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ABSTRACT

Ever since the isolation of Deinococcus radiodurans from y-radiation treated 

canned meat in 1956, this bacterium has been the subject of research aimed at 

understanding the extreme radiation resistance phenotype. The ability of D. radiodurans 

to survive extremely high doses of acute irradiation and grow vegetatively under chronic 

irradiation is now being developed by the U. S. Department of Energy (DOE) for 

microbiological treatment of radioactive waste sites generated by nuclear weapons 

production during the Cold War. Despite intensive computational analysis of the D. 

radiodurans genomic sequence, the molecular basis of its resistance phenotype remains 

unclear. This thesis develops new insight into resistance mechanisms using both 

physiological and differential expression approaches.
Previous reports have suggested that the resistance phenotype of D. radiodurans 

is a secondary characteristic that evolved to help the organism survive desiccation, where 

DNA repair genes play a dominant role in its recovery from DNA damage induced by 

free radicals produced following re-hydration. However, D. radiodurans mutants that are 

sensitive to desiccation, but resistant to radiation have recently been reported. A 

comprehensive understanding of this organism’s resistance functions have been further 

confounded by its genomic annotation which revealed that D. radiodurans encodes fewer 

known DNA repair genes than the relatively radiation sensitive Escherichia coli. These 

findings suggest that the organism’s extreme resistance phenotype may be attributable to 

still unknown genes and pathways.
Physiologic analyses for D. radiodurans reported in this thesis support a close 

relationship between its metabolic configuration, oxidative stress production, and DNA 

repair Additionally, growth of D. radiodurans was found to be Fe-independent. Since 



Fe-independent growth of obligate aerobic chemoorganotrophic bacteria is rare, it is 

possible that avoiding toxic free radicals typically generated by the Fenton reaction 

during metabolism or irradiation could facilitate the extreme resistance of D. 

radiodurans. In D. radiodurans, it appears that DNA repair systems operate with little 

interference from the genotoxic effects of free radicals typically generated by aerobic 

metabolism.

The possible contribution of metabolism to radiation resistance was further 

explored by studying the RNA expression dynamics of D. radiodurans recovering from 

an acute dose of radiation (15 kGy) using high throughput DNA microarrays and real

time polymerase chain reaction (RT-PCR). Genes induced in the early-phase of recovery 

included those involved in DNA replication, repair, recombination, cell wall metabolism, 

cellular transport, and many encoding uncharacterized proteins. In particular, differential 

expression of its tricarboxylic acid (TCA) cycle and glyoxylate bypass appeared to 

suppress production of oxygen free radicals, and many novel genes were implicated in 

cellular repair. Collectively, this thesis presents data supporting that the extreme 

radiation resistance phenotype is the product of both metabolic functions and DNA repair 

genes.
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Chapter 1: Introduction

1.1 Evolution of Extremely Radiation Resistant Bacteria

Gregor Mendel described the basic nature of the genetic unit of function (gene) in 1865 

in his papers establishing the laws of inheritance, but the importance of his work was not realized 

until decades later. The rise to prominence of Mendel’s work was at a time of growing evidence 

supporting the existence of atoms, occurrence of chemical bonds, and the interaction between 

chromosomes and radiation (Watson, 2000; Dewald, 1977). The study of the effects of radiation 

on living organisms subsequently gave rise to the field of radiation biology (Shapiro, 2002).

Ionizing radiation is the most lethal form of radiation because it causes DNA double

strand breaks (DSBs), which destroy the linear integrity of DNA and result in loss of genetic 

information if not repaired (Shapiro, 2002). Gamma (y) and X-rays are uncharged, short 

wavelength, very high-energy electromagnetic waves released by certain atomic transformations 

(e.g., ionization). They are emitted as packets of energetic photons and are frequently released 

together with beta (p)-particles (e.g., ,37Cs [y, P"]E; 60Co [y, P”]E), that also cause DNA damage 

(Shapiro, 2002). About 80% of DNA damage caused by ionizing radiation is believed to result 

from the indirect action of free radicals, the remaining 20% by direct interaction between y- 

photons and DNA (Repine et al., 1981). In the presence of water and oxygen, ionizing radiation 

is known to generate hydrogen peroxide (H2O2) by free radical chemistry arising from the 

radiolysis of water (Jakubovics, 2001). In the presence of Fe(II), the Fenton reaction rapidly 

decomposes H2O2 generating hydroxyl radicals (’OH) (Jakubovics, 2001), that damage DNA. 

Most organisms are extremely sensitive to the effects of ionizing radiation. An acute dose of just 

5 Grays (Gy) (1 Gy = 100 rads) is lethal to the average human (Thronley, 1963). Typically 

because of their very large sizes, mammalian genomes (1-4 Giga [billion] base pairs [bp]) are 

more susceptible to radiation than organisms with relatively small genomes (0.5 — 10 Mbp for 

bacteria). However this simple correlation between genome size and radiation resistance breaks 

down when considering extremely radiation resistant bacteria that show even greater radiation 

resistance than some of the smallest known viruses (e.g., coconut foliar decay virus, 1.2 kbp) 

(Rohde et al., 1990). The genetic mechanisms underlying extreme radiation resistance in 

bacteria are unknown, but likely are a product of a complex set of genes and their interaction 

with the environment (Liu et al., 2003).
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The evolution of the extremely radiation resistant D. radiodurans (Anderson et al., 1956) 

is remarkable given the apparent absence of highly radioactive habitats on Earth over geologic 

times. There are relatively few known environments on Earth that could have delivered acute 

doses, on the order of millions of Gy. Examples include environments that are frozen (e.g., 

permafrost) (Friedmann, 1993) or desiccated (e.g., salt deposits [Stan-Lotter et al., 1999], amber 

[Lambert et al., 1998], and desserts Lehner et al., 2001). It is within these environments that 

immense doses of background radiation could have accumulated over millions of years.

