as a result of the outgrowth phase incorporated into our selection 

protocol.  

We have only begun to peel back the layers of pathways which contribute to experimentally 

evolved resistance to extreme levels of IR. We have previously evolved four populations of highly 

IR-resistant E. coli, termed IR-1-20, IR-2-20, IR-3-20, and IR-4-20 [13, 90]. Three mutations in 

proteins involved in DNA metabolism were found to comprise most of the IR-resistant phenotype 
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of CB2000: variants of the RecA protein (D276N), DnaB (P80H), and YfjK (A151D) [13, 90]. 

The results provided evidence that enhancements in DNA metabolism can contribute to the IR 

resistance phenotype. The population IR-3-20 starkly contrasts with this trend. Other than the PriA 

variant, the three mutations which appear to increase IR resistance in CB3000 affect aspects of 

global regulation rather than DNA metabolism. The alteration in FNR lead to likely increases in 

transcription of genes in the FNR regulon under the microaerophilic conditions likely to be created 

during extended irradiation trials, as seen here with transcription from the narG gene promoter 

(Figure 6.2). It is not clear what parts of the regulon may be responsible for the observed IR 

resistance. The clpP/clpX int mutation decreases expression of the clpX protein, likely increasing 

steady state levels of all proteins degraded by ClpP/ClpX.  

Next-generation sequencing of each population confirmed trends seen previously by 

whole-genome sequencing of isolates from each population. Populations IR-2-20, IR-3-20, and 

IR-4-20 are largely clonal, with 22, 31, and 21 mutations fixed in each population, respectively. 

IR-2-20 and IR-4-20 have a similar pattern of mutations, with fixed variants of RecA (D276N in 

both), DnaB (P80H and P199Q) and YfjK (A151D and H652Y). Given that the IR resistance 

phenotype of the IR-2-20 isolate CB2000 was previously shown to be largely dependent on 

variants of these three DNA metabolism proteins, it is likely that much of the IR resistance of IR-

4-20 is founded in the variants of these same proteins.  

IR-1-20 has at least three sub-populations. The three most prominent sub-populations, 

named IR-1-20 A, B, and C, make up approximately 60%, 15%, and 20% of IR-1-20, respectively. 

Considering each sub-population separately, IR-1-20 B appears similar to IR-2-20 and IR-4-20, 

with mutations in RecA (D276A), DnaB (L74S), and YfjK (K294E). Of these three DNA 

metabolism proteins, IR-1-20 A only contains a RecA variant (A290S) which was previously 
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shown to increase IR resistance in a wild-type background [13].  IR-1-20 A only contains two 

other mutations that are common to the other three main populations: one affecting the DNA 

replication restart protein DnaT (R145C) and the other a variant of the ClpX protein (Y384C), 

which is part of the ClpXP protease. Sub-population IR-1-20 C continues the trend of a replication 

restart variant (PriC L162P) alongside a variant affecting the ClpXP protease (ClpP Y76C). The 

final two mutations in IR-1-20 C which appear in commonly mutated genes or pathways are two 

synonymous mutations in the dnaJ and wcaJ genes. 

IR-3-20 continues a pattern observed in IR-1-20 subpopulations A and C, where a 

replication restart variant (PriA V554I) appears alongside a mutation affecting the ClpXP protease 

(in this case an intergenic mutation between the clpP and clpX genes). While mutations affecting 

cell wall metabolism and ROS amelioration appear in all four of the evolved populations, the FNR 

variant of IR-3-20 is unique. However, in a population started from the IR-1-20 isolate CB1000 

which was exposed to an extra 30 iterative rounds of IR, a truncated FNR variant was observed 

(M157*) [13, 90].  

Taken together, our results provide evidence for at least three distinct pathways that can 

contribute to IR resistance. One, previously explored [13, 90], involves enhancements in the 

cellular DNA repair systems. Here, we present two new pathways: altered anaerobic metabolism 

through the FNR transcription factor, and an interaction between replication restart machinery 

(PriA, PriC, and DnaT) and the ClpXP protease (or an altered ClpXP-dependent proteome). 

We previously reported that CB2000 and CB3000 are both more resistant to UV compared 

to Founder [13]. We now present evidence that the enhanced resistance of CB3000 to UV is due 

entirely to the loss of the e14 prophage. CB3000 is more UV resistant than MG1655, but not 

Founder Δe14. However, CB2000 exhibits a higher UV resistance compared to Founder Δe14.  
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ROS formed during irradiation can damage cellular macromolecules indiscriminately [2, 

4, 16]. Therefore, enhanced ROS amelioration could provide a pathway for IR resistance [6, 19, 

22]. CB3000 was moderately more resistant to H2O2 exposure compared to Founder Δe14, 

although this enhanced resistance to H2O2 is not associated with the three mutations we focused 

on in the current study. Using the dye H2DCFDA, which can be used to detect intracellular ROS, 

we found that after H2O2 exposure, CB3000 had reduced levels of intracellular ROS compared to 

Founder Δe14 and CB2000. Notably, CB2000 was nearly two logs more sensitive to 10mM H2O2 

than Founder Δe14, in spite of its enhanced capacity to survive exposure to IR. The reason for this 

sensitivity remains unclear. Thus, significant enhancement of IR resistance can be achieved via 

directed evolution without an enhanced capacity to ameliorate ROS.  

The FNR F186I mutation is the only mutation from CB3000 which consistently and 

reproducibly enhances IR resistance. The F186 residue of FNR is known to contact the alpha-

subunit of RNA polymerase [104], making it likely that FNR F186I alters transcription of FNR-

controlled genes. FNR is only active in a dimeric form created by coordination of an oxygen-labile 

Fe-S cluster between FNR monomers [94, 107, 108]. The microaerophilic environment of the 

mock irradiation assay may allow for increased levels of active, dimeric FNR protein. The 

downstream effects of the FNR F186I variant are unknown. Microarray analysis has implicated 

FNR as a regulator of 103 operons related to anaerobiosis, activating 68 and repressing 35 [93]. 

Of these FNR-controlled genes, sodA (which is repressed by FNR and encodes the Mn-binding 

superoxide dismutase) and katG (which is activated by FNR and encodes a bifunctional 

catalase/peroxidase) could (in principle) contribute to enhanced IR resistance through ROS 

amelioration activity. The FNR F186I variant may also reduce endogenously produced ROS. 

Transfer of electrons from NADH and FADH2 to oxygen as a final electron acceptor in the electron 
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transport chain is a major source of ROS [2]. FNR activates transcription of nitrate reductase A 

(narGHJI operon) and fumarate reductase (frdABCD), which allow for use of nitrate and fumarate 

as alternative electron acceptors. Enhanced production of nitrate reductase A and fumarate 

reductase may thus allow CB3000 to reduce the levels of ROS produced by using O2 as a terminal 

electron acceptor. Reducing endogenous ROS as means of IR resistance may parallel mechanisms 

used by D. radiodurans. It has previously been observed that in D. radiodurans, exposure to IR 

will alter gene expression to reduce metabolic ROS [122]. 

The protein products of clpP and clpX form the ClpXP protease, which is responsible for 

degrading approximately 96 proteins in E. coli, many of which are related to stress responses to 

DNA damage and ROS [96]. The SNP appears to be in the ribosome binding site of clpX which 

will affect the levels of ClpX, and therefore ClpXP. The clpP/clpX int mutation reduces the levels 

of ClpX protein approximately two-fold compared to wild-type. A number of DNA repair proteins 

are ClpXP substrates [96]. These include proteins involved in DNA double-strand break repair 

(RecN) and nucleotide excision repair (UvrA). However, no previously characterized ClpXP 

substrates are involved in DNA replication restart, leaving the relationship between the clpP/clpX 

int mutation and the PriA V554I variant unknown. 

PriA is a 3′ to 5′ helicase which assists in DNA replication restart. The V554I variant 

partially rescues UV sensitivity of a ΔrecG mutant compared to a ΔrecG mutant with the wild-

type PriA protein, suggesting at least a partial loss of helicase activity [116, 117]. Interestingly, 

this mutation is three residues before the previously characterized “srgA1” mutant, PriA L557P, 

that was found as a suppressor of the UV sensitivity of recG mutants [116]. This underlies the 

importance of this PriA region and altering the PriA ATPase/helicase activity in DNA-damage 

pathways. The PriA V554 residue is highly conserved (analysis of unique PriA sequences from 
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300 bacterial species) that packs against helicase motif VI in the K. pneumoniae PriA structure 

[115]. Our in vitro characterization of V554I PriA appeared to be consistent with the hypothesis 

that this mutation had reduced helicase activity due to reduced ATP hydrolysis rates. The PriA 

V554I variant helicase activity was only detectable above background upon SSB and PriB 

stimulation, with robust helicase activity in the presence of PriB. Interestingly, the PriA protein of 

D. radiodurans lacks helicase activity [123], though it is not clear if this helicase-deficiency is 

involved in the IR resistant phenotype of this bacterium.   

Many mutations, such as those in gsiB or the nan operon, appear in multiple populations 

at high frequencies yet do not appear to contribute significantly to IR resistance. The directed 

evolution protocol utilized to generate these four populations included an outgrowth step post-

irradiation. The intention was to allow unfit, slow-growing strains with deleterious genetic 

alterations to be outcompeted from each population. This step appears to have also selected for 

enhanced growth. Variants of GsiB in both CB2000 and CB3000 have substantial positive effects 

on fitness of growth in rich media without selection (Figure 10.2). 

A problem with studies using irradiators employing radioactive elements is that those 

elements decay, and irradiation conditions change over time. This problem is likely the root cause 

of our inability to reliably characterize the IR resistant phenotype of CB3000. Here, we can report 

that alterations to global anaerobic respiration control (through FNR 186I) can enhance IR 

resistance in E. coli, with putative contributions from altered global proteolysis (through clpP/clpX 

int) and DNA replication restart (from PriA V554I). However, steps must be taken to ensure that 

the problems encountered with CB3000 are not built into future evolution studies. It is clear that 

IR resistance in E. coli can surpass what has been observed here. Utilization of more stable 
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irradiation methods may allow for generation of new populations of highly IR resistant E. coli, and 

deeper exploration of the genetic contributions to radiation resistance. 
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2.5 Tables 

 

Table 1.2. Tier definitions of SNPs detected by whole-population sequencing. Sequencing data 

was produced as described in the Materials and Methods. Data analysis performed by Xinmin 

Xhang (BioInfoRx, Inc; Madison, WI). 
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Table 2.2. Prominently mutated genes and pathways within IR resistant populations. 

Mutations listed are high confidence mutations that have been detected in Illumina Mi-Seq 

sequencing of triplicate replicates of the population on both the forward and reverse strands of the 

genome (See Materials and Methods). The two far-left columns contain the pathway and genes in 

which the variant appears. Variants with two listings (ex: ClpP T133N/T147N) indicate the variant 
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in the mature peptide and full peptide sequence, respectively. The top row indicates the population 

in which the mutation occurs. The lack of a mutation in the given gene is indicated by a – symbol. 

The frequency of each variant within the mixed population is listed if the mutation is present in 

the given population. IR-1-20 has three prominent sub populations, designated IR-1-20 A, B and 

C. Mutations that have not been detected by sequencing of individual mutants from IR-1-20 [13] 

and therefore cannot be assigned to a particular sub-population but have been detected in whole-

population sequencing are designated by parentheses. 
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Table 3.2. Strains Used in this study. 
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Table 4.2. Oligos used for in vitro assays in this study. [124, 125] 
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2.6 Figures 

 

Figure 1.2. Variability of IR-resistance phenotype of evolved isolate CB3000. Each point 

represents the percent survival of a single replicate. Many replicates were tested on the same day 

or within the same month, and appear vertical relative to each other. Circles and triangles indicate 

that those samples were irradiated using two different irradiators, but are the same model (Mark I 

137Cs irradiator (J. L. Shepherd and Associates)). Data was obtained over the course of four 

consecutive years. 
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Figure 2.2. IR resistance of CB3000 and CB3000-derived mutants over a two month period 

in 2016. The Y axis represents percent survival. Mutants were assayed for survival of exposure to 

3,000 Gy at exponential phase growth as described in the Materials and Methods section. (A) 

Mutations discovered in CB3000 were moved singly or in combination into the Founder Δe14 

background. The mutation present is given by the + symbol. (B) Mutations discovered in CB3000 

were reverted singly or in combination to the Founder sequence. Reversion of the mutation is given 

by the – symbol. (C) Mutations shown to increase IR resistance from IR-3-20 were compared and 

added to those discovered previously in IR-2-20 [90] in the Founder Δe14 background. The 

number of replicates for each strain, n, is presented below the appropriate strain. Error bars 

represent the standard deviation. A single * symbol indicates a statistically significant difference 
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(p-value < 0.01) between the percent survival of the indicated strain and Founder Δe14, as 

calculated with a two-tailed student’s t-test. The ‡ symbol indicates a statistically significant 

difference (p-value < 0.01) between the percent survival of the indicated strain and CB3000, as 

calculated with a two-tailed student’s t-test. The ** symbol indicates a statistically significant 

difference (p-value < 0.001) between indicated strains, as calculated with a two-tailed student’s t-

test. 
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Figure 3.2. Resistance of evolved isolates CB2000 and CB3000 to DNA damaging agents. A) 

Comparison of the evolved isolates CB2000 and CB3000 to Founder Δe14 when spot plated onto 

LB plates containing 0.01 µg/ml ciprofloxacin as described in the Materials and Methods section. 

B) Comparison of the evolved isolates CB2000 and CB3000 to Founder Δe14 and MG1655 (+e14) 

when exposed to 120 J/m2 of UV after spot plating on LB agar as described in the Materials and 

Methods section.    
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Figure 4.2. H2O2 resistance of evolved isolates and their derivatives. All strains were grown 

for 7 hr to stationary phase and exposed to H2O2 as described in the Materials and Methods section. 

The Y axis represents percent survival. Comparison of the evolved isolates CB2000 and CB3000 

to Founder Δe14. Method modified from Gort et al. [126]. Data points represent percent survival 

across all independent experiments performed (n values: Founder Δe14: 36; CB2000: 14; and 

CB3000: 46). The center bar represents the average value. Error bars represent the standard 

deviation. The *, **, and *** symbols indicate a statistically significant difference (p-value < 0.01, 

<0.001, and <10-5, respectively) between the indicated strains, as calculated with a two-tailed 

student’s t-test.  
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Figure 5.2. ROS amelioration capability of evolved isolates after exposure to 10 mM H2O2. 

These data represent the results of a representative single experiment. The Y axis represents raw 

fluorescence of oxidized H2DCFDA normalized to OD600. Error bars represent the standard 

deviation of biological triplicates. The ROS amelioration capacity assay was performed as 

described in the Materials in Methods section.  
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Figure 6.2. β-galactosidase activity of a PnarG-lacZ (fusion in Founder Δe14 + FNR F186I). β-

galactosidase activity was assayed at exponential and stationary phase, and after a mock irradiation 

(exponential phase cells aliquoted in a 1.5 mL tube and incubated at room temperature for 8 hr). 

Beta gal activity of Founder Δe14 + FNR F186I PnarG-lacZ was normalized to the average Beta-

gal activity of Founder Δe14 + PnarG-lacZ (containing the wild-type FNR F186 allele) to determine 

relative expression. These data represent the results of two experiments of biological triplicates. 

The β-galactosidase assay was performed as described in the Materials in Methods section. PnarG-

lacZ was graciously given to us by the lab of Patricia Kiley (University of Wisconsin – Madison) 

[106]. 
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Figure 7.2. Effect of the clpP/clpX int mutation on ClpX expression levels in CB3000. A) 

Cartoon depiction of the clpPX operon. The clpP/clpX int mutation is located at the -13G of the 

clpX transcription start site. The clpP/clpX int may be located in the ribosome binding site for the 

clpX mRNA based on similarity to the E. coli consensus RBS sequence. B) Western blot of the 

ClpX protein in CB3000. α-ClpX antibodies were used to detect ClpX protein in Founder Δe14, 

CB3000, and CB3000 + clpP/clpX wt via Western blot using chemiluminescent detection. α-SSB 

antibody was used as an internal control. C) Levels of ClpX were normalized to levels of SSB to 

quantify the relative amount of ClpX between strains with and without the clpP/clpX int mutation. 

Western blot was performed as described in the Materials and Methods. 
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Figure 8.2. PriA V554I variant has significantly reduced helicase activity that can be 

stimulated by PriB. (A) Domain architecture (left) and the structure of the K. pneumoniae PriA 

(PDB: 4NL4) (middle) [115], with a zoom-in view of the ATP-pocket and helicase motif VI 

(right). ATP and the V554 side-chain are shown in red sticks. Helicase motif VI is shown in green 

sticks, with a green arrow indicating the beginning and end of the motif. (B) Fluorescence 

anisotropy of a DNA fork (1 nM) containing a 5’-fluorescein labeled template lagging strand with 
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increasing concentrations of PriA. Data from three replicates (± SD) were fit to a single site-

specific model (solid line) and dissociation constant (± SD) from that fit is listed in the table 

(below). (C) PriA DNA-dependent ATP hydrolysis under increasing concentrations of dT28 

oligonucleotide, compared to the max ATPase rate of WT PriA for each replicate. 