Historically, the best-known radiation resistant bacterium is D. radiodurans (Anderson et 

al., 1956). Questions addressed in this thesis revolve around the evolution of radiation resistance 

in D. radiodurans and the cellular and genetic mechanisms underlying this remarkable 

phenotype. After acute exposures to 15 kGy, D. radiodurans can reassemble its 3.285-Mbp 

genome, which consists of 4 haploid genomic copies per cell (Hansen, 1978), from hundreds of 

DNA DSB fragments without lethality or induced mutagenesis (Battista, 1997; Daly, 2000; Daly 

et al., 1994a; Daly and Minton, 1996, 1997; Makarova et al., 2001). In stationary phase, D. 

radiodurans does not show any lethality to irradiation up to about 10 kGy and 37% survival at 

about 15 kGy (Moseley and Evans, 1983). By comparison, E. coli shows 100% survival 

extending to 0.3 kGy and 37% survival at 0.5 kGy (Smith and Martignoni, 1976), a 30-fold 

difference in resistance (Sweet and Moseley, 1976). Furthermore, D. radiodurans can grow 

vigorously in the presence of chronic ionizing radiation (60 Gy/hour), whereas E. coli cannot and 

is rapidly killed (Lange et al., 1998; Brim et al, 2000). Because most organisms, generally, can 

tolerate so few DSBs (Krasin and Hutchinson, 1977), radiation-induced DSBs and their repair 

have been difficult to study. In D. radiodurans, however, there are so many DSBs in fully viable 

irradiated cells following high-dose irradiation that the steps in DSB repair can be monitored 

directly in mass culture (Daly e/ al., 1994a; Daly and Minton, 1996; Daly and Minton, 1997). 

These characteristics have been exploited and used to examine the timing of DNA recombination 

(Daly et al., 1994a; Daly and Minton, 1996; Daly and Minton, 1997) following high-dose 

irradiation, and has revealed the sequential action of RecA-independent and RecA-dependent 

pathways during repair (Daly and Minton, 1996). These characteristics were also the impetus for 

sequencing the genome of D. radiodurans and the ongoing development of this organism for 

practical purposes such as bioremediation of radioactive waste sites (Brim et al., 2000; Daly, 

2000; Lange et al., 1998).
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1.2 Isolation of D. radiodurans

The bacterium D. radiodurans (formerly Micrococcus radiodurans) strain RI was 

discovered as a contaminant in y-radiation treated canned meat by Anderson and coworkers at 

the Oregon Agricultural Experiment Station in 1956 (Anderson et al., 1956). Pure culture 

isolation yielded a red-pigmented, nonsporulating, nonpathogenic, obligate aerobic bacterium 

that was extremely resistant to y-radiation (Anderson et al., 1956). Further investigations 

revealed that D. radiodurans is also resistant to a range of other DNA damaging conditions such 

as desiccation, UV light (Tempest and Moseley, 1982), H2O2 (Wang and Schellhom, 1995), and 

to certain mutagens like mitomycin C (Kitayama, 1982) and nitrous acid (Sweet and Moseley, 

1976), but the molecular mechanisms underlying all of these capabilities remain unknown. Soon 

after the isolation of D. radiodurans RI, a second strain of D. radiodurans (SARK) was isolated 

as an air-contaminant in a hospital in Ontario, Canada (Murray and Robinow, 1958). Six other 

extremely radiation resistant deinococcal strains have been isolated since then: Deinococcus 

radiopugnans from haddock tissue (Davis et al., 1963), Deinococcus radiophilus from Bombay 

duck (Lewis, 1971), Deinococcus proteolyticus from the feces of Lama glama (Kobatake et al., 

1973), the rod-shaped species Deinococcus grandis from elephant feces (Oyaizu, 1987), and two 

moderately thermophilic species Deinococcus geothermalis and Deinococcus murrayi from hot 

springs in Portugal and Italy, respectively (Ferreira et al., 1997). These bacteria comprising the 

family Deinococcaceae were originally classified as belonging to the genus Micrococcus 

(Anderson et al., 1956). However, a detailed biochemical and structural analysis of their cell 

wall distinguished them from true members of the genus Micrococcus (Brooks et al., 1980). 

Later, 16S rRNA sequence analysis showed that the Deinococcaceae are very closely related to 

the genus Thermus (Sab = 0.22 to 0.29) (Rainey et al., 1997).

1.2.1 Natural Habitat of Deinococci

Usually described as soil bacteria, the natural habitat of Deinococci still remains 

undefined. Various ecological surveys have shown that these organisms can be isolated from a 

range of environments including nutritionally rich conditions such as meat (Davis et al., 1963; 

Evans and Moseley, 1983), animal feces (Ito et al., 1983), and damp surface soils (Masters et al.,
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1991b), or from nutritionally restricted and desiccated conditions such as room dust (Christensen 

and Kristensen, 1981), medical instruments (Christensen and Kristensen, 1981), air purification 

systems, dried fruits (Maxey and Rowley, 1978), textiles (Christensen and Kristensen, 1981), 

and the Antartic Dry Valleys (Counsell and Murray, 1986). The isolation of the Deinococci from 

such diverse environments does not explain the origin of the extreme radiation resistance 

phenotype. One possibility could be that this phenotype evolved as a defense mechanism against 

DNA damage resulting from cycles of desiccation and rehydration (Battista, 1997; Mattimore 

and Battista, 1996), where the desiccated state of Deinococcus represents a dormant stage of its 

life cycle.