Helicase/ATPase-dead PriA (Walker A, K230R) was used as a negative control. Data for three 

replicates were fit to a Michaelis-Menten model (solid line) and fit parameters (± SD) listed in the 

table below. As PriA ATPase is DNA dependent and DNA was titrated (under excess ATP and 50 

nM PriA), KDNA was reported in place of the KD parameter. (D) Polyacrylamide gel electrophoresis 

resolution of PriA helicase products upon incubation of 0, 0.1, 1, or 10 nM PriA variant with 1 nM 

DNA fork. “B” labels boiled substrate. Initial DNA forks were either the simple two 

oligonucleotide fork (left gel panel), using a 5’-32P label in place of fluorescein in panel A, or a 

four oligonucleotide fork (middle and right gel panels), upon which PriA is known to preferentially 

unwind the nascent lagging strand. Initial forks are depicted in black to left of gel panel and 

helicase products are depicted in grey to left. Image is representative gel of three replicates. Figure 

and experiments were generously provided by Tricia Windgassen and colleagues (laboratory of 

Professor James Keck; University of Wisconsin – Madison). 
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Figure 9.2. Rescue of UV sensitivity of ΔrecG mutants by the PriA V554I variant. All strains 

were grown to mid-exponential phase before being serial diluted and spot plated onto LB plates 

exposed to 60 J/m2 UV as described in the Materials and Methods section. Comparison of the 

evolved isolates CB2000 and CB3000 to Founder Δe14.  
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Figure 10.2. Evolved isolates outcompete Founder Δe14 in mixed culture without selection. 

A, B) CB2000 and CB3000 outcompete Founder Δe14. These data represent a single, 

representative competition against Founder Δe14 without the araBAD operon (a neutral mutation 

used to differentiate strains in the competition [121]. C) Mutations from CB3000 which contribute 

to the enhanced growth phenotype. To quantify contributions to the growth phenotype, we 

calculated a relative fitness statistic [121]. Mutations were placed singly or in combination into 
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Founder Δe14. All competitions were performed against Founder Δe14 ΔaraBAD. D). CB3000 

lacking mutations contributing to enhanced growth does not outcompete Founder Δe14. Mutations 

indicated were converted to the wild type sequence, and this mutant strain was competed against 

Founder Δe14 ΔaraBAD. E) The GsiB N104S variant from population IR-2-20 contributes to the 

enhanced growth phenotype. Mutations were placed singly or in combination into Founder Δe14. 

The growth competition protocol was performed as previously described [121] [90] and as in the 

Materials and Methods. All data from C-E are the average of relative fitness statistics from at least 

six replicate competition assays performed against Founder Δe14 ΔaraBAD.  Error bars represent 

the standard deviation of these data. A single * symbol indicates a statistically significant 

difference (p-value < 0.01) between the relative fitness statistic of the indicated strain and Founder 

Δe14, as calculated with a two-tailed student’s t-test. The ‡ symbol indicates a statistically 

significant difference (p-value < 0.01) between the relative fitness statistic of the indicated strain 

and CB3000, as calculated with a two-tailed student’s t-test. 
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Supplemental Figure 1.2. IR resistance of Founder Δe14 with CB3000-derived mutations 

which do not affect IR resistance. The Y axis represents percent survival. Mutants were assayed 

for survival of exposure to 3,000 Gy at exponential phase growth as described in the Materials 

and Methods section. Mutations discovered in CB3000 were moved into the Founder Δe14 

background. The mutation present is given by the + symbol. Strains were irradiated at 

approximately 6.6 Gy/min. Irradiations were performed using the same irradiator used to produce 

data in Figure 2.2, but approximately 3 years prior, thus producing the higher dose rate.  Error bars 

represent the standard deviation. ‘N.S.’ indicates that there is no statistically significant difference 

between the three sets of data (p-value > 0.05), as calculated with a two-tailed student’s t-test. 

 



70 
 

Chapter III: Directed evolution of extreme electron beam ionizing radiation resistance in E. 

coli: Selection cycles 1-100 and beyond 

3.1 Abstract 

We have undertaken an extended effort to generate Escherichia coli populations that are as 

resistant to ionizing radiation (IR) as Deinococcus radiodurans. We report here on results obtained 

after 100 cycles of selection, with special focus on isolates from the first 50 cycles of selection. 

Using high-energy electron beam IR, we have generated four replicate populations of E. coli that 

exhibit greater IR resistance than that seen in any comparable experiment to date. The appearance 

of genomic alterations has been monitored by regular deep-sequencing of each population, 

permitting the detection of evolutionary patterns. The resistance of one isolate, IR9-50-1, is 

derived largely from two mutations: a variant enhancing DNA double-strand break repair (RecD 

A90E) and mutations in RNA polymerase (RpoB S72N/RpoC K1172I). These adaptations reflect 

pathways of IR resistance developed in three of the four populations; additional mechanisms of 

resistance remain to be discovered. 
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3.2 Introduction 

Ionizing radiation (IR), either direct ionization by high energy photons and electrons, or 

indirect ionization from reactive oxygen species (ROS) produced by interaction of IR with water 

molecules, can damage any cellular component. Fortunately, levels of IR sufficient to cause 

widespread oxidation of proteins or extensive DNA damage (including double strand breaks) are 

rarely encountered in the environment.  

 Substantial increases to bacterial IR resistance can be generated in the laboratory by 

directed evolution [86-89]. With the advent of advanced DNA sequencing technologies to reveal 

genomic changes, we have utilized directed evolution as a facile path to a better understanding of 

mechanisms underlying the extreme IR resistance phenotype. We previously exposed four 

replicate populations of Escherichia coli to 20 iterative rounds of gamma-ray IR and observed 

significant increases in IR resistance [13]. Focusing on isolates from each population, we 

determined that IR-resistance arose from enhanced DNA repair (reflected in mutant alleles of the 

recombinase RecA, replicative helicase DnaB, putative helicase YfjK, and replication restart 

machinery), alterations in global proteomic regulation (with alterations in expression of the ClpXP 

protease), and changes in the regulation of cellular responses to oxidative damage (through an 

allele of the anaerobic metabolism transcription factor, FNR) [13, 90].  

The overall IR resistance of these populations, while increased substantially, did not reach 

a level comparable to the incredibly radioresistant bacterium Deinococcus radiodurans [1]. Efforts 

to further enhance the IR resistance phenotype have been constrained both by source decay 

(altering irradiation dose rate parameters and increasing times required to impose a particular dose 

on a sample) and by new governmental policies mandating a general decommissioning of 

radioactive sources used for research. To generate Deinococcus-like levels of IR resistance in 
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evolved E. coli, we have embarked on a new and more ambitious effort with four new populations. 

This new effort employs a clinical linear accelerator (Linac) of a type employed for radiation 

treatment of cancer patients. Using this device, we can achieve a dose rate of 72 Gy/min using a 

high energy electron beam. This dose rate is nearly 4-fold higher than that used in the previous 

directed evolution study [13, 90]. Use of this instrument eliminates the problem of radioactive 

source decay and greatly reduces the amount of time required for exposure to kGy levels of IR. 

The higher dose rate also allows us to explore adaptation to a potentially much more challenging 

IR environment than that utilized in earlier trials and determine if dose rate can affect the results 

of an evolution trial. 

In this report, we present data of the IR resistant phenotype of these four new E. coli 

lineages (IR9, IR10, IR11, and IR12) after over 100 cycles of selection, with deep-sequencing of 

populations at every other cycle of selection to round 60. The dose required to kill 99% of the cells 

in each population has increased from approximately 750 Gy to over 3000 Gy after over 100 

rounds of selection. Additionally, we further characterize the four lineages after the first 50 rounds 

of selection (IR9-50, IR10-50, IR11-50, and IR12-50). These populations are highly resistant 

compared to the previously evolved isolates CB2000 and CB3000[13, 90], which turn out to be 

poorly adapted to the much higher dose rates applied with the electron beam IR. Deep genomic 

sequencing of populations after every other selection cycle allow us to explore the full breadth of 

mutations and provides a revealing window on the evolution of IR resistance. To unveil IR 

resistance mechanisms, we focus particular attention on the lineage IR-9 after 50 cycles of 

selection, termed IR9-50, as reflected in a representative isolate from this population IR9-50-1. 

The results both reinforce some earlier conclusions and offer new insights. The phenotype in IR9-

50-1 is largely explained by two mutations. As seen previously, adaptations to the DNA double 
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strand break repair machinery (represented in this case by RecD A90E), can contribute to an 

increase in IR resistance. However, alterations in RNA polymerase (RpoB S72N/RpoC K1172I) 

can also contribute substantially to an IR resistant phenotype. The other three evolved populations 

exhibit patterns that both reinforce those seen in IR9-50 and also potentially reveal some additional 

novel approaches to IR resistance. 
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3.3 Results 

3.3.1 High-energy electron beam IR kills E. coli at a similar rate to high-energy photon IR 

We sought to determine if high-energy electron beam ionizing radiation (IR) kills E. coli 

similarly to high-energy photon IR. We note that the 60Co source used in our previous directed 

evolution studies was a photon source [13], although the dose rate was substantially lower than the 

dose rates used here. The linear accelerator (Linac) used in this study has both an electron and 

photon mode and, by changing the distance of the E. coli cultures to the source of the IR beam, the 

Gray per minute (Gy/min) dose rate can be made equivalent between these modes. At a dose rate 

of 17 Gy/min, high energy electrons and photons kill nearly an identical percentage of E. coli 

MG1655 culture at 1000 Gy, with the electron beam being slightly more potent (Figure 1.3). 

Therefore, the two IR modes appear to have comparable effects at the level of bacterial survival.  

 

3.3.2 Directed evolution of extreme IR resistance over 100 rounds of selection 

Beginning with a single cultures of the E. coli strain MG1655 (four single colony isolates), 

we generated four highly IR resistant populations using a modified version of a previously 

established directed evolution protocol [13] as described in the Materials and Methods and 

depicted in Figure 2.3. Importantly, in this new set of evolution trials, we have utilized a linear 

accelerator (Linac) to deliver dose with a high energy electron beam. Our previous evolution trials 

to generate IR resistant E. coli utilized a 60Co source with a dose rate of approximately 19 Gy/min 

[13]. Using the Linac in electron mode, we are utilizing a dose rate of 72 Gy/min. As there is no 

source decay with this device, the dose rate remains constant over the weeks and years needed for 

an extended evolution trial. 
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We exposed exponential phase cultures from four replicate E. coli populations to sufficient 

high energy electron beam IR to kill approximately 99% of each culture for 100 iterative cycles 

(with selection cycles occurring approximately once per week). The resulting populations are 

designated IR9-100, IR10-100, IR11-100, and IR12-100.  A full explanation of the nomenclature 

of evolving lineages, populations, and isolates is described in Figure 3.3. Over these rounds of 

evolution, the dose required to kill 99% of each culture increased from approximately 750 to 3000 

Gy (Figure 4.3).  

 

3.3.3 Radioresistance of evolved populations at round 50 and round 100 

At rounds 50 and 100, these populations are highly radioresistant compared to the parent 

MG1655 strains (Figure 5.3). Previously described IR resistant E. coli isolates [13, 90], which 

were evolved to withstand 60Co IR at about 4-fold lower dose rates, are only moderately more 

resistant to the beam generated by the Linac compared to the parent strain and are greatly surpassed 

by the populations generated in this study. Populations IR9-100, IR10-100, IR11-100, and IR12-

100 have not yet reached the level of IR resistance of the bacterium Deinococcus radiodurans but 

have made significant progress towards this goal, with a current shoulder of IR-resistance reaching 

approximately 2000 Gy.  We note that Deinococcus is more sensitive to the higher dose rate in the 

Linac electron source than it is to 60Co photon sources [19, 56]. 

 

3.3.4 Growth phenotypes of evolved population isolates 

The IR resistance phenotype of these experimentally-evolved populations comes without 

an apparent growth defect in LB rich medium. An isolate from each population at round 50 of 

selection (IR9-50-1, IR10-50-1, IR11-50-1, and IR12-50-1) produced growth curves comparable 
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to the parent MG1655 strain in LB. (Figure 6.3A). However, growth defects of these isolates 

become apparent when inoculated in other growth media. In a different defined rich medium 

supplemented with glucose, EZ medium, isolate IR12-50-1 fails to grow and isolates IR9-50-1 and 

IR11-50-1 exhibit growth defects easily seen in a standard growth curve (Figure 6.3B). The isolate 

IR10-50-1 grows similarly to MG1655 in EZ medium and is the only of the four isolates to grow 

in M9 minimal medium supplemented with glucose (Figure 6.3C). Although IR9-50-1, IR11-50-

1, and IR12-50-1 have potentially inactivating mutations in key amino acid biosynthetic pathways 

that could prevent growth in minimal medium (IR10-50-1 does not have a mutation which would 

clearly affect amino acid biosynthesis), supplementing minimal medium with these amino acids 

does not rescue the ability of these isolates to grow (Supplemental Figure 1.3). 

Growth competition assays [121] in LB medium reveal growth phenotypes of these isolates 

that are not readily apparent when comparing standard growth curves (Figure 7.3). When competed 

against the parent wild type E. coli strain in LB, all four evolved isolates are rapidly outcompeted, 

even with significant dilutions to bias the starting culture ratios towards the evolved strains. These 

results indicate that 50 rounds of selection in this directed evolution protocol does not come 

without an underlying fitness cost without selection from IR. 

 

3.3.5 Resistance of evolved isolates to other forms of DNA damage 

Isolates from the four evolved populations after 50 and 100 cycles of selection reveal that 

resistance to IR does not correlate in any predictable way with resistance to other DNA damaging 

agents, even within a single population (Figure 8.3, 9.3). Multiple isolates from each population 

exhibit highly variable levels of resistance to UV radiation (Figure 8.3), mitomycin C (which 

causes DNA interstrand crosslinks), ciprofloxacin (which causes DNA double-strand breaks 
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through inhibition of DNA gyrase), bleomycin (which causes DNA double-strand breaks and 

apurinic/apyrimidinic sites through a ROS mediated mechanism [127], and hydroxyurea (which 

reduces dNTP production and may cause ROS-mediated DNA damage) [128-131] (Figure 9.3). 

While some isolates have increased resistance to these DNA-damaging agents, others exhibit no 

change or increased sensitivity. The results indicate that the directed evolution trials are generating 

specialists that are uniquely adapted to IR resistance. 

 

3.3.6 Deep-sequencing of evolved populations reveals molecular trends in evolution 

We utilized deep-sequencing technology to monitor genomic changes as IR resistance 

increased with continued selection cycles. At each even round of selection genomic DNA was 

prepared from each population and was submitted to the Joint Genome Institute (Walnut Creek, 

CA) for sequencing using an Illumina Hi-seq platform to determine all mutations present in each 

population. We currently have sequencing data for each population up to round 60 of evolution. 

Stitching together these snapshots reveals the underlying complexity of these evolving populations 

(Figure 10.3). The numbers of sub-populations and total number of mutations increases rapidly 

(Figure 11.3). 

Despite starting from the same parent stain, the evolutionary path of each population is 

unique. The only event in common to each population is the excision of the e14 prophage, as 

indicated by four mutations in the icd gene in which the prophage is inserted (as depicted by the 

initial single black line appearing in each population in (Figure 10.3). When e14 is excised, the icd 

gene is restored to the wild-type sequence. Despite excision of e14 occurring quickly in each 

population, that excision becomes fixed in only three of the four populations. The sub-population 
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that lost the e14 prophage was displaced by another sub-population in the IR10 lineage, and e14 

is retained in population IR10-60.  

 

3.3.7 Numbers and types of mutations in evolved populations after 50 cycles of selection 

At round 50 of selection, there are distinct difference between populations. Populations 

IR9-50 and IR10-50 are the most clonal of the four populations, with approximately 16 and 17%, 

respectively, of the total high confidence (> 2% allele frequency) mutations being fixed (detected 

at > 99% frequency). In contrast, only 4% and 11% of high confidence mutations in IR11-50 and 

IR12-50 are fixed, respectively (Table 1.3). Although IR9-50 and IR10-50 share a similar 

percentage of fixed mutations, IR9-50 and IR12-50 have the highest total number of mutations. 

Each population has a ratio of non-synonymous to synonymous mutations greater than two. This 

ratio, the dN/dS value, is considered indicative of positive selection on a population if greater than 

one [13]. 

Mutations in coding regions which likely cause loss of function of the protein product 

(single and double base insertions/deletions, gain or loss or stop codons, and loss of start codons) 

appear in each population. However, IR9-50 has the most predicted loss of function mutations (71) 

out of the other three populations (IR10-50: 47, IR11-50: 37, IR12-50:  50). Of these mutations in 

all populations, -1 frameshift mutations are the most common, followed by introduced stop codons.  

SNPs in which guanine or cytidine are changed to adenine or thymine dominate, agreeing 

with mutational patterns detected in previously evolved IR-resistant E. coli populations [13, 90]. 

Surprisingly, base substitutions are approximately 50% transitions and 50% transversions, whereas 

the E. coli genomes exposed to 60Co gamma-ray irradiation exhibit transversions at about four 

times the frequency of transitions [12, 13].  These results indicate that the selection utilized in the 
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current study produces a substantially different mutational spectrum relative to the populations 

evolved to be resistant to 60Co. 

 

3.3.8 Mutations which enhance IR resistance in isolate IR9-50-1 

We have begun characterization of evolved IR resistance after 50 cycles of selection. To 

determine the molecular basis of IR resistance in one of the populations, we more carefully 

characterized one isolate from population IR9: IR9-50-1. This isolate is representative of several 

mutational patterns seen in most of the populations. IR9-50-1 contains over 300 mutations. To 

define mutations that made larger contributions to the phenotype, we focused on mutations 

meeting the following criteria: i) the mutations were non-synonymous; ii) mutations occurred in a 

gene that was mutated in at least two additional populations; iii) mutations in the gene achieved at 

least 10% abundance at some point during selection in each population in which they appeared; 

and iv) the mutation remained in the population at round 50 of selection. These criteria narrowed 

the search to mutations appearing in six genes: these included genes involved in recombinational 

DNA repair (dinI, recD, and recN), transcription (rpoB), regulation of anaerobic metabolism 

(arcB), and copper ion transport (copA). Two additional genes that did not meet the criteria in the 

current study were also included: nth and recA. Populations IR10-50 and IR12-20 have the same 

Nth variant (C203Y); this is the only example of the exact same mutation being present in multiple 

populations at round 50 aside from the loss of the e14 prophage. The recA gene was included as 

the RecA A290S variant, which is fixed in population IR10-50 and also appears in the IR11 

lineage, is identical to a variant shown to contribute to IR resistance in the earlier study [13]. The 

relevant variants are listed in Table 2.3.  
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In IR9-50, mutations appear in each of these genes except for arcB, nth, and recA. 

However, a mutation in arcB, leading to the variant gene product ArcB N405D, did appear earlier 

in the IR9 lineage but was driven to extinction via clonal interference. As such, five protein variants 

present in IR9-50-1 were investigated for contributions to IR resistance: RecD A90E, RecN 

K429Q, DinI R28H, RpoB S72N, and CopA V270F. The ArcB N405D mutation was also 

examined as it represented a mutational pattern in other populations. A mutation in rpoC (which 

codes for the K1172I variant) was also included in the strains with RpoB S72N, as the genomic 

proximity of rpoC to rpoB did not allow for ready separation of these two mutations with the 

methods used here.  

We moved these mutations singly and in combination into a derivative of the parent E. coli 

strain lacking the e14 prophage (as this prophage appears to excise from the chromosome after IR 

exposure and each subsequent mutation occurred in this genetic background [13, 90]. This strain, 

Founder Δe14 [13, 90], thus provided the genetic background to determine the contribution of each 

mutation, if any, to IR resistance. We determined that the RecD A90E and RpoB S72N variants 

each provided a significant increase in IR resistance. A combination of these two alleles increased 

IR resistance of the parent strain beyond either individual mutation, but not yet to the level of IR9-

50-1, indicating that they likely account for most of IR resistance in population IR9-50 (Figure 

12.3). The effects of these two alleles were confirmed by converting each of them singly and in 

combinations to the wild-type allele in the IR9-50 genetic background. When these three mutations 

are eliminated from a derivative of IR9-50-1 that retains the other 308 mutations, IR resistance 

was reduced to the levels seen in the Founder Δe14 strain. 

The RecD A90E mutation appears to be at least a partial loss of function, as deleting the 

recD gene from Founder Δe14 increases IR resistance just as much as the RecD A90E variant. 
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These data agree with the fact that a truncated, and likely inactive, RecD variant appeared earlier 

in the IR9 lineage and in the IR10 lineage (Table 2.3). The DinI, RecN, CopA, and ArcB variants 

did not contribute significantly to the phenotype. 

If we follow the appearance of mutations in genes that demonstrably contribute to IR 

resistance, a new pattern emerges (Figure 13.3). In the lineages IR9, IR11, and IR12 there is a 

conserved temporal order in the appearance of mutations. First, the e14 prophage is lost, followed 

by an rpoB mutation and then a recD mutation. In the IR12 lineage, the primary rpoB mutation is 

a synonymous coding mutation. However, this does not negate a possible effect of this mutation, 

potentially at the level of codon usage (RpoB D1203, GAC (WT) to GAT (mutant): 0.37 to 0.63 

frequency). The trend is clear in linages IR9 and IR11, where all the mutations are non-

synonymous. IR10 is the only lineage that does not conform to this trend. Although the e14 

prophage did excise in lineage IR10, the sub-population that lost the prophage was outcompeted 

by another that maintained the prophage and contained a variant of both RecD (N124D) and RecA 

(A290S). After the appearance of the RecA A290S and RecD N124D variants, no RpoB variants 

appeared in the IR10 lineage until nearly round 40 of selection, and those variants (F15L and 

K1200E) have yet to reach 50% frequency in IR10. It appears that the evolutionary path observed 

in IR10 nearly occurred in population IR12 as well, where the sub-population that lost the e14 

prophage was almost outcompeted by a different lineage (the competing sub-population again 

featuring RecD (T568A) and RecA variants (E19K)), before being carried to fixation with the 

apparent help of a different RecD variant (S92I). A sub-population with a RecD (W534R) and 

RecA variant (E286G) also reached high frequency in IR11 but was slowly outcompeted by a 

subpopulation with a different RecD variant (A550E) after it gained a second RpoB variant 

(P535L). 
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3.3.9 Prominent mutations can contribute to enhanced growth phenotypes 

If variants in ArcB, CopA, DinI, and RecN do not contribute to IR resistance, do they make 

some other contribution to fitness that explains their prominence? We have previously observed 

that high frequency mutations in experimentally evolved populations may contribute to enhanced 

growth rates, rather than IR resistance (See Chapter II of this thesis). Consistently, the ArcB 

N405D mutation significantly enhances the growth phenotype of Founder Δe14 in a growth 

competition assay relative to the same strain with a wild-type ArcB (Figure 14.3). The RecN 

N405D and DinI R28H mutations make minor contributions to enhanced growth; the CopA V270F 

mutation appears to have no effect. Mutations that enhance the growth phenotype of these 

populations are likely important, as evidenced by their inability to grow well in media aside from 

LB (Figure 6.3) and their inability to compete with Founder Δe14 (Figure 7.3). In effect, certain 

mutations may arise that compensate for growth defects conferred by mutations that contribute to 

IR resistance. As a proof of concept, Founder Δe14 with the RpoB S72N variant is outcompeted 

quickly by Founder Δe14 with a wild-type RpoB (Figure 14.3). These results indicate that in order 

to develop high levels of IR resistance, mutations which buffer against deleterious effects must 

also rise to prominence in these populations. 
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3.4 Discussion 

To our knowledge, we have generated the most IR resistant E. coli ever produced in a 

laboratory. After 100 rounds of selection with high-energy electron beam IR, the dose required to 

kill 99% of each of these four replicate populations has increased by over four-fold to over 3000 

Gy (Figure 4.3). Additionally, the dose of electron beam IR that these populations can withstand 

far exceeds that of previously evolved IR-resistant isolates [13, 90], and is beginning to approach 

the level of the highly radioresistant bacterium Deinococcus radiodurans (Figure 5.3). These 

populations have variable growth phenotypes (Figures 6.3 and 7.3) and resistance to other forms 

of DNA damage (Figure 8.3, 9.3), indicating that they are specialized to withstand high doses of 

IR at the expense of other cellular functions. Utilizing deep-sequencing technology, we have an 

unprecedented window to the process of experimental evolution of IR resistance (Figure 10.3). It 

is apparent that each population has experienced unique evolutionary paths to reach the same goal. 

Despite varied levels of clonal interference in each population, these populations do share mutated 

genes in common which allow us to investigate contributors to extreme IR resistance. We have 

focused on which mutations found resistance in an isolate from population IR9-50, IR9-50-1. We 

have determined that mutations in recD, rpoB, and rpoC increase IR resistance of the Founder 

Δe14 parent-derivative to the level of IR9-50-1. Variants of these proteins have not been observed 

to increase IR resistance in previously evolved IR-resistant E. coli [13, 90].  

Populations IR9-50, IR10-50, IR11-50, and IR12-50 provide us with the best platform yet 

for understanding the molecular fundamentals of extreme IR-resistance. These populations have 

been evolved using a source of IR that delivers dose at a much higher rate than that used previously 

to evolve IR resistance in E. coli (72 Gy/min versus 19 Gy/min) [13]. In addition, during each 

selection trial cells are irradiated in the absence of rich medium (which would provide cells with 
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nutrients and at least partial shielding from ROS generated by IR) and at 4° C. In this way, we 

prevent cells from responding to the damage caused by IR until they allowed to recover in rich 

medium post-irradiation (Figure 3.2). Following this selection protocol, modified from that used 

previously, these new populations have rapidly acquired resistance to electron beam IR. Isolates 

from the prior evolved populations, CB2000 and CB3000 [13, 90] are only moderately more 

resistant to this form of IR compared to the parent strain, indicating that the new populations are 

far more IR resistant than any evolved E. coli that we have ever generated.  

At round 50 of selection, population IR9-50 appears to be radioresistant primarily through 

variants of RecD and RpoB/RpoC (Figure 13.3). The RecD A90E variant is likely a loss of function 

mutation, as a RecD deletion in the Founder Δe14 background increases IR resistance just as much 

as the A90E variant in this background. Previous studies have shown that a RecD inactivation can 

lead to a hyper-recombination phenotype [132, 133]. Increased homologous recombination could 

be of significant use to repair highly fragmented DNA post-IR (using an estimate for DNA DSBs 

produced by IR determined by Daly and colleagues [6], there would be approximately 15 DSBs at 

1000 Gy). RpoB and RpoC are the beta and beta-prime subunits of RNA polymerase, respectively. 

Stringent mutations of RNAP, which mimic the effects of ppGpp binding and therefore the 

stringent response, are located primarily in RpoB and RpoC [134]. Some of these stringent mutants 

are capable of rescuing UV-sensitivity of ruvABC mutants of E. coli, potentially due to decreased 

stability of contacts of RNAP with DNA [135, 136]. Similar to these previous observations, the 

mutations in RpoB that are prevalent in our evolved populations do not locate to a single region of 

RpoB and therefore may affect DNA interaction throughout the DNA channel formed by 

RpoB/RpoC. Previously isolated stringent mutations affect residues near those affected in these 

evolved populations (such as the previously described L571Q and H1244Q mutants [135, 136]). 
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These mutations likely decrease stability of RNAP on DNA and may allow for easier removal of 

RNAP that has stalled at a DNA lesion. Removal of stalled RNAP may be crucial for efficient 

DNA repair due to RNAP occluding the lesion from repair machinery or providing a major 

obstacle to DNA replication [137]. Additionally, many stringent mutants of RNAP also confer 

resistance to the antibiotic Rifampicin. Mutated variants of RNAP at P535 [138] and S574 [139-

141] have previously been isolated using selection for Rifampicin resistance. Recent work has 

implicated increasing backtracked RNAP in enhanced repair of DNA DSBs, and that the H1244Q 

variant of RpoB enhances DNA DSB repair [133]. 

Importantly, in this new undertaking we are documenting experimental evolution of IR 

resistance in an unprecedented manner through deep-sequencing technology. At every even round 

of selection, we have sequenced each mixed population to determine the full breadth of mutations 

down to 2% frequency in those populations. Put together, these data reveal the underlying 

competition of lineages within each population. While much of this study focuses on round 50 of 

selection, observing evolution over the remaining 49 cycles allows us to understand the genetic 

context in which new mutations arise and how the successful lineages were able to outcompete 

other fit, but ultimately unsuccessful, lineages.  

Of particular interest is the apparent competition between lineages which contain alleles of 

recD and rpoB, and those with recD and recA alleles. The four replicate populations offer a view 

on four unique scenarios of competition between these two lineages. In IR9, no recA variant has 

yet appeared, and the population successfully lost the e14 prophage and then gained a rpoB 

followed by a recD allele over these 60 cycles of selection. In IR10, the RecA/RecD variant pair 

appears almost immediately, and outcompetes the lineage that lost the e14 prophage. After this 

event, the only of variant to fix within the population (of those which we are focusing on) is another 
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RecD variant. RpoB variants do not appear until at least round 40 of selection in IR10, and by 

round 50, these variants do not appear to be on a path to fixation. No copA allele has appeared in 

IR10. In the IR11 lineage, loss of the e14 prophage and subsequent gain of an rpoB allele fixed. 

In this genetic background, two separate sub-populations containing a RecD and RecA/RecD 

variants, respectively, reached prominence. The RecA/RecD sub-population appeared to be 

approaching fixation, but the RecD-only subpopulation gained a variant of RpoB, which was 

sufficient to drive this sub-population to fixation and the RecA/RecD to extinction. Finally, IR12 

almost began on a similar evolutionary trajectory as IR10. A sub-population that lost the e14 

prophage and gained an rpoB allele (which leads to a synonymous coding mutation) was nearly 

outcompeted by a RecA/RecD variant sub-population, before a RecD variant rescued the former 

sub-population. By round 40 of selection, the winning subpopulation reached fixation.  

All together, these results suggest that over 50 cycles of selection there are two prominent 

paths to IR resistance (and likely others not discovered here). Time will tell if these two pathways 

will mix or continue to diverge over further rounds of selection. Considering that IR10-50 appears 

to be following a path to IR resistance that was outcompeted in the other three populations, yet is 

the second-most IR resistant population, it is likely that other mechanisms of IR resistance not yet 

documented exist in this population. The isolate IR10-50-1, isolated from IR10-50, is also the only 

isolate tested capable of growing in minimal medium (Figure 6.3C), indicating that this population 

may be ‘healthier’ than the others. Over the course of these 50 rounds of selection, lineage IR10 

appears to be providing an opportunity to observe a completely different path to IR resistance than 

the other three populations. 

There is no apparent explanation for the differences in the mutations which appear in these 

populations and those that were previously evolved [13, 90]. Surprisingly, the frequency of 
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transversion mutations detected in these populations (~50% of all SNPs) is far lower than previous 

studies reported in E. coli exposed to gamma-ray IR (~80% of all SNPs) [12, 13]. GC to TA 

transverions and GC to AT transitions dominate, which is consistent with previous sequencing 

results. However, AT to GC transitions are detected at high frequencies in these new populations. 

This transition, as well as -1 deletions (which are the most prominent source of frame-shift 

mutations in these populations), are consistent with incorporation of 2-Hydroxy-2’-

deoxyadenosine (2-OH-dA). As this oxidation product of adenine is incorporated rather than 

generated from paired adenine [8], it may be that irradiation from the Linac more efficiently 

oxidizes the nucleotide pool than 60Co irradiation. In addition, only a single mutation previously 

noted to enhance IR resistance, RecA A290S[13, 90], appears in these four populations. There 

may be a fundamental difference in how a high energy electron beam interacts with bacterial cells 

as opposed to high-energy photons, leading to a different spectrum of mutations. Alternatively, the 

higher dose rate used in this study may lead to differences in the damage caused, or the altered 

selection protocol changes how the cells repair IR-induced damage, leading to a different mutation 

spectrum. In any case, these new E. coli lineages are abundant with novel mechanisms of 

experimentally evolved IR-resistance. 

We have not yet achieved experimentally evolved E. coli that reach the natural IR 

resistance of the bacterium D. radiodurans. However, these populations have taken great leaps 

towards this phenotype, and have given no indication that the full level of IR resistance in E. coli 

has been reached. As such, we are continuing cycles of selection to continue to push the limits of 

what these incredible organisms can endure.    
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3.5 Tables 

 
Table 1.3. Mutation totals in populations IR9-50, IR10-50, IR11-50, and IR12-50. 
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Table 2.3. Prevalent mutations in evolved populations at 60 rounds of selection. Mutations 

listed in black text are present above 2% frequency at round 60 of selection. Mutations listed in 

bold text are fixed in the population. Mutations listed in gray were in a sub-population that has 

gone extinct by round 60 of selection. A ‘*’ symbol indicates a stop codon, and ‘fs’ denotes a 

frame-shift. 
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Table 3.3. Strains used in this study. 
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3.6 Figures 

 
Figure 1.3. Cell killing of electron beam versus photon beam ionizing radiation. Early 

exponential phase cultures of MG1655 were exposed to electron beam or photon beam IR from 

the Linac as described in the Materials and Methods with a dose rate of 17 Gy/min. Percent 

survival was determined via CFU/mL counts pre- and post-irradiation. 