1.2.2 Cell Structure of D. radiodurans

In nutrient rich medium, D. radiodurans grows as clusters of two and four cells (Figure 

1.1) (Murray, 1986, 1992) known as diplococci and tetracocci, where each cell compartment 

contains 4-8 copies of its genome (Hansen, 1978). The cell envelope of D. radiodurans is very 

unusual (Murray, 1986, 1992). Although D. radiodurans stains Gram-positive, the structural and 

biochemical composition of its cell envelope also shares similarities with Gram-negative bacteria 

(Anderson et al., 1956, Murray, 1986, 1992). Electron microscopy reveals the presence of at least 

6 different layers of the cell envelope: the innermost plasma membrane followed by the 

perforated peptidoglycan containing cell wall (Holey layer) (Murray, 1992; Makarova et al., 

2001). The third layer is the compartmentalized layer. The forth layer is the outer membrane 

followed by a fifth distinct electrolucent layer. The sixth layer is the S-layer, which contains 

regularly packed hexagonal protein subunits. Some of the deinococcal strains also exhibit an 

additional layer, a dense carbohydrate coat. The only layers involved in cell division are the 

cytoplasmic membrane and the peptidoglycan layers. Collectively, the others are regarded as a 

sheath, since they surround groups of cells and form on the surface of daughter cells as they 

separate (Murray et al., 1983).
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Figure 1.1. Analysis of D. radiodurans Cell Structure by Transmission Electron Microscopy 

(TEM). TEM of D. radiodurans grown in TGY medium showing wall structure and nucleoid 

morphology. Panel A shows an example of a D. radiodurans tetracoccus grown in rich medium 

(TGY). Panel B shows the cell wall structure of D. radiodurans. EM scale bars in A = 1 pm and 

B = 0.5 pm. pg, peptidoglycan layer; cc, carbohydrate coat.
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Figure 1.1

A. Vasilenko
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Quintela and coworkers (1999) (Quintela et al., 1999) have analyzed the biochemical 

structure of D. radiodurans SARK using mass spectrometry and compared its peptidoglycan fine 

structure to that of Thermus thermophilis, which is closely related to D. radiodurans. Their study 

indicated a similarly between their cell wall mureins, where both mureins originate from the 

same basic monomeric subunit. Furthermore, they found that Deinococci and Thermus species 

are the only two genus’ yet identified which have the murein chemotype A30 (Quintela et al., 

1999).

1.2.3 Genome of D. radiodurans RI

The construction of a whole genome shotgun optical map for D. radiodurans (strain RI 

unless stated otherwise) was reported in September 1999 (Lin et al., 1999), and this was 

immediately followed by the release of its complete genome sequence (White et al., 1999). The 

3,284,156 bp genome of D. radiodurans consists of a main chromosome (DRMain: 2,648,638 

bp), a smaller chromosome (DRA: 412, 348 bp), a megaplasmid (DRB: 177,466 bp) and a small 

plasmid (DRC: 45,704 bp) (Makarova et al., 2001). While stationary phase cultures of D. 

radiodurans contain 4 copies of its genome per cell, exponentially growing cells have 8-10 

copies of the genome per cell (Hansen 1978; Harsojo et al., 1981). The GC rich (66.6%) genome 

of D. radiodurans encodes 3,195 predicted open reading frames (ORFs) (Makarova et al., 2001) 

of which 90.9% were assigned as protein coding regions.

The D. radiodurans annotation reveals numerous genes that appear to have been acquired 

by horizontal gene transfer from several eukaryotes (Makarova et al., 2001). Examples include 

the Vacuolar (V)-type proton ATP synthase that appears to have replaced the FiFo form typically 

present in free-living bacteria; the presence of poxviruses topoisomerases IB (Krogh and 

Shuman, 2002); and phytochrome-like proteins that belong to a family of red/far-red light 

sensors typically found in photosynthetic organisms (Bhoo et al., 2001). Horizontal gene transfer 

from archeae to D. radiodurans is also believed to have occurred. Fabrega and coworkers (2001) 

have described the presence of a unique cysteinyl-tRNA synthetase in D. radiodurans and 

Methanococcus jannaschii (Fabrega et al., 2001). This cysteinyl-tRNA synthetase sequence 

lacks the characteristic sequence motifs classically associated with this synthetase in prokaryotes 

(Fabrega et al., 2001).
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Analysis of the D. radiodurans genome has identified a broad spectrum of DNA repair 

genes, which includes an intact uvrABCD system (nucleotide excision repair), the intact recA and 

ruvABE systems (recombinational repair system), and an intact mismatch repair system 

(Makarova et al., 2001). Also identified are genes encoding the removal of oxygen free radicals 

(sod genes) via H2O2 (catalase, katA). How these encoded functions interact to protect and 

restore DNA in D. radiodurans is unknown, but it is clear that the presence of multiple genome 

copies per cell is important for homologous recombination (Daly et al, 1994a; Daly and Minton, 

1995a and 1997). This notwithstanding, genome multiplicity alone is insufficient to explain its 

radiation resistance (Harsojo et al., 1981) since Micrococcus luteus, Micrococcus sodonensis and 

Azotobacter vinelandii all contain multiple genomic copy numbers, but are very sensitive to 

radiation (Majumdar and Chandra, 1985; Punita et al., 1989; Sadoff et al., 1979).