 

 

 

 

 

 

 

 

 



92 
 

 
Figure 2.3. Directed evolution scheme. Briefly, overnight cultures were grown from a freezer 

stock of the parent strain/the evolved population from the previous round of selection. This 

overnight culture was used to inoculate fresh LB rich medium and cultures were grown to early 

exponential phase. These cultures were then separated into multiple aliquots and washed 3X in 1X 

PBS to remove LB medium. One aliquot of each population was irradiated with the same dose that 

killed 99% of the population in the previous round of selection, and the remaining aliquots were 

irradiated with higher doses. A portion of the irradiated aliquots were plated to determine percent 

survival, while the remaining culture was resuspended in fresh LB medium. These were then 

grown overnight, and the culture that was nearest to 1% survival (as determined by CFU counts 

from pre- and post-irradiation cultures) was stored at -80° C. 
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Figure 3.3. Nomenclature of evolved E. coli lineages. We have generated four lineages of highly 

IR-resistant E. coli, designated IR9, IR10, IR11, and IR12. A designated round of selection 

indicates a population at that round (Ex: IR9-50 is lineage IR9 after 50 rounds of selection). Each 

population has been stored at -80 °C as a ‘fossil record’ of evolution. Clonal isolates generated by 

streak plating a population then streak plating ten separate isolated colonies are designated by a 

numeral value added to the parent population nomenclature (Ex: The first isolate from IR9-50 is 

IR9-50-1). 
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Figure 4.3. Dose required to kill 99% of each population has increased over 100 rounds of 

selection. Each data point indicates the dose of IR that each population was given prior to being 

outgrown overnight (Step 6 in Figure 2) and stored at -80° C (Step 7 in Figure 2.3). 
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Figure 5.3. Survival curves of evolved populations compared to previously evolved 

Escherichia coli isolates and Deinococcus radiodurans.  Early exponential phase cultures of the 

indicated strains were exposed to electron beam IR as described in the Materials and Methods. 

CB2000 and CB3000 are isolates from E. coli populations evolved to withstand γ-ray IR [13, 90]. 

Error bars represent the standard deviation of CFU/mL calculations of biological triplicate. 
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Figure 6.3. Growth curves of evolved isolates from round 50 of selection in rich and minimal 

medium. A. Growth curves of isolates in LB rich medium. B. Growth curves of isolates in EZ 

defined rich medium supplemented with 0.2% glucose. C. Growth curves of isolates in M9 defined 

minimal medium supplemented with 0.2% glucose. Each growth curve is a representative replicate 

from an experiment performed in biological triplicate. Cultures of indicated strains were grown in 

the appropriate medium overnight and then to early exponential phase as described in the Materials 

and Methods. Early exponential phase cultures were diluted 1:100 in the appropriate medium, and 

then incubated overnight in a Biotek Synergy 2 plate reader, with OD600 measurements taken 

automatically every 5 minutes.  
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Figure 7.3. Growth competitions of evolved isolates from round 50 of selection. Growth 

competitions were performed as described in the Materials and Methods. Briefly, competitions 

were started with an excess of the evolved isolate so that competitions could be carried out to 72 

hr. Even with an excess of IR9-50-1, this isolate was outcompeted by 48 hr. Deleting the araBAD 

operon causes a red colony phenotype with no fitness cost that allows for differentiation of the two 

strains in competition on TA medium. IR11-50-1 is red on TA medium without alteration of the 

araBAD operon, so this competition was performed against Founder Δe14 araBAD+. Error bars 

represent the standard deviation of CFU/mL calculations of biological triplicate. 
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Figure 8.3. Evolved isolates exhibit variable survival to UV irradiation. Five isolates from 

each population were grown in LB medium overnight and then to early exponential phase as 

described in the Materials and Methods. Cultures were serial diluted in 1X PBS, and then 10 µL 

of each dilution was spot plated onto LB agar. Once spots dried, plates were exposed to 120 J/m2 

of UV irradiation and were then incubated overnight before imaging. 
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Figure 9.3. Evolved isolates exhibit variable survival of various DNA damaging agents. Five 

isolates from each population were grown in LB medium overnight and then to early exponential 

phase as described in the Materials and Methods. Cultures were serial diluted in 1X PBS, and then 

10 µL of each dilution was spot plated onto LB agar with the indicated DNA-damaging agent. 

Once spots dried the plates were then incubated overnight before imaging. 
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Figure 10.3. Mutation frequencies over 60 rounds of selection in evolving populations. Whole 

populations at each even round of selection were deep-sequenced by the Joint Genome Institute 

(JGI) as described in the Materials and Methods. The frequency throughout these 60 rounds of 

selection of each mutation that reached at least 2% frequency in a single population are depicted 

as single lines. The sole black line in each graph represents the loss of the e14 prophage. Mutations 

that reach a frequency of “1.00” are fixed, and each subsequent mutation occurs within that genetic 

background. The graphs were generated using the R library “ggplot2” and mutations are not 

colored in any particular order.  
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Figure 11.3. Number of mutations over 60 rounds of selection in evolving populations. Each 

data point represents the total number of detected mutations at or above 2% frequency in each 

sequenced whole population. The number of mutations generally increases but sometimes dips as 

major sub-populations are driven to extinction. 
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Figure 12.3. Mutations tested for contribution to IR resistance in IR9-50-1. All strains were 

dosed with 1000 Gy of electron beam IR and percent survival was determined via calculating 

CFU/mL before and after irradiation. Mutations were moved from IR9-50-1 to the Founder Δe14 

genetic background singly and in combination as described in the Materials and Methods. 

Mutations were transferred from IR9-50-1 to Founder Δe14 as described in the Materials and 

Methods. The ‘Δ’ symbol represents a full deletion of the indicated gene. Error bars represent the 

standard deviation of CFU/mL calculations of at least two experiments performed in biological 

triplicate. 
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Figure 13.3. Frequencies of mutations implicated in IR resistance over rounds of selection. 

Frequencies of mutations in genes implicated in evolved IR resistance (rpoB, recD, copA [This 

study]; recA [13] and the loss of the e14 prophage are depicted. Both synonymous and non-

synonymous mutations are included. Thick lines indicate the allele frequency of mutations in genes 

in which another mutation has been verified to enhance IR resistance. Thin lines indicate allele 

frequencies of mutant genes where a mutation in that gene appears in at least three populations but 

does not appear to enhance IR resistance. These data seemingly indicate two separate paths to 

acquiring IR resistance: loss of the e14 prophage, gain of an rpoB then recD in that order (IR9, 

IR11, IR12), or gain of a recA and recD mutation in concert (IR10). In lineages IR11 and IR12, 

these two pathways to IR resistance appear in direct competition, with the rpoB, and recD path 

being the apparent ‘winner’. 
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Figure 14.3. Effects of prevalent mutations on growth. Two mutations from lineage IR9 have 

opposite effects on growth; ArcB N405D greatly enhances growth of Founder e14 whereas the 

RpoB S72N/RpoC K1172I mutations greatly hinder growth. These results suggest that mutations 

not seen to affect IR resistance (ArcB N405D) may be selected for in these populations to 

counteract the deleterious growth effects of mutations which enhance IR resistance. Growth 

competition assays were performed as described in the Materials and Methods. Initial ratios of 

each strain were purposefully mixed at 9 (loser):1 (winner) so that growth competition assays 

could be carried out for longer than 24 hr. 
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Supplemental Figure 1.3. Supplement with amino acids does not rescue growth of evolved 

isolates at round 50 of selection in minimal medium. IR9-50-1, IR11-50-1, and IR12-50-1 do 

not grow in M9 minimal medium after 24 hr of incubation at 37 °C (Figure 6.3). Isolates from all 

four evolved populations have mutations in amino acid biosynthesis proteins, but only the three 

that could not grow in minimal medium have predicted loss-of-function mutations (either an 

introduced stop codon ‘*’, or a frame-shift, ‘fs’. IR9-50-1 is predicted to be an alanine auxotroph 

(SufS Q316*), IR11-50-1 is predicted to be a histidine auxotroph (HisB K282*), and IR12-50-1 is 

predicted to be a methionine auxotroph (E787fs). However, supplementing minimal medium with 

each of these amino acids does not rescue the growth phenotypes of these isolates. IR11-50-1 

appears able to grow in minimal medium with 48 hr of incubation, with additional rescue by 

supplementing with His or Met (surprisingly, supplementing with Ala inhibits growth). IR9-50-1 

and IR12-50-1 cannot grow in minimal medium with amino acid supplementation or extended 

incubation time. A ‘-‘ symbol indicates no growth, a ‘+’ symbol indicates some growth, and ‘++’ 

indicates heavy growth. 
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Supplemental Figure 2.3. Minor effects of prevalent mutations on growth. Growth 

competition assays were performed as described in the Materials and Methods. 
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Chapter IV: Effects of ionizing radiation on the E. coli proteome 

4.1 Abstract 

Ionizing radiation (IR) causes multi-faceted and wide-spread damage to all cellular 

macromolecules. Repair of damaged DNA, particularly DNA double-strand breaks (DSBs) to 

promote faithful replication of the genome is necessary for cell survival. However, cell recovery 

from irradiation assumes that DNA repair, translation, transcription, and metabolic proteins remain 

intact. Indeed, the highly radioresistant bacterium Deinococcus radiodurans is IR-resistant in part 

due to an extraordinary ability to ameliorate reactive oxygen species (ROS) produced by IR in 

order to protect the integrity of the proteome. However, the full extent of oxidative damage to 

intracellular proteins and how this damage determines cell survival is not well understood. Here 

we present data from a new effort to characterize IR-induced damage to the E. coli proteome. 

Despite receiving a dose of irradiation that kills 99.9% of cells within an E. coli culture, 

intracellular protein appears to be protected from extensive degradation. Utilizing mass 

spectrometry to search for carbonylation, oxidation, and peroxidation events has revealed that 

protein oxidation is the primary form of IR-induced protein damage. Oxidation appears to 

preferentially occur on methionine and cysteine resides. 
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4.2 Introduction 

Ionizing radiation (IR) can cause lethal damage to cells through ionization of DNA, RNA, 

protein, and lipids. The majority of damage from IR is due to reactive oxygen species (ROS) 

produced by interaction of IR with cellular H2O. Hydroxyl radicals (●OH) are a primary product 

of ionization of intracellular water, which oxidize cellular macromolecules indiscriminately on 

nanosecond time-scales [4, 16]. Repair of IR-induced damage on DNA is particularly important 

for cell survival of IR exposure. Oxidation events on opposing DNA strands can lead to DNA 

double-strand breaks (DSBs), which are lethal if unrepaired [1].  

Despite the importance of repairing DNA DSBs generated by IR, the cellular proteome is 

often considered to be the primary target of damage caused by IR [16, 20, 23] . In particular, the 

ability of the extremely IR resistant bacterium Deinococcus radiodurans to ameliorate ROS and 

survive 5,000 Gy of IR without loss in viability, despite sustaining similar numbers of DNA DSBs 

as IR sensitive organisms, has led to the hypothesis that ROS amelioration to protect the proteome 

is the primary determinant of IR resistance [6, 16, 19-22]. Oxidative protein damage in cells 

includes proteolysis, carbonylation, oxidation and peroxidation, and further, less prominent, 

species [2, 3, 23, 25, 26, 28, 142]. Carbonylation in particular is often used as a marker for 

oxidative protein damage [22].With the wide array of potentially inactivating forms of protein 

damage, significant irradiation may lead to cell death due to proteome damage [16]. 

In collaboration with the lab of Professor Michael Sussman (University of Wisconsin – 

Madison), we have begun to explore the effects of high levels of IR on the Escherichia coli 

proteome. Using mass spectrometry, we aim determine the effects of IR on the E. coli proteome 

composition and what oxidative modifications occur on irradiating protein in vivo and in vitro. 
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Taken together, we hope to achieve a complete profile of how IR modifies E. coli proteins, and 

how these effects determine the outcome of a cell exposed to IR. 

Here we present evidence that the E. coli proteome is largely protected from degradation 

due to a dose of IR by components of the cell cytoplasm.  Oxidative modifications detected on 

amino acids irradiated in vitro have informed out search for modifications in vivo; despite being 

protected from degradation, oxidative modifications are prevalent. Additionally, we have observed 

significant increases in peptides with oxidative modifications due to irradiation, and these 

increased modifications occur primarily on high-abundance proteins.  
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4.3 Results 

4.3.1 Escherichia coli cell lysate is radioprotective 

We sought to determine how IR affects the integrity of the E. coli proteome at extreme 

doses. Therefore, we exposed cells to a dose of 1000 Gy, which kills 99.9% of E. coli MG1655 

(Figure 1.4) and observed the proteome via SDS-PAGE gel electrophoresis (Figures 2.4). 

Surprisingly, the proteome appeared largely intact. In addition, using an antibody to detect protein 

carbonylation via Western blot only yielded a single (obvious) carbonylated protein that was only 

detected in 1000 Gy samples compared to the controls (Figure 3.4). To determine the root of this 

apparent discrepancy (why is the proteome intact if the majority of cells cannot recover?), we 

irradiated whole cells, cell lysates, and the purified E. coli proteome and again observed the 

proteome integrity. While the proteome in whole cells appears to be well-protected from 

degradation, the purified proteome appears nearly completely degraded. The proteins from cell 

lysates appear protected, but to a lesser extent than those in whole cells (Figure 4.4). Mass 

spectrometry analysis of these samples confirms the observations from gels. Total numbers of 

detected proteins are lower in the lysate and pure protein samples, indicating protein degradation. 

Additionally, oxidized peptides increase in the pure protein samples compared the whole cell and 

cell lysate samples (Table 1.4). 

 

4.3.2 Reactivity of L-amino acids with high-energy electron beam IR 

In order to determine the reactivity of proteins and amino acid residues with IR in E. coli 

cells, we first set out to profile the reactivity of L-amino acids with IR and the modifications that 

occur in vitro. We irradiated 1 mL of 50 µM solutions in dH2O with 100, 200, 500, and 1000 Gy 
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using a high-energy electron beam from a linear accelerator (Linac). A summary of the reactivity 

of amino acids to these doses is presented in Figure 5.4. Our results generally agree with previous 

studies (Figure 6.4); however, histidine appears to be more reactive than previously reported (in 

our hands, His is the second-most reactive amino acid behind cystine [in solution, we only observe 

di-sulfide bonded cysteine: cystine]). Twelve of the amino acids (Cys, Met, Trp, Arg, Leu, Val, 

His, Tyr, Lys, Phe, Ile, and Thr) are highly reactive with IR (here defined as less than 50% of 

amino acids in solution are unmodified at a dose of 200 Gy) and the remaining eight are only 

moderately reactive (>50% are unmodified at 200 Gy). In general, for each amino acid a dose of 

1000 Gy will ensure modification of all amino acids in solution. The four least reactive amino 

acids (in order of decreasing reactivity, Ala, Glu, Asn, and Gly) have an unmodified fraction at 

1000 Gy.  

Generally, the most prominent modifications detected on amino acid side chains are 

oxidation (+16 Da) and peroxidation (+32 Da); carbonylation (+14 Da) is also apparent. The 

aromatic amino acids (Trp, Phe, and Tyr) are all subject to extreme oxidation (3 to 9 oxidation 

events [+16X Da]) (Table 8.4). The only other amino acid detected with tri-oxidation is cystine.  

 

4.3.3 Targets of oxidation in the Escherichia coli proteome 

With our profile of electron beam IR-induced damage to amino acids, we sought to 

determine what modifications occur on proteins in vivo. Although the proteome appears, at least 

superficially, protected from IR-induced degradation, mass spectrometry utilizing TMT-labeling 

revealed that the E. coli proteome is subject to oxidative modifications. We subjected 5 replicate 

early exponential phase cultures of E. coli MG1655 to 1000 Gy of high energy electron beam IR, 
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and prepared protein from each sample (with and without 1000 Gy) for mass spectrometry 

analysis.  

We detected a total of 1938 unique proteins with 13563 peptide reads. Of these peptides, 

13358 were found in all 10 samples (the 5 replicates that received 1000 Gy and the 5 that received 

0 Gy). A total of 1440 oxidative modifications were detected, with the majority being oxidation 

(+16 Da; 1371), followed by carbonylation (+14 Da; 49 detected) and peroxidation (+32; 20 

detected). Two-hundred thirty-nine oxidized peptides had a statistically significant (p<0.01) fold 

increase or decrease at 1000 Gy (abundance of peptide in 1000 Gy samples divided by the control 

samples). One-hundred sixty-four peptides have a fold change greater than 1.2 due to a dose of 

1000 Gy, and only 18 had a fold change less than 0.8 (see Table 2.4 for a summary of the numbers 

of detected peptides and oxidative modifications).  

Of the total number of peptides which were modified, we could determine the exact residue 

modified for approximately 60%. Oxidation (+16 Da) showed a clear preference for methionine 

residues (approximately 60% of all oxidized residues are methionine, followed by tryptophan 

which accounts for approximately 10%). Peroxidation (+32 Da) did not show any clear residue 

bias. Carbonylation events (+14 Da) were searched for on EIKLPQRV residues due to previously 

reported bias for carbonylation on these amino acids [24, 28]. Of these, carbonylation appears to 

occur preferentially on leucine residues (approximately one-third). See Tables 3.4 and 4.4 for a 

summary of modified amino acids. 

 Table 5.4 details the proteins detected with significant (p < 0.01) fold changes for their 

respective peptide reads. This list represents candidate proteins whose abundance are affected by 

IR, but are also detectable in samples without irradiation. Of these proteins, those associated with 

transcription (RpoB [RNA polymerase subunit β] and RpoC [RNA polymerase subunit β’]) and 
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translation (ribosomal large and small subunit proteins, and particularly elongation factor Tu 

[TufA]) are prominent, implicating an effect of IR on transcription and translation machinery in 

the cell. 

 Of the peptides with significant fold changes induced by IR exposure, 90 exhibit a major 

increase (fold-change greater than two) (Table 6.4), and 38 a major decrease (fold-change less than 

0.6) (Table 7.4). Expectedly, oxidized peptides are more prevalent among peptides with increased 

fold-change due to irradiation (only a single oxidized peptide appears in the ‘major decrease’ 

subset). Peptides mapped to ribosomal proteins are those among the significantly increased 

peptides; surprisingly, the E. coli ribosome recycling factor (Frr) is among the most significantly 

decreased peptides. The peptide with the greatest increase after 1000 Gy is a peptide of GapA 

(glyceraldehyde-3-phosphate dehydrogenase A). This peptide has three oxidation events (S148, 

T150, and T151) which are three of the four resides implicated in the G3P binding site of GapA 

[143]. The peptide with the greatest fold decrease, YaaA, (approximately 0.3) is involved in the 

peroxide stress response of E. coli [144]. In general, these results underline the significance of IR-

induced oxidation in the cell. 
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4.4 Discussion 

IR induced damage to cells is predominantly caused by ROS produced by ionization of 

intracellular H2O [4]. As such, it is no surprise that cellular proteins sustain oxidative damage due 

to IR exposure. However, our work represents, to our knowledge, the only undertaking to 

determine the full breadth of oxidative damage to the E. coli proteome. We have unique access to 

a linear accelerator (Linac) which generates a high-energy electron beam capable of irradiating 

samples at extremely high dose rates (72 Gy/min) in controlled conditions. The Linac therefore 

provides us the opportunity to determine the effects of IR on cells in a manner that is highly 

repeatable (the Linac does not use a decaying source to produce IR) and that is not available to 

most laboratories. At the outset of this work, we initially observed a surprising result: at a dose of 

1000 Gy, which kills 99.9% of E. coli MG1655 cells (Figure 1.4), the proteome appears to be 

intact and free from massive oxidative damage (Figure 2.4 and 3.4). We subsequently determined 

that components of the E. coli cell lysate are radioprotective, as protein purified from E. coli is 

degraded (Figure 4.4). In order to dig deeper into what oxidative modifications are occurring on 

the E. coli proteome, we first profiled the effects of high energy electron beam IR on L-amino 

acids. Using the reactivity of amino acids and the side-chain modifications observed as a guide, 

we performed TMT-labeled mass spectrometry on E. coli cultures with and without exposure to 

1000 Gy of IR. Our results demonstrated that oxidized peptides are significantly increased in 

abundance due to irradiation, and that oxidation (+ 16 Da) comprises the majority of IR-induced 

protein damage compared to carbonylation (+14 Da) and peroxidation (+32 Da). Surprisingly, 

methionine is the most prevalent oxidized amino acid, despite being the third-most reactive amino 

acid in vitro. Translation and transcription machinery appear to be prevalent targets of oxidation 

in the cell, and oxidation of these proteins increases with irradiation.  
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We have observed that at a dose which kills 99.9% of E. coli (1000 Gy), the proteome 

appears intact (Figure 2.4). Additionally, protein carbonylation (an irreversible, likely inactivating 

oxidative modification of proteins) is prevalent without irradiation and only modestly increases 

after a dose of 1000 Gy (Figure 3.4). These results contrast without previous studies showing 

protein carbonylation is not observed without irradiation [22]. Our results suggest that indirect 

assays for determining protein carbonylation may not be an effective means for quantifying 

proteome oxidation, and that at least protein degradation due to IR exposure may be less prominent 

than originally thought. We subsequently assayed proteome integrity of E. coli cells lysed prior to 

irradiation and of purified and irradiated E. coli protein. There was clear protection of the proteome 

in irradiated whole cell and cell lysate samples; however, purified protein experienced significant 

degradation due to IR exposure (Figure 4.4). Clearly, there are components of E. coli cytoplasm 

that are radioprotective. Low molecular-weight antioxidants are present in all cells and are 

implicated as a major determinant of IR resistance in the highly radioresistant bacterium D. 

radiodurans [19, 22]. In particular, glutathione is a known antioxidant in E. coli used to reduce 

oxidized cysteine residues [26, 27].  

Although the E. coli proteome appears intact despite significant lethality, this does not rule 

out a role for other oxidative modifications in inactivation of E. coli proteins. We set out to 

determine the effects of IR on the E. coli proteome. We first began by cataloguing the IR-induced 

modifications on L-amino acids using high-energy electron beam IR. Although previous work has 

been published on the reactivity of amino acids with IR in a variety of conditions, we set out to 

confirm our conditions affect amino acids similarly [24, 145, 146]. While our data largely agree 

with previously published results, we observe His to be more reactive than in previous studies 

(Figure 6.4). Oxidation (+16 Da) and peroxidation (+32 Da) are the most common oxidative 



122 
 

modifications observed; carbonylation (+14 Da) is also prevalent. Aromatic amino acids (Thr, Trp, 

and Phe) are particularly susceptible to multiple oxidation events, and are the only amino acids 

with more than 3 oxidation events on a single side chain (Table 8.4). 

Using the reactivity of amino acids in vitro as a guide, we set out to determine the full 

breadth of oxidative damage to cellular proteins due to irradiation. We utilized quintuplicate 

replicate cultures of E. coli that were either unirradiated or exposed to 1000 Gy along with TMT-

labelled mass spectrometry to determine the abundance of oxidized peptides in the cell. The 13708 

peptide reads (that were detected in all ten samples) mapped to 1938 proteins, and of these peptides 

approximately 12% were oxidatively modified (Table 2.4). Of the total number of detected 

peptides, 2207 had a significant (p < 0.01) fold change due to irradiation. While approximately 

37% of detected peptides had a major fold change increase (defined as a fold change greater than 

1.2), nearly 60% of oxidized peptides fall into this category indicating that oxidized peptides are 

more prevalent due to irradiation (Table 2.4). 

Although cysteine appears to be the most reactive amino acid in vitro, the amino acid 

residue most susceptible to IR-induced oxidation is methionine in vivo (Table 3.4). Tryptophan is 

the second-most prominent modified residue. Why Met and Trp are clearly the favored residues 

for oxidation behind Cys and His (the top two most reactive amino acids in vitro) is not clear. 

Although there are abundant mechanisms in the cell for repair of oxidized Cys residues, repair of 

oxidized cellular Met is also well-known [26]. Additionally, cultures in these experiments are 

incubated at 4 °C, are suspended in 1X PBS (which contains no metabolites capable of supporting 

growth) and irradiations occur over short (15 minute) time-scales. Cells are flash-frozen and stored 

at -80 °C within 15 min after irradiation. Taken together, the cultured cells likely are unable to 

mount a response to damage induced by IR. Therefore, the apparent preference for oxidation on 
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Met and Trp is likely a result of reactivity of these amino acids in the context of a peptide bond as 

opposed to amino acids free in solution. 

Protein abundance appears to be a major factor in susceptibility to oxidation. Peptides 

mapped to the most abundant E. coli protein, TufA (elongation factor Tu) [147], peptides account 

for eight of 90 peptides with a fold change increase greater than two, and each of these TufA 

peptides are oxidized (Table 6.4). Other prominent peptides with fold change increases greater 

than 2 map to large and small ribosomal proteins, the outer-membrane protein Pal, and 

glyceraldehyde-3-phosphate dehydrogenase A (GapA). Unlike the peptides of TufA, not all 

peptides mapping to these proteins are oxidized. Interestingly, the peptide with the largest fold 

change (approximately 19) is a peptide of GapA with two oxidation and one peroxidation event. 

These three modifications lie in the SCTT motif of GapA, which is implicated in glyceraldehyde-

3-phosphate (G3P) binding [143]. Three other peptides of GapA are detected with a fold change 

greater than 2, but none are oxidized. It is unclear why the G3P-binding portion of GapA appears 

to be particularly prone to oxidation compared to other, more abundant proteins.  

 Again, it is important to note that these fold-change values likely do not reflect a 

transcriptional or translational cellular ‘response’ to IR, but rather susceptibility to oxidation. As 

noted in the Materials and Methods section, cells should be metabolically inactive due to cold 

temperatures (4 °C) over short time-scales and being suspended in PBS, which contains no 

nutrients capable of supporting growth. Decreased fold-change of peptides could reflect further 

oxidation events on those peptides due to IR, therefore the original peptide is detected less with IR 

due to a change in mass. The increase in fold change of oxidized peptides is logical for the same 

reasons; peptides are being increasingly oxidized due to IR, so peptides susceptible to oxidation 

appear more often. However, it is not clear why unoxidized peptides would increase in abundance 
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due to IR. Oxidative modifications to other areas on the protein may modify the protein structure 

in such a way that proteases utilized for mass spectrometry may more easily access the residues 

necessary to produce said peptides.  

Our endeavor to catalogue the effect of IR on the E. coli proteome is still in its early stages. 

We have only just begun to characterize what modifications occur, where on a protein they will 

occur, and what proteins are more or less susceptible to these IR-induced modifications. An 

important step in this work will be to repeat our mass spectrometry experiments with E. coli 

evolved to be IR resistant, and compare how the proteome of these experimentally-evolved 

extremophiles differs from their parent strain. What changes there may be, or lack thereof, will be 

illuminating. We hope to use E. coli as a predictive model; given a dose of IR, we aim to predict 

which proteins will be modified, on which residues, and how this may impact overall physiology 

of the cell.  
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4.5 Tables 

 

Table 1.4. Numbers of detected peptides in samples of whole cells, cell lysate, and purified 

protein exposed to 1000 Gy of IR. Samples of E. coli whole cells, cell lysates, and pure proteins 

were prepared and irradiated as described in the Materials and Methods section. Detected peptide 

values indicate increased protein degradation in purified protein samples compared to whole cell 

and cell lysate samples. Consistently, oxidized peptides are increased in purified protein samples. 

Figure was adapted from work generously provided by Dr. Benjamin Minkoff (Michael Sussman 

Lab, University of Wisconsin – Madison). 
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Table 2.4. Summary of total peptides detected, numbers of modifications detected, and 

numbers of peptides with significant fold changes. Peptides reported were detected in all ten E. 

coli samples; 5 replicate cultures exposed to 0 and 1000 Gy. Peptides were searched for 

carbonylations (+14 Da), oxidations (+16 Da), and peroxidations (+32 Da); peptides with these 

modifications make up approximately 12% of all detected peptides. Significant fold changes are 

defined as the fold difference between abundances of peptides in 1000 Gy samples and the same 

peptides in 0 Gy samples with a p-value less than 0.01. It should be noted that with a total of 13000 

detected peptides, this means that approximately 130 of the fold changes will appear significant 

purely due to chance. Numbers of peptides with fold changes greater than 1.2 and less than 0.8 are 

singled out as peptides with ‘major’ increases or decreases. Figure was adapted from work 

generously provided by Dr. Benjamin Minkoff (Michael Sussman Lab, University of Wisconsin – 

Madison). 
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Table 3.4. Numbers of modifications on each amino acid on all detected peptides isolated 

from Escherichia coli irradiated with 1000 Gy. Oxidation (+16 Da) appears to be heavily biased 

towards Met residues, followed by Trp. There is no obvious bias for residues for peroxidation. 

Carbonylation appears to occur primarily on Leu residues. Out of 1640 total modifications, we 

could determine with confidence which residue was modified for 981. Figure was adapted from 

work generously provided by Dr. Benjamin Minkoff (Michael Sussman Lab, University of 

Wisconsin – Madison). 
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Table 4.4. Numbers of modifications on each amino acid on peptides with significant (p < 

0.01) fold changes isolated from Escherichia coli irradiated with 1000 Gy. As with the total 

peptides, oxidation (+16 Da) appears to be heavily biased towards Met residues, followed by Trp. 

There is no obvious bias for residues for peroxidation or carbonylation. Out of 290 total 

modifications, we could determine with confidence which residue was modified for 200. Figure 

was adapted from work generously provided by Dr. Benjamin Minkoff (Michael Sussman Lab, 

University of Wisconsin – Madison). 
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Table 5.4A. Number of peptide reads for proteins with significant fold changes and oxidative 

modifications. 
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Table 5.4B. Number of peptide reads for proteins with significant fold changes and oxidative 

modifications. 
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Table 5.4C. Number of peptide reads for proteins with significant fold changes and oxidative 

modifications. 
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Table 5.4D.  Number of peptide reads for proteins with significant fold changes and oxidative 

modifications. Proteins were detected from mapped peptide reads detected from TMT-labelled 

mass spectrometry of protein purified from quintuplicate Escherichia coli samples irradiated with 

and without 1000 Gy or IR. Figure was adapted from work generously provided by Dr. Benjamin 

Minkoff (Michael Sussman Lab, University of Wisconsin – Madison). 
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Table 6.4A. Detected peptides with a fold change value greater than two. 
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Table 6.4B. Detected peptides with a fold change value greater than two. All peptides with 

fold changes greater than two due to irradiation are listed. The protein they map to and the peptide 

sequence are also indicated. Where an oxidative modification occurs, the amino acid residue is 

bolded. If the residue is also underlined, that indicates that the modification has been identified on 

that particular residue; if the residue is only bolded then that residue is only a candidate for where 

the modification occurs. Figure was adapted from work generously provided by Dr. Benjamin 

Minkoff (Michael Sussman Lab, University of Wisconsin – Madison). 
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Table 7.4. Detected peptides with a fold change value less than 0.6. All peptides with fold 

changes less than 0.6 due to irradiation are listed. The protein they map to and the peptide sequence 

are also indicated. Where an oxidative modification occurs, the amino acid residue is bolded. If 

the residue is also underlined, that indicates that the modification has been identified on that 

particular residue; if the residue is only bolded then that residue is only a candidate for where the 

modification occurs. Figure was adapted from work generously provided by Dr. Benjamin Minkoff 

(Michael Sussman Lab, University of Wisconsin – Madison). 
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Table 8.4. Detected modifications on L-amino acids. Amino acids with oxidative modifications 

detected in our work but previously unreported are indicated by an ‘*’. Modifications are reported 

as mass differences in Daltons. Major products include +14 (carbonylation), +16 (oxidation) and 

+32 (peroxidation). Previously reported modifications are in a large part drawn from a) Xu and 

Chance, 2007 [24]. Table was generously provided by Dr. Grzegorz ‘Greg’ Sabat (Mass 

Spectrometry Facility, Biotechnology Center, University of Wisconsin – Madison). 
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4.6 Figures 

 

 

Figure 1.4. Survival curve of E. coli MG1655 exposed to high-energy electron beam IR. E. 

coli cultures were subjected to 500 and 1000 Gy of irradiation from a 21EX Varian clinical linear 

accelerator (Linac) as described in the Materials and Methods section. Error bars represent 

standard deviation of percent survival values determined from an experiment performed in 

biological triplicate. 

 

 



138 
 

 

Figure 2.4. Effect of 1000 Gy of IR on the E. coli proteome. Quintuplicate replicates of E. coli 

were exposed to 1000 Gy of IR before cells were lysed and run on a SDS-PAGE gel as described 

in the Materials and Methods section. The majority of protein banding appears to be unaffected 

by irradiation. 
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Figure 3.4. Detection of protein carbonylation due to IR exposure. Quintuplicate replicates of 

E. coli were exposed to 1000 Gy of IR before cells were lysed processed for Western blot detection 

of protein carbonylations as described in the Materials and Methods section. Protein carbonylation 

is an irreversible oxidative modification caused by exposure to IR. Only a single unique band, 

indicating a carbonylated protein, is observed in the irradiated samples. 
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Figure 4.4. Effect of 1000 Gy of IR on the E. coli proteome in whole cells, cell lysate, and 

purified E. coli protein. Samples of E. coli whole cells, cell lysates, and pure proteins were 

prepared and irradiated as described in the Materials and Methods section. Protection of the 

proteome from IR induced degradation is evident in whole cell, and to a lesser extent cell lysate, 

samples. Purified protein samples experience heavy degradation due to irradiation. 
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Figure 5.4. Reactivity of L-amino acids with IR. A). Highly reactive amino acids as defined by 

less than 50% of free amino acids are unmodified at a dose of 200 Gy. B). Moderately reactive 

amino acids as defined by greater than 50% of free amino acids are unmodified at a dose of 200 

Gy. All amino acids were irradiated in a volume of 1 mL at a concentration of 50 µM as described 

in the Materials and Methods section. Figure was generously provided by Dr. Grzegorz ‘Greg’ 

Sabat (Mass Spectrometry Facility, Biotechnology Center, University of Wisconsin – Madison). 
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Figure 6.4. Summary of reactivity of amino acids with IR. The top row of amino acids 

represents data generated in this study, and the bottom rows are derived from the indicated sources 

a)[145], b)[24], c)[146]. The position of histidine is indicated in each row, to highlight that the 

reactivity of His varies across studies. Figure was generously provided by Dr. Grzegorz ‘Greg’ 

Sabat (Mass Spectrometry Facility, Biotechnology Center, University of Wisconsin – Madison). 
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Chapter V: Conclusion 

The ability of a cell to survive exposure to ionizing radiation (IR) is incredible. IR can 

modify and fragment all cellular macromolecules through ionization and oxidation, rendering cells 

with much to repair and with a hampered ability to do so [2, 8, 18, 26]. Despite this, all organisms 

encode in their genome the machinery capable of dealing with damage caused by IR, though the 

extent of the damage that an organism can withstand varies wildly. Amazingly, resistance to high 

doses of IR does occur in nature and the study of these organisms has expanded views of the 

extreme conditions that life can endure [1, 6, 66, 67]. 