The number of DNA DSBs inflicted during an acute irradiation exposure depends on 

several factors including genome size, the dose of radiation, and the growth/physiologic state of 

the cells. An acute dose of 15 kGy has been reported to cause about 150 DSBs per haploid 

chromosome in D. radiodurans (Daly et al., 1994a, 1994b), which it can repair within hours 

(Daly et al., 1994a, 1994b; Kitayama and Matsuyama, 1971; Sweet and Moseley, 1974, 1976). 

By comparison, only 1-3 DSBs per chromosome is believed to be lethal to E. coli (Krasin and 

Hutchinson, 1977).

1.2.4 How Does D. radiodurans Survive Radiation?

Optical mapping of genomic DNA isolated from irradiated (17.5 kGy) D. radiodurans 

confirmed that it sustains ~ 200 DSBs per haploid genome, originally determined by pulsed field 

gel electrophoresis (Daly et al., 1994b). Whether or not the same amount of DNA damage is 

inflicted at high irradiation doses in other organisms is unknown, but there is no doubt that the 

accumulation of DSBs ultimately leads to cell death irrespective of which organism is irradiated 

(Daly et al., 1994a). Repairing DSBs without mutation or other rearrangements is very difficult 

since a DSB cannot be accurately repaired without a homologous DNA repair template. The 

observed persistent multiple genome copies in D. radiodurans meets the requirement for having 

homologous repair templates, and highly efficient interchromosomal and interplasmidic 

recombination following DNA damage has been reported (Daly et al., 1994a; Daly and Minton,
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1995a, 1996 and 1997). So, how does D. radiodurans achieve this feat of genomic restoration? 

One hypothesis proposes that the multiple genomic copies of D. radiodurans chromosomes are 

structurally aligned and where DSBs are never far removed from potential repair templates (Daly 

and Minton, 1995b; Minton and Daly, 1995). This could simplify the search for homology and 

could explain its efficient RecA-dependent and RecA-independent homologous DNA repair 

pathways (Daly and Minton, 1995b; Minton and Daly, 1995). However, little experimental data 

has been obtained to support this alignment hypothesis since it was originally proposed in 1995 

(Daly and Minton, 1995b), and the most recent annotation of the D. radiodurans genome did not 

reveal an unusual assortment of DNA repair genes compared to other sequenced organisms 

(Makarova et al., 2001; Karlin and Mrazek, 2001; Gerard et al., 2001).

While the genetic and cellular systems responsible for extreme radiation resistance 

remain a mystery, the recovery of D. radiodurans following massive exposure to ionizing 

radiation does appear to result from an orderly process (Battista, 1997; Makarova et al., 2001). 

Immediately following acute irradiation, DNA replication and cell division cease and DNA 

repair pathways are activated (Daly et al., 1994; Daly et al., 1997 Daly and Minton, 1995 and 

1996). And, the time required for DNA restoration is dose dependent; i.e., the larger the 

radiation dose, the longer the recovery time (lag phase) (Dean et al., 1966; Lett et al., 1967, 

Minton 1995, Daly et al., 1994b).
Post-irradiation protein synthesis has been studied in D. radiodurans (Hansen, 1980). At 

least four uncharacterized proteins (a, p, y, 5) are synthesized immediately after exposure to 

ionization radiation (Hansen, 1980). The induction of post-irradiation protein synthesis appears 

to be very important for cell survival. For example, RecA (Carroll et al., 1996) is induced within 

one hour of exposure to y-radiation, and recA' mutants are very sensitive to irradiation. 

Furthermore, exposure of D. radiodurans cell cultures recovering from irradiation to 

chloramphenicol results in cell death (Kitayama and Mastsuyama, 1971), underscoring the 

importance, in general, of protein expression during recoveiy. D. radiodurans can sense the 

completion of DNA repair and subsequently enters logarithmic growth after a lag-phase that can 

last up to 12 hours (Daly et al., 1994a; Daly and Minton 1997; Daly and Minton, 1995a and 

1996). The genetic systems responsible for recoveiy from acute doses of irradiation appear to be 

the same as those that allow growth of D. radiodurans under chronic radiation (60 Gy/hour)
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(Lange et al., 1998), since DNA repair mutants (e.g., recA') cannot grow under chronic 

irradiation.

In D. radiodurans, the repair of DNA damage inflicted under acutely or chronically 

delivered irradiation is dependent on nutrient rich conditions (Minton, 1994). Following acute 

irradiation in rich medium, export of damaged DNA components from the cell has been reported 

(Varghese and Day, 1970; Vukovic-Nagy et al., 1974). This form of cellular cleansing is 

believed to remove the damaged nucleotides from the cell and may prevent their incorporation 

into DNA during replication (Vukovic-Nagy et al., 1974). The pyrophosphohydrolases of the 

Nudix superfamily (“nucleotide diphosphate linked to some other moiety x”) are also considered 

to be involved in cellular cleansing (Bessman et al., 1996). For example, the repair enzyme 

MutT, that is the founding member of the Nudix family, plays an important role in bacterial 

sanitization by its GTPase activity. Suggesting that metabolic regulation is also important to 

cellular recovery, a recent report (Fisher et al., 2002) shows that the Nudix hydrolase enzyme 

encoded by DR2356 has 5-phosphoribosyl 1-pyrophosphate (PRPP) activity leading to the 

generation of ribose 1,5-biphosphate (Rib-1, 5-Pi), a physiological regulator of glycolysis and 

the fructose 6-phosphate/fructose 1,6-biphosphate cycle (Fisher et al., 2002). Whether or not 

these responses to acute irradiation are also active in cells growing under chronic irradiation is 

unknown.

1.2.5 DNA Repair Pathways

Many conventional DNA repair pathways are present in D. radiodurans (Makarova et al., 

2001). These include the nucleotide excision repair (NER), base excision repair (BER), and 

recombinational repair systems. Bacterial NER systems identify bulky lesions such as UV- 

induced pyrimidine dimers and other damaged bases in DNA, and excise and repair such damage 

(Lewin, 2000). Of numerous excision repair systems identified in bacteria, the UVR repair 

system is the most characterized, and typically consists of three genes uvrA, uvrB, and uvrC, 

which work as a complex to repair UV-damaged nucleotides. The UvrAB combination 

recognizes and binds to damaged nucleotides. Then, UvrA dissociates and UvrC binds to UvrB. 

UvrBC, then makes a single-strand incision at flanking sides of the damaged nucleotide 

complex, which is followed by the release of single-stranded DNA between the two cuts by a 
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helicase (UvrD) (Figure 1.2). Two uvrA copies (uvrA-1, and uvrA-2) have been identified in D. 

radiodurans (Agostini et al., 1996; Narumi et al., 1997). The uvrA-1 plays a dominant role in the 

NER and its product has 52% homology to E. coli and Micrococcus luteus UvrA. The annotation 

of D. radiodurans genome supports the presence of a functional UvrB (DR2275) and UvrC 

(DR2354). However, there is currently no experimental evidence to support direct interaction 

between UvrA, UvrB and UvrC in D. radiodurans.

In D. radiodurans, two independent excision repair pathways for UV light damage have 

been described (Mosseley and Evans, 1983). One excision pathway is activated by the protein 

endonuclease-a, which is the product of uvrA-1 (Moseley et al., 1983) and the other by 

endonuclease-p, a 36-kilo Dalton (kDa) manganese requiring protein, which is encoded by uvs. 

uvrA-1' strains of D. radiodurans show wild-type levels of resistance to UV light exposure 

(Agostini et al., 1996) while mutational inactivation of uvs (uvsC, uvsD, or uvsE) results in only 

moderate sensitivity to UV damage (Gutman et al., 1991). Induction of complete UV sensitivity 

in D. radiodurans requires inactivation of both genes: wvr^-7-and uvs (Earl et al., 2002b). There 

have been contradicting reports regarding the functional characterization of endonuclease-p; it 

was originally thought to have a pyrimidine-dimer DNA glycosylase function (Gutman et al., 

1991), but a recent report suggests that, it has UV damage endonuclease activity (Earl et al., 

2002b).
Generally, BER systems remove individual damaged/altered bases in DNA sequence. 

Damaged bases are first excised by DNA glycosylases and apurinic or apyrimidinic (AP)- 

specific endonucleases, which catalyze cleavage of sugar-base bonds in DNA, and exposed 

phosphodiester bonds, respectively. DNA polymerase and DNA ligase then restore the correct 

sequence using the undamaged strand as a template (Figure 1.3). The genomic annotation of D. 

radiodurans predicts the presence of three uracil-DNA glycosylases (DR0689, DR1751, and 

DR0022). Cloning and characterization of the products of these three loci have revealed the 

existence of a family class I (DR0689) and two family class IV (DR1751 and DR0022) uracil- 

DNA glycosylases (Sadigursky et al., Unpublished data). Other DNA repair systems essential 

during replication such as thymine glycol glycosylase (Masters and Minton, 1992), and a 

decarboxyribophosphodiesterase, have been detected in cell extracts of D. radiodurans (Mun et 

al., 1994).
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Figure 1.2. Excision Repair of DNA by E. coli UvrABC Mechanism. Two molecules of UvrA 

and one from UvrB form a complex that moves randomly along DNA (steps 1 and 2). Once the 

complex encounters a lesion, conformational changes in DNA, powered by ATP hydrolysis, 

cause the helix to become locally denatured and kinked by 130° (step 3). After UvrA dimmer 

dissociates (step 4), the UvrC endonuclease binds and cuts the damaged strand at two sites 

separated by 12 or 13 bases (steps 5 and 6). UvrB and UvrC then dissociate, and helicase II 

unwinds the damaged region (step 7), releasing the single-stranded fragment with the lesion, 

which is degraded to mononucleotides. The gap is filled by DNA polymerase I, and the 

remaining nick is sealed by DNA ligase (step 8) [Adapted from Lodish et al., Molecular Cell 
Biology, W. H. Freeman and Company, 4th edition; A. Sancar and J. Hearst, 1993, Science 

259;1145].
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Figure 1.3. Base-Excision Repair. In this example, uracil (U) has been formed by deamination 

of cytosine (C) and is therefore opposite a guanine (G) in the complementary strand of DNA. 