IR itself is complex. Electromagnetic and particulate IR differ in the ability to penetrate 

matter, how energy is deposited, and the sources capable of producing each [1]. As such, a cell’s 

ability to survive IR exposure may depend on the conditions of the exposure as much as its 

complement of DNA and protein repair machinery. 

The biological damage caused by IR affects DNA, RNA, proteins, and lipids [2]. The 

importance of damage to each of these molecules differs by the organism and is a subject of debate 

in radiation biology. It is likely that damage to each of these components plays a role in whether a 

cell will live or die due to IR exposure. However, it is true for all life that a single DNA double-

strand break (DSB) prevents an organisms’ ability to faithfully perform DNA replication and is 

therefore lethal if left unrepaired [1]. DNA DSBs accumulate in cells with prolonged exposure to 

IR, and as such DSB repair remains a crucial step to surviving irradiation.   

Though DNA repair is crucial for surviving IR exposure, research into how cells survive 

IR must be as multi-faceted as the damage caused by IR. Each approach to studying IR resistance 

offers new insights into mechanisms of repair and avoidance of IR-induced damage, and therefore 
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increases the toolbox for ameliorating IR-induced trauma. As such, this thesis work has focused 

on furthering a novel approach to understanding IR-resistance: generating radioresistant organisms 

via experimental evolution. 

The model bacterium Escherichia coli has unremarkable resistance to IR [6]. Much of our 

understanding of DNA repair and reactive oxygen species (ROS) amelioration stems from research 

on this organism; however, despite an impressive array of repair pathways (that are still yielding 

surprises and keeping secrets), a dose of 500 Gy will kill 90% of an E. coli MG1655 culture [6]. 

This starkly contrasts with the radioresistant organism D. radiodurans, which can survive a 10-

fold higher dose without any loss in viability [1, 6, 56].  This comparison should not diminish what 

E. coli is capable of; it is important to remember predictions of DSB accumulation rate indicates 

that at a dose of 500 Gy, the surviving E. coli are repairing at least 7 DSBs in order to survive. 

This ignores base modifications, blocks to DNA replication, and damage to protein and the cell 

membrane that must additionally be dealt with [18].  

A latent ability for E. coli to withstand extreme doses of IR has become clear throughout 

directed evolution of E. coli for IR resistance [13, 90]. We have evolved two sets of four replicate 

populations through iterative cycles of irradiation to kill 99% of each population with subsequent 

outgrowth of the survivors. Taken together, we thus far have a catalogue of six point-mutations 

known to enhance IR resistance of E. coli, and many more mutations which appear in the same 

proteins but have yet to be validated. These mutations span DNA repair proteins (RecA and RecD), 

DNA helicases (DnaB and YfjK), a transcription factor involved in anaerobic respiration (FNR) 

and a subunit of RNA polymerase (RpoB). Though the downstream effects of these mutations are 

unclear, it is telling that three of these mutations are involved in DNA repair pathways (RecA, 

RecD, and DnaB), and all of these proteins are either DNA-binding or are components of DNA-
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binding complexes. Thus far, experimentally evolved IR-resistance appears to revolve around 

genome maintenance.  

It has been argued that protection of the proteome from IR-induced ROS is the primary 

determinant of survival of irradiation [6, 16, 20]. In particular, if DNA repair proteins are damaged 

by IR, then the cell will not be able to then repair DNA damage. Our collaborative work with 

Professor Michael Sussman (University of Wisconsin – Madison) has been our first step 

determining the impact of IR-induced protein damage on cell survival. Our initial experiments 

have suggested that, at doses which kill 99 % of cells, components of the cell cytoplasm are capable 

of protecting the proteome from significant degradation and may ameliorate oxidative 

modification of proteins. However, mass spectrometry experiments have confirmed in vivo that 

oxidative protein modification does increase with irradiation, and that these modifications occur 

primarily on high abundance proteins. Although protein carbonylation is considered to be 

irreversible and inactivating [2, 28], most of the modifications detected are oxidation events on 

methionine residues, for which the cell does have the ability to repair. However, irradiation may 

overwhelm a cell’s ability to reduce oxidized proteins. Additionally, oxidative modification of 

abundant, but critical, proteins involved in translation, transcription, and central glucose 

metabolism will likely inhibit recovery of a cell post-irradiation. 

An outstanding question remains: what is the determinant of cell death due to irradiation? 

Our evolving E. coli populations suggest that enhanced DNA repair significantly increases IR 

resistance beyond the point where viable cells of the parent strain can be isolated. This observation 

suggests that at doses relevant to this thesis work (up to 4000 Gy), DNA damage, not protein 

damage, is the primary determinant of IR-induced cell death. However, there must be a point at 
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which the damage to translational, transcriptional, and metabolic machinery that we have observed 

does not allow for cell recovery. 

To end this thesis document, I would like to propose a model for IR-induced cell death, 

that may serve as a testable hypothesis for our evolving populations. For each organism, there must 

be an amount of DNA and protein damage that can be tolerated. Since inactivating mutations 

within essential genes (which make up a minimum of 5% of the genome of E. coli, depending on 

growth condition [148]) and unrepaired DSBs are lethal, compounded by the fact that the genome 

exists in fewer copies than essential proteins, potentially lethal DNA damage is likely less tolerated 

than protein damage. Therefore, initial cell death due to irradiation is may result from DNA 

damage surpassing the amount of damage a cell can repair. Any shoulder of resistance, where little 

to no cell death occurs with increasing dose, reflects the DNA repair capability of that organism. 

Once DNA repair capacity is overwhelmed, percent survival of a population of cells will decrease 

until all cells are rendered non-viable; unless the organism is equipped with a unique ability to 

maintain proteome integrity. At extreme doses (a dose at which all cells within a culture would be 

rendered non-viable if survival relied solely on DNA repair capability), the proteome of a cell may 

provide a second chance for cell survival. If key components of the proteome, such as transcription 

and translation machinery, can remain active, cells may retain an ability to slowly recover from 

irradiation despite extensive DNA damage. This ability to recover would likely depend on the 

integrity of the genome at this dose point; cells with extensive genome degradation would be 

unable to recover despite an intact proteome. Therefore, proteome integrity comprises a secondary, 

but important, factor in governing cell survival from irradiation. The ability to protect the proteome 

from extensive damage makes a second shoulder in the survival curve, and once protein damage 
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is overwhelming, the last remaining option is cell death. See Figure 1.5 for a depiction of this 

model. 

D. radiodurans appears to fit this model well. This bacterium has been previously reported 

to have an impressive initial shoulder of IR resistance out to nearly 10 kGy [6, 56]. Deletion of 

key DNA repair proteins significantly shortens this shoulder (such that the dose at which 10 

percent of cells survive is 1000 to 6000 Gy), but a percentage of cells still survives at doses of 10 

kGy [56]. Conversely, growing cells in medium depleted of Mn2+ (Mn2+ is implicated in forming 

ROS-ameliorating complexes capable of protecting the D. radiodurans proteome from oxidative 

damage) affects survival of  cells at extreme dose but not the survival of cells at lower doses (the 

dose at which 10 percent of cells survive is reduced from 16 kGy to 10 kGy without Mn2+ present) 

[19]. Interestingly, when irradiated with a high-energy electron beam, D. radiodurans is far more 

radiosensitive than previously reported (99.9% of cells are killed by a dose of 6000 Gy), and a 

survival curve with two shoulders of resistance is apparent (the increased killing by the electron 

beam may exhaust DNA repair and ROS amelioration capabilities at low enough doses to fully 

observe the survival curve of D. radiodurans without experimentally perturbing one or both 

mechanisms of IR resistance as done previously). 

Thus far, our evolved E. coli populations appear to be primarily evolving mechanisms of 

enhanced or altered DNA repair. If DNA repair is the initial determinant of survival of IR exposure 

as the model I present here suggests, beneficial mutations which enhance this process would 

provide (relatively) easy routes to increased fitness and would therefore be selected for often. 

Fixation of few mutations which confer large increases in fitness (as opposed to many mutations 

which contribute little) would enhanced by a strong selection pressure (such as killing 99% of a 

population at each round of selection). As mutations affected DNA repair accumulate, the initial 
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shoulder of resistance of these populations would lengthen, as they have. This model predicts that 

there will come a point in our evolving populations where diminishing returns from DNA repair 

mutations leads to fitness gains lower than those conferred by mutations that would enhance ROS 

amelioration/proteome protection and a second shoulder of resistance will appear, allowing 

survival of extremely high doses of irradiation. It may be only a matter of time for our evolving 

populations to prove or disprove this model of IR-induced cell death. 
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5.1 Figures 

 

Figure 1.5. Proposed model for IR-induced cell death. A) IR induced DNA damage will kill 

little to no cells of an irradiated population if the average damage induced is within the DNA repair 

capacity of the organism. B) Once the average amount of DNA damage caused by IR exceeds the 

cells ability to repair that damage, cell death rapidly increases with IR dose. C) In a percentage of 

cells within the population, DNA damage exceeds normal DNA repair capacity but is not 

irreparable. In these cells, protection of key components of the proteome, such as transcriptional 

and translation machinery, may allow slow recovery from doses received in this range. D) At 

extremely high doses, relative to a given organism, DNA and proteins will be damaged too 

extensively to facilitate recovery and cell death with result. 
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Chapter VI: Materials and Methods 

6.1 Growth conditions and bacterial strains used in this study 

Unless otherwise stated, E. coli cultures were grown in Luria-Bertani (LB) broth [149] at 37°C 

with aeration. E. coli were plated on 1.5% LB agar medium [149]and incubated at 37°C. Overnight 

cultures were grown in a volume of 3 mL for 16 to 18 hr. Exponential phase cultures were routinely 

diluted 1:100 in 10 mL of LB medium in a 50 mL Erlenmeyer flask and were grown at 37°C with 

shaking at 200 rpm and were harvested at an OD600 of 0.2, unless otherwise noted. After growth 

to an OD600 of 0.2, cultures were placed on ice for 10 min to stop growth before being used for 

assays. 

Cultures were plated on tetrazolium agar (TA) for growth competition assays when noted 

[121]. The defined rich medium EZ was mixed per manufacturer’s specifications and was 

supplemented with 0.2% glucose or 0.2% glycerol as indicated (Teknova; Hollister, CA). M9 

minimal medium (supplemented with 0.2% glucose) was used when indicated [149]. 

All strains used for in vivo assays in this study are mutants of E. coli K-12 derivative 

MG1655. Genetic manipulations to transfer mutations or delete genes were performed as 

previously described [150, 151].  

 

6.2 Serial dilutions and CFU/mL determination 

All serial dilutions were performed in 1X phosphate-buffered saline (PBS) (for 1 L: 8 g 

NaCl, 0.2 g KCl, 1.44 g Na2HPO4, KH2PO4 0.24 g with 800 mL dH2O, adjust pH with HCl to 7.4, 

then add remaining 200 mL dH2O). Unless otherwise stated, serial dilutions were performed with 

serial 1:10 dilutions of 100 µL of culture or previous dilution into 900 µL 1X PBS. Before transfer 
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to the next dilution tube, samples were vortexed for 2 seconds and mixed by pipetting to ensure 

mixing. One-hundred µL of appropriate dilutions were aliquoted onto agar plates of the appropriate 

medium and were spread-plated utilizing an ethanol-sterilized, bent glass rod. For spot plating, 10 

µL of each dilution was aliquoted onto agar plates of the appropriate medium and spots were 

allowed to dry before plates were incubated as in Growth conditions.  

CFU/mL was calculated using the highest CFU count for each strain assayed that remained 

between 30 and 300 CFU (ex: 250 CFU on a 10-4 dilution plate would be used for calculation over 

40 CFU on a 10-5 dilution plate).  

 

6.3 Lambda transductions 

Lambda transductions to generate PnarG – lacZ strains from parent strain RZ7350 [106] 

were carried out as follows. Incubated 10 mL of culture of the parent strain and the strains to be 

lysogenized overnight for approximately 18 hr at 37°C. To prepare the phage, added 300 µL to the 

turbid culture of the parent strain and shook at 200 rpm for 10 min at 37°C. Centrifuging for 10 

min at 4700 xg pelleted the lysed cells, and the phage-containing supernatant was transferred to a 

new glass test tube. Five-hundred µL of the recipient strains were mixed with 6 mL of melted, 45 

°C maximum, top agar and poured onto LB agar supplemented with 10 mM MgSO4 and 40 ug/mL 

X-gal. Once the top agar solidified, a 10 uL drop of prepared lambda phage was placed onto each 

plate. After the spot had dried, the plates were incubated overnight at 37°C. Blue plaques were 

streaked to isolation onto LB supplemented with 40 ug/mL X-gal until uniform, blue colonies were 

isolated. Lambda lysogens were confirmed as previously described [152]. 
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6.4 Deep sequencing of individual populations IR-1-20, IR-2-20, IR-3-20, and IR-4-20 

For each population, three replicate cultures were grown overnight, and genomic DNA was 

prepared from each using a Wizard Genomic DNA Purification Kit (Promega; Madison, WI). 

Samples were sequenced with an Illumina MiSeq instrument (Quintara Biosciences; Richmond, 

CA). IR-3-20 samples were sequenced with one flow cell. For IR-1-20, IR-2-20 and IR-4-20 

samples, data from two flowcells were pooled together for each population because the second 

read files from the first run had low quality reads.  

BioInfoRx, Inc. (Madison, WI), analyzed the raw sequencing reads.  Briefly, Illumina 

MiSeq reads (2X250 bp) were trimmed to only keep high quality (>Q20) reads using trimmomatic 

[153], then mapped to E. coli MG1655 genome (Genbank accession number NC_000913.2) using 

Burrows-Wheeler Aligner [154]. Duplicated reads were removed using Picard Tools 

(http://broadinstitute.github.io/picard/index.html). Variants were called using samtools [155] and 

VarScan2 [156]. and the minimum variant frequency was set at 1%.  The variants were annotated 

with SnpEff [157]. The variant files were further classified into tiers using custom Perl scripts. 

Briefly, tiers were separated by frequency of a variant within a population, the number of samples 

for each population the variant was detected in, and if the variant was detected on both DNA 

strands. Variants detected at a frequency greater than 1%, on both DNA strands, and in all the 

triplicate samples for each population were considered as reliable and not subjected to further 

verification. 
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6.5 Deep sequencing of evolving lineages IR9, IR10, IR11 and IR12, and isolates 

Genomic DNA was prepped from overnight cultures prepared from frozen stocks of 

populations from every even round of selection using the Wizard Genomic DNA Purification Kit 

(Promega, Madison, WI). DNA samples were submitted to the Department of Energy Joint 

Genome Institute (Walnut Creek, CA) for sequencing and analysis. DNA was randomly sheared 

into ~500bp fragments and the resulting fragments were used to create an Illumina library. This 

library was sequenced on Illumina HiSeq generating 100bp paired end reads. Reads were aligned 

to the reference genome using BWA [154] and putative SNPs and small indels were called using 

callvariants.sh from BBMap (sourceforge.net/projects/bbmap).  

 

6.6 Ionizing radiation resistance assay using γ-ray sources 

Cells from a single colony of each strain were cultured overnight and then grown to an 

OD600 of ~ 0.2 as in Growth conditions (6.1). One mL aliquots in 1.8 mL Eppendorf tubes were 

mixed by vortexing for 2 s and a 100 µL aliquot was removed and added to 900 µL PBS on ice as 

an initial 1:10 dilution for the non-irradiated control. Undiluted samples were then irradiated in a 

Mark I 137Cs irradiator (J. L. Shepherd and Associates) for a time corresponding to 3 kGy (~ 6.5 

Gy/min). Irradiated samples as well as the non-irradiated samples were serial diluted and plated 

using typical methods. CFU/mL was determined for irradiated and un-irradiated samples, and 

CFU/mL was determined. Initial cell densities ranged from 1 - 6 x 107 CFU/ml. For each 

experiment, each individual strain was tested in biological triplicate. 
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6.7 Generalized Linac irradiation protocol 

Samples were maintained at 4 °C and taken to a Varian 21EX clinical linear accelerator 

(Linac) for irradiation (approximately 15 min transit time to and from the Linac). The Linac was 

set to 6 MeV HDTSe¯ mode (a special high dose rate mode with 888 MU [monitor units]/minute) 

and tubes containing the samples were submerged in ice-water at a source-to-surface distance 

(SSD) of 61.7 cm and at a depth of 1.3 cm (measured to the center of the tube’s volume). A 30x30 

cm Linac field size setting gave an effective field size at this SSD of 18.5x18.5 cm. Samples were 

irradiated at 8.128 cGy/MU (approximately 72 Gy/min; verified using the TG-51 protocol with a 

field size of 30x30 cm [no electron cone] at SSD = 100 cm) until the desired dose was achieved.  

 

6.8 Linac photon mode 

In order to determine if there are any effective differences between electron and photon 

modes during irradiations, the SSD for photons was found that gave the same dose to the samples 

as in electron mode. In photon mode, the electron beam first strikes a flattening filter (not present 

in electron mode) to produce bremsstrahlung photons and also flatten the beam intensity profile. 

 

6.9 Ionizing radiation resistance assay using Linac 

Strains were grown in biological triplicate overnight and to an OD600 of approximately 0.2 

in LB as routinely performed. One mL sample for each dose tested (including 0 Gy) were removed 

and aliquoted into sterile 1.5 mL microfuge tubes. Samples were pelleted by centrifugation at 13 

xg for 1 min, and the supernatant was poured off. Samples were resuspended in 1 mL ice-cold 1X 

phosphate-buffered saline (PBS), and pelleting was repeated. This process was repeated three more 

to wash cells. A 100µL aliquot of each culture was removed, serial diluted 1:10 in 900µL of PBS 
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to a final 10,000-fold dilution and 100µL was plated on LB agar to determine the colony forming 

units (CFU)/mL before irradiation. Samples were maintained at 4 °C and irradiated with the 

appropriate doses as described. A 100µL aliquot of each culture was removed and plated to 

determine CFU/mL and percent survival as described.  

 

6.10 Directed evolution protocol using Linac 

For each round of directed evolution, separate aliquots of 2 mL of LB medium was 

inoculated with frozen stock of each population from the previous round of selection. These were 

incubated overnight with aeration at 37 °C and were grown with usual practices in LB medium to 

an OD600 of 0.2 the next day. Each culture was incubated on ice for 10 minutes to stop growth. 

Three 1 mL samples were removed and aliquoted into sterile 1.5 mL microfuge tubes. Samples 

were washed three times with 1 mL ice-cold 1X phosphate-buffered saline (PBS) and resuspended 

in a final volume 1 mL of 1X PBS. A 100µL aliquot of each culture was removed, serial diluted 

1:10 in 900µL of PBS to a final 10,000-fold dilution and 100µL was plated on LB agar to determine 

the colony forming units (CFU)/mL before irradiation. Samples were maintained at 4 °C and taken 

to a Varian 21EX clinical linear accelerator (Linac) for irradiation.  

After irradiation, an aliquot of each culture was removed, serial diluted 1:10 in 900 µL of 

PBS to a final 1,000-fold dilution, and 100 µL of each serial dilution was plated on LB agar for 

each dose to determine the CFU/mL after irradiation. LB agar plates were incubated overnight at 

37 °C. Remaining irradiated cultures pelleted by centrifugation at 13 xg and supernatant was 

discarded. These pellets were resuspended in 1 mL of fresh LB medium, and this was added to 1 

mL LB medium in a 5 mL glass culture tube. These resuspensions were incubated overnight with 

aeration at 37 °C. The following day, the percent survival for each dose was calculated using 
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CFU/mL calculations before and after irradiation at each dose. The overnight culture of each 

population replicate showing closest to 1% survival was stored at -80 °C and used for the next 

cycle of selection.   

The initiating round of selection was done as described above, except the original culture 

used was an overnight culture of MG1655 prepared from an isolated colony.  

Protocol was adapted from a previously used protocol [13]. 

 

6.11 Irradiation of amino acids 

Stocks of amino acids were made at a concentration of 500 µM in 10 mL dH2O. Stocks 

were kept at -20 °C and thawed when necessary. The 500 µM stocks were diluted 1:10 in 1 mL 

total dH20 in 1.8 mL Eppendorf tubes for each sample to be irradiated. Samples were maintained 

at 4 °C and taken to a Varian 21EX clinical linear accelerator (Linac) for irradiation (~15 min 

duration each way). After irradiation, samples were frozen at -20 °C until needed. The following 

amino acids were used: L-Isoleucine (Product #: I2752; Sigma-Aldrich), L-Proline (Product #: 

P0380; Sigma-Aldrich), and the remaining amino acids came from a L-amino acids kit (Product 

#: LAA-21; Sigma-Aldrich). 

 

6.12 UV resistance assay 

Cells from a single colony of each strain were cultured overnight and then grown to an 

OD600 of ~ 0.2 as in Growth conditions (6.1). Samples were diluted and spotted onto 25 mL 1.5% 

LB agar described in the Serial dilutions (6.2). Spots were dried before the plate lid was removed 

and spots were exposed to the appropriate dose of UV irradiation using a Spectrolinker XL-1000 
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UV Crosslinker (Spectronics Corporation, Westbury,NY). Plates were imaged after incubation for 

24 hr. 

 

6.13 Resistance to chemical DNA-damaging agents 

Cells were grown overnight and to an OD600 of approximately 0.2 in LB as routinely 

performed. Samples were mixed by vortexing for 5 s and were serial diluted 1:10 in 900 µl 

phosphate-buffered saline (PBS) to a final 100,0000-fold dilution. Ten µl was removed from each 

dilution and spotted onto 30mL 1.5% LB agar medium supplemented with 10 or 7.5 ng/ml 

ciprofloxacin hydrochloride as specified, 0.5 µM bleomycin, 4 µg/mL mitomycin C, or 5 mM 

hydroxyurea. Spots were dried before being incubated overnight at 37 °C. Plates were imaged after 

48 hr for ciprofloxacin and bleomycin plates. 

 

6.14 H2O2 resistance assay 

This assay was adapted from a previously described protocol [126]. Cells from a single 

colony of each strain were cultured overnight at 37 °C with aeration. After growth overnight, 10 

mL of LB broth in a 50 mL Erlenmeyer flask was inoculated with 70 µL of culture and grown at 

37 °C with shaking for 7 hr in order to test stationary phase cells. Each culture was incubated on 

ice for at least 5 min. Samples were mixed by vortexing for 5 s and were serial diluted 1:10 in 900 

µL phosphate-buffered saline (PBS) to a final dilution of 1:1000. These were then diluted 1:10 

into two separate 12 mL conical tubes containing 3.6 mL PBS. One conical was designated as the 

experimental sample and 10 mM H2O2 (Fisher Scientific, Fair Lawn, NJ Cat#: H325) was added 

to this sample. Experimental and control samples were then incubated at 37 °C with shaking for 

30 min. After incubation, 1000 U/mL catalase (MP Biomedicals, Solon, OH Cat#: 100429) was 
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then added to the experimental samples, which were mixed by vortexing for 5 s. To compensate 

for extra volume from H2O2 and catalase, an equal volume of PBS was then added to control 

samples. Samples were then serial diluted in 900 µL PBS as necessary. Dilutions were then plated 

onto 15% LB agar medium to determine the total number of CFUs. Percent survival was calculated 

by dividing the titer of the surviving H2O2-treated sample by the titer of the control sample. For 

each experiment, each individual strain was tested in biological triplicate. 

 

6.15 ROS amelioration assay 

Cells from a single colony of each strain were cultured overnight and then grown to an 

OD600 of ~ 0.2 as in Growth conditions (6.1). Each culture was incubated on ice for at least 5 min 

to stop growth. One mL of each culture was pelleted via centrifugation at 17000 xg for 1 min, 

supernatant was removed, and cells were resuspended in 1 mL M9 medium supplemented with 2 

mg/mL L-Arginine (Sigma-Aldrich; St. Louis, MO; Cat#: A6969) (CB3000 is Arg-, therefore all 

media was supplemented with this amino acid). Ten µL of a 10 mM stock of H2O2 (Fisher 

Scientific; Fair Lawn, NJ; Cat#: H325) was added to appropriate wells of a black, clear-bottom 

96-well plate. Ten µL of PBS were added to separate wells to be assayed as a no H2O2 control. 

Ninety µL of each strain was aliquoted into appropriate wells, then mixed with 100 uL of M9 + 

10 mM 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) (Fisher Scientific; Fair Lawn, NJ; 

Cat#: D399). These were then placed in a Biotek Synergy 2 plate reader warmed to 37 °C. The 

plate was shaken continuously and a reading (OD600, and fluorescence with excitation at 485/20 

and emission at 510/20) was taken automatically every 5 min for 20 to 24 hr by the instrument. 

Blank readings (200 µL M9 medium) of fluorescence were divided by the blank OD600 reading. 
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Readings of experimental wells were treated in the same manner, and then the blank reading was 

subtracted. 

 

6.16 β-galactosidase assay 

Cultures to be assayed were prepared by incubating cells from a single colony of each strain 

overnight at 37 °C with aeration. This resulting overnight culture (grown 15-18 hr) was treated as 

the stationary phase culture to be assayed. Exponential phase cultures were grown by inoculating 

10 mL of LB broth in a 50 mL Erlenmeyer flask with 70 µL of overnight culture and grown at 37 

°C with shaking to an OD600 0.2.  These cultures were placed on ice for at least 5 minutes to stop 

growth before use. To perform a mock irradiation, two separate aliquots of 900 µL of exponential 

phase cultures in 1.5 mL Eppendorf tubes were inverted and incubated in the dark at room 

temperature (~24 °C) for 8 hr. Two aliquots for each replicate ensures that there is sufficient 

volume for 1 mL of culture to determine β-galactosidase activity and 100 µL to determine OD600. 

  The β-galactosidase assay was performed as follows. An OD600 reading was taken of each 

culture, and an appropriate amount (1 mL for exponential phase and mock irradiation cultures, and 

50 µL for stationary phase) was aliquoted into 2 mL microcentrifuge tubes. Cells were pelleted via 

centrifugation at 6900 xg for 3 min, and supernatant was removed. Cells were resuspended in 1 

mL Z buffer (0.06 M Na2HPO4, 0.04 NaH2PO4, 0.01 KCl, 0.001M MgSO4, to volume with 

purified dH2O), and 1 mL Z buffer was aliquoted in a 2 mL microcentrifuge tube for a blank 

sample. One-hundred µL chloroform and 50 uL 0.1% SDS were added to each tube. Each sample 

was then vortexed for 10 s and incubated at 4 °C for at least 10 min. Three samples at a time were 

removed from 4 °C and placed in a 28 °C water bath for 5 min. Two-hundred uL 4 mg/mL O-
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Nitrophenyl β-D-Galactopyranoside (ONPG) (Sigma-Aldrich, St. Louis, MO Cat#: N1127) 

dissolved in Z buffer was added to each sample. The development of yellow coloration for each 

sample was timed. Once the sample had become yellow (or after 30 minutes) the reaction was 

stopped by adding 500 uL 1M Na2CO3 and samples were placed on ice. All samples were spun for 

10 min at 17000 xg in a microcentrifuge at 4 °C. One mL was removed from each sample, and the 

OD420 and OD550 was read. To determine β-galactosidase activity, the following equation was used 

where t is time of the reaction and v is the volume of culture used: 

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 =  
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 ∗ ��𝑶𝑶𝑶𝑶𝟒𝟒𝟒𝟒𝟒𝟒 − (𝟏𝟏.𝟕𝟕𝟕𝟕 ∗  𝑶𝑶𝑶𝑶𝟓𝟓𝟓𝟓𝟓𝟓)��

𝒕𝒕 ∗ 𝒗𝒗 ∗  𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔
   

 All β-galactosidase assays were performed using biological triplicate. To determine 

relative β-galactosidase activity compared to the parent strain, the activity of each mutant strain 

replicate was divided by the average activity of the wild-type triplicate in the given experiment.  

 

6.17 Growth competition assay 

This assay was adapted from a previously published protocol [121]. To differentiate strains 

within the competition, a fitness-neutral deletion of the araBAD operon was introduced into one 

of the two strains. This deletion results in red colonies on tetrazolium arabinose (TA) agar plates 

[121]. Briefly, overnight culture of each strain to be competed were mixed 1:1, or 1:10 (for growth 

competitions with CB3000 and GsiB mutations, in favor of the losing competitor), or 1:9 (for 

growth competitions using Linac isolates or RpoB or ArcB mutations, in favor of the losing 

competitor) in a 1.5 mL microcentrifuge tube. Samples were mixed by vortexing for 5 s and were 

serial diluted 1:10 in 900 µl phosphate-buffered saline (PBS) to a final dilution of 1:100,000. One 
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hundred uL of the final dilution was spread plated onto TA agar plates to assay for CFU. Seventy 

µl of the remaining cell mixture was used to inoculate 5 mL of fresh LB media for growth 

overnight. This overnight culture was used to inoculate fresh media the following day, and 100 µl 

was serially diluted and plated as noted above. This procedure was repeated twice more over a 

period of two days. The number of white versus red CFU was noted after each day of the 

competition and the total percentage of the culture for each competitor was determined. 

The following equation was used to calculate a relative fitness statistic for each strain, 

where w is the fitness statistic, A and B are the CFU/mL of the competing strains A and B, f denotes 

the final CFU/mL, and i the initial CFU/mL [158]: 

𝒘𝒘 = (
𝒍𝒍𝒍𝒍 �

𝑨𝑨𝒇𝒇
𝑨𝑨𝒊𝒊
�

𝒍𝒍𝒍𝒍 �
𝑩𝑩𝒇𝒇
𝑩𝑩𝒊𝒊
�

) 

Fitness statistics presented were calculated from at least two separate experiments. For strains 

which had a fitness statistic of 1.2 or greater relative to wild-type, rather than mixing strains 1:1 at 

the start of the competition, they were mixed 10 (parent strain): 1 (more-fit competitor strain) in 

order to obtain countable colonies of the wild-type strain after 72 hr of competition.  

 

6.18 Growth curves 

Strains were cultured described as in Growth conditions (6.1) overnight and to an OD600 of 

0.2 in LB medium, EZ medium supplemented with 0.2% glucose (Teknova; Hollister, CA) and 

M9 minimal medium [149] supplemented with 0.2% glucose. Cultures were then diluted 1:100 in 

the appropriate medium in a clear, flat bottom 96-well plate (Fisher product #: 07-200-656) and 



162 
 

incubated overnight in a Biotek Synergy 2 plate reader (Biotek; Winooski, VT) at 37 °C with 

shaking, with OD600 readings taken by the plate reader every 10 minutes. 

 

6.19 SDS-PAGE Protein Gel Electrophoresis 

Samples were mixed 1:1 2X Laemilli sample buffer (250 mM Tris-HCl pH 6.8, 10% SDS, 

20% glycerol, 10% β-Mercaptoethanol, sufficient Bromophenol Blue for dark blue coloration), 

and boiled for 5 min.  Fifteen µL of each sample was loaded onto a Bio-Rad pre-cast 12% SDS-

PAGE protein gel (Hercules, CA; 10 well Product #: 4561043; 15 well Product #: 4561046). Gels 

were run at 100 V until dye from Laemilli sample buffer had run off the gel. 

 

6.20 Western blots for ClpX detection 

Cells from a single colony of each strain were cultured overnight and then grown to an OD600 

of ~ 0.2 as in Growth conditions (6.1). These cultures were placed on ice for at least 5 minutes to 

stop growth before use. One mL of each culture was pelleted via centrifugation at 17000 xg for 1 

min, supernatant was removed, and cells were resuspended in 20 µl dH2O and mixed with Laemilli 

sample buffer and run on a 12% SDS-PAGE gel as described. The gel was then placed in Western 

Transfer Buffer (per 1 L: 14 g glycine, 3 g Tris base, 200 mL methanol, 800 mL dH20) for at least 

15 min. A transfer sandwich was then prepared using Amersham Protean 0.2 µm Nitrocellulose 

Blotting Membrane (GE Healthcare Life Science, Cat# 10600001). The proteins were transferred 

from the SDS-PAGE gel to the transfer membrane as previously described [159] at 300 mA at 4 

°C for 30 min. Blocked the transfer membrane in 15 mL 5% milk blocking solution (2.5 g 

powdered milk in 50 mL PBS-T (for 1 L, 50 mL 20X Phosphate buffered saline, 5 mL Tween 20, 
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and 945 mL purified dH2O)) with rocking for 1 hr at room temperature (~24 °C). Removed 

blocking solution, then added 10 mL of 1:10000 Rabbit α-ClpX (Tania Baker lab, Massachusetts 

Institute of Technology) Rabbit α-SSB (James Keck lab;University of Wisconsin, Madison) in 

blocking solution. Samples were rocked for 1 hr at room temperature (~24 °C). Primary antibody 

was poured off, the transfer membrane washed by rinsing 3X in 25 mL 1X PBS-T.   Washed 

transfer membranes were placed in 25 mL 1X PBS-T and rocked for 15 min.  The membrane was 

removed, and two additional rinses performed.  The PBS-T was replaced, but the membranes were 

only rocked for 5 min. After washing, 10 mL of 1:10000 Chicken α-Rabbit HRP-conjugated 

secondary antibody (Sigma-Aldrich, St. Louis, MO Cat#: A9046) in blocking solution was added. 

Samples were rocked for 1 hr at room temperature (~24 °C). Secondary antibody was poured off 

and washed as described previously. Imaged antibody-bound protein was detected using 

SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo-Scientific; Rockford, IL; 

Prod#: 34577).  