The bond between uracil and the deoxyribise is cleaved by a DNA glycosylase, leaving a sugar 

with no base attached in the DNA (an AP site). This site is recognized by AP endonuclease, 

which cleaves the DNA chain. The remaining deoxyribose is removed by 

deoxyribosephosphodiesterase. The resulting gap is then filled by DNA polymerase and sealed 

by ligase, leading to incorporation of the correct base (C) opposite the G. [Adapted from The 
Cell, A Molecular Approach. 2nd Edition 2000].
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Recombinational repair systems use an undamaged homologous sequence to restore the 

correct order of nucleotide sequences and play an important role in repair of DNA DSBs. RecA 

and PolA play a central role in recombinational repair. D. radiodurans synthesizes both, 

although recA is expressed at high levels only during DNA repair (Carroll et al., 1996). recA 

mutants of D. radiodurans are sensitive to DNA damaging agents including mitomycin-C 

(Moseley and Copeland, 1978; Masters et al., 1991a), ionization radiation, and UV light 

(Gutman et al., 1993). Unlike uvrA and polA, the recA deficiency cannot be complemented by 

expression of E. coli recA in D. radiodurans even though E. coli RecA is 56% identical to D. 

radiodurans RecA (Gutman et al., 1993).

The expression of D. radiodurans recA in E. coli was originally thought to be lethal 

(Dean et al., 1970). However, Kim et al., (2002) have recently re-cloned and expressed 

Deinococcal RecA in E. coli (Kim et al., 2002) showing that D. radiodurans RecA could 

perform the typical functions associated with it (Kim et al., 2002, Kim and Cox, 2002) which 

include the formation of striated filaments on single stranded and double stranded DNA, 

promotion of efficient DNA strand exchange reaction, and the presence of DNA dependent 

nucleoside triphosphate activity. Furthermore, when compared to E. coli RecA, D. radiodurans 

RecA was found to be unusual; D. radiodurans RecA promotes strand exchange best at pH 8.1 

although it exhibits similar ATP hydrolysis rate in both higher and lower pH (Kim et al., 2002) 

and shows more efficient binding to duplex DNA (Kim et al., 2002). During DNA repair in E. 

coli, activation of RecA by LexA induces the SOS (error prone DNA repair) system (Friedberg, 

1996), which involves expression of a series of genes including those that suppress cell division 

(e.g., sulA), and prevent mutagenesis (e.g., umuD and umuC). Characteristic of the SOS 

response, a few reports show that pre-exposure to low doses of ionization radiation, UV light or 

hydrogen peroxide increases the resistance of D. radiodurans to subsequent radiation (Tan and 

Maxey, 1986; Wang and Schellhom, 1995). However, investigation of RecA synthesis in lexA 

mutant strains of D. radiodurans has revealed that LexA is not involved in the induction of RecA 

(Narumi et al., 2001) and supports that D. radiodurans does not display the classically defined 

SOS response system as observed in E. coli.

In an attempt to identify novel genes that contribute to recovery from DNA damage, 

Udupa and coworkers (1994) (Udupa et al., 1994) generated 41 D. radiodurans mutants (by 

chemical mutagenesis) that are sensitive to ionization radiation (Udupa et al., 1994). Further 
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investigation of one of these radiation sensitive strains, IRS24, which carries a mutation in an 

uncharacterized locus called irrE, revealed that it is a novel regulator of recA expression (Earl et 

al., 2002a). The authors showed that mutation of this gene (DR0167) results in decreased recA 

expression following exposure to ionization radiation (Earl et al., 2002a). Notwithstanding these 

reports, only few novel genes affecting radiation resistance in D. radiodurans have been 

identified. Over the last decade, this has confounded efforts to develop a clear understanding of 

the genetic systems underlying the extreme radiation resistance phenotype. Further complicating 

attempts to correlate D. radiodurans' ability to survive diverse forms of DNA damage, a recent 

report suggests that inactivation of two uncharacterized genes (DR 1172 and DRB0118), that 

encode proteins similar to desiccation-induced proteins in plants, leads to desiccation sensitivity 

but not to sensitivity to ionizing radiation (Battista et al., 2001). As such, these results (Battista et 

al., 2001) weaken the hypothesis that the extreme radiation resistance phenotype is a secondary 

characteristic arising from the desiccation resistance phenotype, both of which are known to 

cause DNA DSBs (Daly et al., 1994b; Mattimore and Battista, 1996). To date, the most unusual 

DNA repair system identified in D. radiodurans is the RecA-independent single-stranded DNA 

annealing pathway (Daly and Minton, 1996). This pathway, first reported in yeast (Fishman- 

Lobell et al., 1992), was found to be active in D. radiodurans during and immediately after DNA 

damage and before the onset of RecA-dependent DNA repair, and accounted for repair of one 

third of all DSBs following exposure to acute irradiation (Daly and Minton, 1996). However, the 

genes encoding SSA in D. radiodurans repair remain unidentified.

1.3 New Technologies Developed For Analysis of Cellular Expression of RNA and Proteins.

The 50th anniversary of Watson and Crick’s discovery of the structure of DNA highlights 

the beginning of a new where advances in molecular biology have made possible whole genome 

sequencing. And, unquestionably, one of mankind’s greatest scientific triumphs has been the 

sequencing of the human genome (Venter et al., 2000, Lander et al., 2001). Rapid technological 

advances in DNA and protein analysis have followed this achievement and are transforming 

biology into a computationally driven science based on high-throughput technologies such as 

whole genome microarrays and high throughput proteomics.
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1.3.1 DNA Sequencing

DNA sequencing is the process by which the accurate nucleotide order of a DNA strand 

is determined. DNA sequencing protocols developed by Sanger et al. (1977) (Sanger et al., 

1977) and Maxim and Gilbert (1977) (Maxim and Gilbert, 1977) have become the foundation of 

this extraordinary technique. The first complete genome sequence of a free-living organism 

(Haemophilus influenzae) was published in 1995 (Fleischmann et al., 1995). Since then, 222 

whole genome sequences have been deposited in Genbank and a further 134 genome projects are 

underway (http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/bact.html). The first draft of the 

complete human genome was reported in June 2000 (Venter et al., 2000; Lander et al., 2001). 

The availability of the complete genome sequence of an organism plays an important role in 

understanding the unique characteristics associated with it. Biologists are now examining these 

genomes in an effort to decipher the many messages that Nature is presenting and rapid progress 

is being made in understanding life. The analysis of these genomes has already had a profound 

impact on human health, world agriculture, industrial bioproduction, and environmental 

biotechnology (e.g., bioremediation with D. radiodurans).

The whole genome sequencing of free-living organisms from different taxonomic groups 

have further given rise to the field of ‘functional genomics’ that is dedicated to assigning 

(annotation) and experimentally confirming the function of open reading frames (ORFs). 

Programs such as Basic Local Alignment Search Tool (BLAST) (Altschul and Koonin, 1998; 

Altschul et al., 1997) are used to compare newly sequenced genomes to those already annotated, 

thereby correlating the functional identity of predicted ORFs with other conserved genes and 

protein families. The current method of choice for DNA sequencing is the ‘random shotgun 

method’ which is a three-stage process: 1) Sequencing: Total DNA is purified from an organism 

and fragmented into short random segments (-2,000 bp). Segments are separately cloned, and 

individual clones analyzed by automated sequencing machines that read the linear DNA 

sequence of each biochemical “letter” (A, T, C, G) on a segment; 2) Assembly: Once the 

thousands of segments have been read, a super-computer arranges the information into 

contiguous sequences by finding overlaps on matching adjacent contiguous pieces (contigs); and 

3) Annotation: Armed with the full sequence, bioinformaticists look for genes (e.g., 

ftp://ncbi.nlm.nih.gov/pub/koonin/), and once genes are identified, researchers can begin to
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confirm/determine the biochemical functions encoded by the genes (functional genomics) using 

high throughput approaches including DNA arrays that examine gene expression patterns.

1.3.2 DNA Microarrays

Whole genome DNA microarray chips now exist that allow expression analysis of entire 

genomes, where thousands of transcriptional profiles of unique messenger RNAs (mRNAs) can 

be examined simultaneously (Kurian et al., 1999). A typical DNA microarray chip consists of an 

orderly arrangement of either gene-specific PCR amplified sequences or oligonucleotides 

(Kurian et al., 1999). Their potential applications span advances in identifying and treating 

human diseases (Toder, 2002), to understanding the responses in the simplest organisms adapting 

to changing environments (Tao et al., 1999). DNA microarray technologies are based on three 

basic components: 1) a DNA array printer, 2) a spot fluorescence reader, and 3) computational 

and statistical analysis of data.

1. DNA array printer ( , Gershon, 2002): A highly sophisticated 

robotic printer equipped with special pins is used to spot cDNAs or oligonucleotides onto 

glass slides. The primary requirement for laying out a gene chip is the availability of a 

high quality whole or partial genome sequence. For example, the microarray construction 

of D. radiodurans was based on the entire genomic sequence data and annotation 

provided by The Institute for Genomic Research (TIGR, Rockville, MD) and the National 

Center for Biotechnology Information (NCBI), where a total of 3,195 putative open 

reading frames (ORFs) were assigned to its genome (Makarova et al., 2001). For PCR, 

unique gene-specific primers were selected using, for example, the software 

PRIMEGENS (Xu et al., 2002) ( ).

http://www.gene-chips.com

http://compbio.oml.gov/structure/primegens/
2. The florescence reader ( , Gershon, 2002): The hybridized 

array slides are scanned with a confocal laser scanner (e.g, ScanArray™ 5000 

microarray analysis system, GSI Lumonics, Watertown, MA), which detects the 

florescence emitted by the dyes used to label the cDNA (transcript probes) and generates 

hybridization images. Different florescent dyes are used to label the control and the 

experimental samples enabling differential expression display.

http://www.gene-chips.com



3. Computational analysis of data [ ]: Specialized data 

quantification softwares such as Imagene5.2 convert the luminescence of hybridization 

images to numerical values. The images obtained from control and experimental samples 

are compared before quantification. Typically, the differences in labeling and detection 

efficiency of the two florescent tags are compensated using an internal control as a 

standard. Multiple replicate data points obtained from hybridization images are 

normalized and statistically analysed by software’s such as GeneSpring 

( ), and 

ArrayStat ( ).

http://www.gene-chips.com

http://www.silicongenetics.com/cgi/SiG.cgi/Products/GeneSpring/index.smf

http://www.imagingresearch.com/products/AST.asp

1.3.3 Proteomics

The differential expression of mRNA detected by microarray analysis cannot be directly 

correlated to protein levels in cells (Pandey and Mann, 2000; Shen and Smith, 2002) because of 

variability in the functional life span of mRNA and its protein products (Pandey and Mann, 

2000). Therefore, a goal of high throughput genomic-based technologies has been to develop 

techniques that can determine the levels of distinct proteins within the environment of all cellular 

proteins. The cataloging of expression and structural analysis of every protein encoded within a 

sequenced genome is known as “Proteomics.” The use of 2-D gel electrophoresis to resolve 

individual purified proteins from a mixture of thousands of proteins expressed by an organism 

(Pandey and Mann, 2000; Perkel, 2001) has until recently been the most common experimental 

approach in proteomics. However, 2-D proteomics is restricted by the large quantity of protein 

extract needed for analysis, lack of reproducibility, inability to resolve large proteins (e.g., 

proteins with a size >100 kDa), extremely basic or acidic proteins, and membrane proteins. 