 

6.21 Silverstain of irradiated E. coli samples 

 Grew quintuplicate overnight cultures of E. coli MG1655 as described in Growth 

conditions (6.1). Twenty-five mL LB medium was inoculated with 175 uL of overnight culture 

and grown to an OD600 of 0.2 as described. Two 1 mL aliquots were washed using PBS, and one 

sample for each replicate culture was irradiated with 1000 Gy of high energy electron beam IR as 

described in 6.9 Ionizing radiation resistance assay using Linac. Post irradiation, pelleted 

samples via centrifugation at 13 xg for 1 min. Supernatant was removed, and samples were 

resuspended in via centrifugation at 17000 xg for 1 min, supernatant was removed, and cells 

were resuspended in 12.5 µl dH2O and mixed with 12.5 µl Laemilli sample buffer. Fourteen µl 
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of each sample was loaded and run on a 12% SDS-PAGE gel as described. Gel was then stained 

per manufacturer’s protocol using the Silver Stain Plus kit (Bio-Rad; Hercules, CA; Cat #: 

1610449). 

 

6.22 Western blots for protein carbonylation detection 

Used sample prepped in Silverstain of irradiated E. coli samples (6.21). On the day of treatment 

(sample quality rapidly decreases), samples were then treated with DNPH (or control solution) as 

described by manufacturer’s protocol using Oxyblot Protein Oxidation Detection kit (EMD 

Milipore; Burlington, MA; Cat #: S7150). Fourteen µl of each sample was loaded and run on a 

12% SDS-PAGE gel as described in 6.19 SDS-PAGE Protein Gel Electrophoresis. The gel was 

then placed in Western Transfer Buffer (per 1 L: 7.2 g glycine, 1.45 g Tris base, 200 mL methanol, 

800 mL dH20) for at least 15 min. Western Blot was then performed) as described by 

manufacturer’s protocol using Oxyblot Protein Oxidation Detection kit (EMD Milipore; 

Burlington, MA; Cat #: S7150) using 1% BSA blocking solution and Amersham Protean 0.2 µm 

Nitrocellulose Blotting Membrane (GE Healthcare Life Science, Cat# 10600001). Imaged 

antibody-bound protein was detected using SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Thermo-Scientific, Rockford, IL, Prod#: 34577).  

 

6.23 Protein Purification 

Purified proteins were generously provided by Tricia Windgassen from the lab of Professor 

James Keck (University of Wisconsin - Madison). PriA was purified as described previously 

(Bhattacharyya 2014 PNAS). V554I was incorporated into the PriA overexpression plasmid, 
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pET15-E. coli PriA, using site-directed mutagenesis. PriA was over expressed using 1 mM IPTG 

for 3 hours in Rosetta 2 E. coli (Millipore Sigma, Burlington, MA, Prod#: 71405-3) containing 

pET15-E. coli PriA after reaching OD600 0.5-0.6 (in LB supplemented with 100 ng/µl ampicillin 

and 20 ng/µl chloramphenicol). Cells were lysed using sonication and N-terminal 6xHis tagged 

PriA was purified using nickel affinity, ion exchange (SPFF), and size exclusion (S300) 

chromatography. Single-stranded DNA binding protein (SSB) was purified as described 

previously (George et al 2012). PriB was purified as described previously (Lopper et al, 2004). 

 

6.24 Fluorescence anisotropy assay 

Fluorescence anisotropy was performed by Tricia Windgassen from the lab of James Keck 

(University of Wisconsin – Madison). PriA DNA fork-binding fluorescence anisotropy assay was 

performed, analyzed, and corrected for intensity change as described previously [160]. Briefly, 

PriA (0.1 to 5000 nM) was incubated with 1 nM fluorescein-labeled DNA fork (two annealed 

oligonucleotides from [124, 125]) containing 60 bp complementary and 38 nt non-complementary 

sequence, with the template lagging strand 5’ fluorescein labeled) in 20 mM HEPES-HCl pH 7.0, 

5 % glycerol, 75 mM potassium glutamate, and 10 mM dithiothreitol for 30 minutes at room 

temperature before fluorescence measurements on a Beacon 2000 fluorescence polarization 

instrument. Data from at least three replicates were fit to a single site-specific model using 

GraphPad Prism. 
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6.25 ATPase assay 

ATPase assays were performed by Tricia Windgassen from the lab of James Keck 

(University of Wisconsin – Madison) PriA DNA-dependent ATPase was measured as previously 

described [160]. Briefly, 50 nM PriA was incubated with increasing concentrations of ssDNA 

(dT28 0.1-5000 nM) in 20 mM HEPES-HCl, pH 8.0, 50 mM sodium chloride, 1 mM β-

mercaptoethanol, 5 mM magnesium chloride, 0.10 mg/mL BSA, 2 mM phosphoenolpyruvate, 0.2 

mM nicotinamide adenine dinucleotide, 3 U/ml pyruvate kinase, and 4.5 U/ml lactate 

dehydrogenase for 10 minutes at room temperature. Absorbance at 340 nm was monitored for 1 

hour at room temperature upon addition of 1 mM ATP.  Data from three replicates were analyzed 

as described previously [161]. 

 

6.26 Helicase assay 

Helicase assays were performed by Tricia Windgassen from the lab of James Keck 

(University of Wisconsin – Madison). PriA helicase activity was analyzed on two synthetic DNA 

fork types: one composed of two oligonucleotides (as used in the fluorescence anisotropy assay) 

and the other composed of four oligonucleotides (adding “nascent” leading and lagging strands to 

the first fork type, yielding fully double-stranded DNA except for a 5 nt gap on the lagging strand 

before the fork junction). The synthetic template lagging strand was 5’-32P labeled, annealed into 

either fork type, purified, and tested in helicase assays as described previously [160]. Briefly, PriA 

(0.1, 1, or 10 nM) was incubated with 1 nM radiolabeled fork in 50 mM HEPES-HCl, pH 8.0, 40 

mg/L BSA, 2 mM dithiothreitol, 2 mM ATP, and 4 mM magnesium acetate for 30 minutes at 37 

°C. For samples analyzed for SSB and PriB helicase stimulation, 250 nM SSB or 10 nM PriB were 
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preincubated with DNA, before addition of PriA (1 nM). Samples were stopped by incubation with 

20 mM EDTA, 0.5 % SDS, 0.2 mg/mL proteinase K, and 2.5 ng/μL unlabeled “trap” 

oligonucleotide for 30 minutes at 37 °C. DNA-loading buffer was added, and samples were 

resolved through 10 % polyacrylamide gel electrophoresis in 1X TBE. Gels were fixed, dried, 

exposed to PhosphoImager screen (GE Healthcare; Chicago, IL), and imaged using a Typhoon 

FLA 9000. 

 

6.27 Preparation and irradiation of whole cell, cell lysate, and pure protein samples 

 Grew quintuplicate overnight cultures of E. coli MG1655 as described in Growth 

conditions (6.1). Fifty mL LB medium was inoculated with 500 uL of overnight culture and grown 

to an OD600 of 0.2 as described. Forty mL of cultures were aliquoted into separate 50 mL conical 

tubes and were pelleted by centrifugation at 5000 rpm, 4 °C, for 10 min. Supernatant was removed 

and cells were resuspended in 10 mL ice cold 1X PBS. Pelleting and resuspension was repeated 

three more times, however final resuspension was done in 800 µL PBS. Made six 100 µL aliquots 

of each culture into separate 1.5 mL tubes.  Placed each on ice. 

For lysate and pure protein prep at 0 and 1000 Gy, froze four 100 µL aliquots for each 

sample at -80 °C. This is the first of two freeze/thaw cycles to lyse cells. 

Kept two of the whole cell samples on ice (two for each replicate cultures) and took to the 

Linac irradiator in the Wisconsin Institute for Medical Research (WIMR) building. One aliquot 

for each replicate was irradiated as described with a dose of 1000 Gy; the other replicate received 

no dose. Samples that received no dose and 1000 Gy were returned to lab and frozen at -80 °C. 
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After 2 hr, removed all samples from -80 °C and thawed at room temperature for 10 min. 

Froze all samples overnight at -80 °C. 

The following day, removed and thawed the lysate samples at room temperature for 10 

min. These samples were irradiated as described for the whole cell samples. Upon returning to lab, 

removed and thawed the whole cell samples at room temperature for 10 min. Pelleted all whole 

cell and cell lysate samples vis microcentrifugation at 13 xg for 2 min. One-hundred µL aliquots 

of supernatant for each sample and added to 3500 MWCO Slide-a-lyzer Mini-Dialysis Units 

(ThermoFisher; Madison, WI; Cat #69550). Mini-Dialysis Units were floated on 500 mL 1X PBS 

with very slow stirring with stir bar. Let dialyze for 2 hr at room temperature. PBS was then 

replaced with fresh 500 mL 1X PBS, and dialysis was repeated (2 hr at room temperature). PBS 

was replaced a final time, and dialysis was performed overnight (~ 16 hr) at room temperature. 

The next day, to set-aside an aliquot of purified protein for each sample to run on an SDS-

PAGE gel, 25 µL of each sample was removed and added to 25 uL of 2X Laemilli sample buffer, 

boiled 5 min, and placed in 4 °C. 

Placed remaining whole cell and cell lysate samples from dialysis into fresh 1.5 mL tubes, 

flash-froze with liquid N2, and stored at -80 °C. 

Removed and thawed the pure protein samples at room temperature for 10 min. Repeated 

steps for pelleting and dialyzing samples as described above for the whole cell and lysate samples. 

Since dialyzed protein ends up with greater than 100 µL, split volumes into two tubes as close to 

100 uL as possible. Samples were irradiated as described above.  

After irradiation, the appropriate samples were re-combined in a single 1.5 mL tube. As 

described above, 25 µL aliquots were removed and stored at 4 °C to run on an SDS-PAGE gel. 
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Placed remaining pure protein samples from dialysis into fresh 1.5 mL tubes and flash-froze with 

liquid N2, and stored at -80 °C. 

Frozen samples were delivered to Sussman lab on dry ice for further processing and mass 

spectrometry analysis. A final volume of 2% SDS was added to each sample (5 0Gy and 5 1000Gy 

for whole cell, cell lysate, and pure protein samples) and then immediately subjected to protein 

extraction and concentration using a standard methanol:chloroform protocol. TMT mass 

spectrometry was performed as described below, without pH pre-fractionation. 

 

6.28 Preparation of wild-type E. coli samples for ‘deep’ mass spectrometry 

Samples were grown in biological quintuplicate overnight and to an OD600 of 0.2 in EZ + 

0.2% glycerol as routinely performed; however, cultures were grown to an OD600 of 0.2 in a total 

volume of 50 mL for each replicate. Once early exponential phase cultures were obtained, 40 mL 

of each culture was pelleted by centrifugation at 3500 rpm for 10 min at 4 °C. Supernatants were 

poured off, and then samples were resuspended in 40 mL of ice-cold 1X PBS. Cells were pelleted 

and supernatant was poured off again as described, but cells were resuspended in 20 mL ice-cold 

PBS. This process was repeated three more times, but the final resuspension was done with 500 

µL ice-cold 1X PBS. Four 100 µL aliquots were made for each culture into 1.5 mL microfuge 

tubes. Two for 0 and 1000 Gy for mass spectrometry analysis, and two for plating to determine 

lethality as described in Serial dilutions (6.2). 
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6.29 TMT-labelled mass spectrometry 

Samples were lysed by addition SDS to a final volume of 2.0%, then immediately subjected 

to protein extraction and concentration using a standard methanol:chloroform protocol. Purified 

protein pellets were solubilized into 8M Urea in 50mM triethylammonium bicarbonate (TEAB) 

and subjected to a standard BCA assay to determine protein concentration. 

For each of the 10 samples, 10ug (varying volumes) of each was diluted to 4Murea with 

50mM TEAB, and treated with 2mM dithiothreitol for 30 min at 50 °C, 5mM iodoacetamide for 

30 min at room temperature in darkness, and then 2mM dithiothreitol for 5 min at room 

temperature. Samples were diluted further to 1Murea with TEAB, and 0.5ug of Trypsin and Lys-

C proteases were each added. Samples were incubated overnight at 37 °C, for 15hr total. 

Digestions were stopped with addition of 1.0% formic acid, subjected to sold phase cleanup 

using Agilent C18 OMIX tips, according to manufacturer’s protocol, and dried down to completion 

using a vacuum centrifuge. Dried samples were resolubilized into 50mM TEAB. To each tube, 

40ug of each of the 10 tandem mass tag chemical adducts were added as follows (4:1 tag:protein): 

126 - 0gy1; 127N - 0gy2; 127C - 0gy3; 128N - 0gy4; 128C - 0gy5; 129N - 1Kgy1; 129C - 1Kgy2; 

130N - 1Kgy3; 130C - 1Kgy4; 131 - 1Kgy5. 

Samples were incubated for 1 hour at room temperature, after which 5% hydroxylamine 

was added to quench reaction. Samples were immediately combined and purified/concentrated 

using a Waters 1cc C18 Sep-pak solid phase chromatographic column, according to 

manufacturer’s protocol, then dried to completion with a vacuum centrifuge. 

Samples were resolubilized into 300uL 0.1% formic acid for high-pH tip-based 

fractionation. Fractionation was performed using a Pierce high pH reversed phase peptide 
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fractionation spin column kit, according to manufacturer’s protocol. This resulted in nine fractions, 

which were dried down to completion using a vacuum centrifuge.  

Samples were resolubilized into 10uL 0.1%formic acid for injection onto a ThermoFisher 

Orbitrap Lumos mass spectrometer instrument. For liquid chromatographic conditions, stationary 

phase was C18 and flow rate was 275nL/min. Three µL of each fraction was injected for analysis. 

Mobile phases A and B were 0.2% formic acid in water and 0.2% formic acid in 70% acetonitrile, 

respectively. For separation and elution, a 60 min gradient to 55% buffer B was used. HCD 

fragmentation was used to obtain high resolution MS2 spectra for TMT mass tag quantification. 

Data was analyzed using the Sequest algorithm within Proteome Discoverer 

(ThermoFisher Scientific; Madison, WI). The Uniprot E. coli proteome (PID: UP000000625) was 

searched with the specified parameters: trypsin with 2 possible missed cleavages, precursor and 

fragment mass tolerance 10 ppm and 0.6 Da, respectively, and a max amount of 4 dynamic 

modifications per peptide. Dynamic modifications were specified as carbamidomethyl (on C), 

deamidation (on NQ), oxidation (on ACDEFHILMNPQRSTVWY), carbonylation (on 

EILPQRV), and peroxidation (on ACDEFGHILMNPQRSTVWY). Fixed modifications of 

tandem mass tag were specified on N-termini and Lys residues. A false discovery rate (FDR) for 

peptide spectral matches (PSMs), peptides, and proteins of 1.0 % was used. For TMT 

quantification, tag abundances were normalized to the total tag amount per channel.   

Post searching, peptide identifications with an XCorr > 2.0 were considered (high 

confidence sequence match), and fold change values were obtained by averaging normalized 

reporter ion abundances pep identified peptide in the 5 treated channels vs. the 5 control channels. 

P-values were calculated using 2-tailed, unpaired Student’s t-testing, assuming equal variance. Q 

values were calculated using Benjamini-Hochberg FDR testing.    
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6.30 Mass spectrometry of irradiated L-amino acids 

LC-HR-ESI-TOF analysis of IR-dosed amino acids in water was done on Agilent LC/MSD 

TOF system (model 6210) equipped with 1200 series HPLC liquid handling system (Agilent 

Technologies; Santa Clara, CA). Measurements of starting compounds and their sister products 

generated from abiotic exposure was conducted under positive or negative ion polarity, where 2µl 

of control and IR-dosed sample was injected from an autosampler vial sitting at 6 °C into an 

isocratic 0.05 mL/min flow of 50:50 [Water / 0.1% Formic acid] : [Acetonitrile / 0.1% Formic 

acid]. The following instrumental parameters were used to generate the most optimum protonated 

[M+H+] or deprotonated [M-H-] ions under their respective acquisition polarity: Capillary voltage 

[3000V]; Drying gas [7 l/min]; Gas temperature [300 °C]; Nebulizer [15psig]; Oct DC1 [35V] for 

positive and [-34V] for negative ionization; Fragmentor [140V]; Oct RF [200V]; Skimmer [60V]. 

Internal calibration was achieved with assisted spray of two reference masses, 112.9856 m/z and 

1033.9881 m/z. Data was acquired in profile mode scanning from 50-1,600 AMU at 0.89 cycles 

per second and 10,000 transients per scan.  

Data processing was executed using Analysis QS 1.1 (build:9865) software (Agilent 

Technologies; Santa Clara, CA) to extract unique masses observed in the spectrum. This semi-

manual analysis strategy was further complemented and verified with fully-automatic processing 

using Agilent’s MassHunter Workstation Qualitative Analysis software (version B.01.03, build: 

1.3.157.0), where centroided data (filtered based on absolute peak height of 200 counts per second, 

minimum to differentiate peaks from the baseline on our instrument) was used to assign 

compounds from their molecular features and ultimately generate extracted ion abundance 

chromatograms (using original profile data) to aid in quantification and distribution over the whole 

IR dosage spectrum. 
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