Many of these limitations have been overcome by recent advances in mass spectrometry (MS) 

(Perkel, 2001). Identification of proteins/peptides by MS involves their ionization into a gaseous 

phase (Figure 1.4) and separation using powerful magnetic fields, yielding mass (m) and charge 

(z) ratios that are specific to individual proteins/peptides (Pandey and Mann, 2000). For even 

higher resolution, tandem MS (see below) can be coupled with capillary separation techniques 

such as liquid chromatography and used to separate and analyze complex mixtures of proteins, 

based on extremely high resolution of peptides regardless of their size or polarity. When 

20



correctly identified, these peptides have mass/charge ratios that are diagnostic of the proteins 

from which they are derived, and are referred to as ‘acurate mass tags’ (AMTs) (Lipton et al., 

2002). Furthermore, following purification of whole protein complexes (e.g., epitope-tagging) 

(Mann et al., 2001), protein-protein interactions also can be defined using the AMT-tandem MS 

approach. The mass spectrometric separation of proteins usually involves three components:

1. An ionizing source (Mann et al., 2001): Ionizing sources such as matrix-assisted laser 

desorption ionization (MALDI) (Figure 1.4) or electrospray ionization (ESI) impart an 

electrical charge to peptide molecules. MALDI requires solid samples, which are mixed 

with an excess of matrix materials such as a-cyano-4-hydroxycinnamic acid or 

dihydrobenzoic acid and precipitated, and where subsequent exposure of this precipitated 

peptide matrix to laser light (337 nm) positively charges the molecules. In contrast, ESI is 

a liquid phase method where peptides are electrically charged by passage through a small 

capillary tip in the presence of an electric charge (Perkel, 2001).

2. An analyzer (Mann et al., 2001): Once the peptide molecules are ionized, the MS 

instrument calculates its m/z ratio. The most commonly used mass analyzers are the time- 

of-flight (TOF), triple-quadrupole, quadrupole-TOF and ion trap instruments. TOF 

assumes that the ionized peptides have the same kinetic energy (mass x velocity) and 

hence can be separated by their masses (i.e., the larger the masses are, the slower the 

peptides move, and the greater their flight-path is deviated). The quadrupole analyzers 

have four chambers with varying electric fields in them. So, ions with only certain 

mass/charge ratios are able to reach the detector. The TOF method is most commonly 

used in combination of MALDI while the quadrupole analyzers are used with ESI. Ion 

traps, on the other hand, capture the continuous beam of ions up to the limit of their space 

charge (maximum number of ions that can be introduced into the instruments without 

distorting the applied field) (Mann et al., 2001). The ions are then subjected to additional 

electric fields, which eject one ion species after another from the trap, and are detected, to 

produce a mass spectrum (Pandey and Mann, 2000; Mann et al., 2001; Perkel, 2001).
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Figure 1.4. Schematic Diagram of MALDI Process and Instrument. (A) A sample 

cocrystallized with the matrix is irradiated by a lazer beam, leading to the sublimation and 

ionization of peptides. (B) About 100-500 ns after the laser pulse, a strong acceleration field is 

switched on (delayed extraction), which imparts a fixed kinetic energy to the ions produced by 

the MALDI process. These ions travel down a flight tube and are turned around in an ion mirror, 

or reflector, to correct for initial energy differences. The mass-to-charge ratio is related to the 

time it takes to reach the detector; the lighter ions arrive first. The ions are detected by a 

channeltron electron multiplier. [Adapted from Mann et al., Annu Rev Biochem.70:443].
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3. The Detector (Mann et al., 2001): The mass spectrum of a mixture of peptides is obtained 

by scanning the amplitude of the electric field and recording the ions at the detector. 

Based on their arrangement in relation to the analyzer, there are two types of mass 

spectrometers, the MS and MS/MS (tandem MS). Although the MS/MS configuration is 

a slower process when compared to MS, this method can be used to detect specific amino 

acids of certain peptides and sometimes even the sequence of these amino acids within 

peptides (Pandey and Mann, 2000; Perkel, 2001).

The applications of proteomics include identification of proteins, analysis of their post- 

translational modifications, and interactions. A new program, sponsored largely by the 

Department of Energy and the National Institutes of Health, is being conducted at a series of 

research centers dedicated to a branch of proteomics known as ‘structural genomics’. The 

structural centers are detailing, over the next ten years, the shapes of 10,000 proteins most 

relevant to biology and medicine. Smaller groups, including the Deinococcus group at USUHS, 

are exploiting the early sequencing of their research organisms as a head-start in the development 

of high-throughput proteomic approaches (Lipton et al., 2002; Smith et al., 2002a, 2002b).
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1.4 Specific Goals of Thesis

Research presented in this thesis aims to further define the multiple cellular 

components expressed by D. radiodurans that determine its resistance to ionizing 

irradiation. The work was conducted using experimental approaches that are based on a 

combination of physiologic, molecular, and computational biology, as well as recent 

developments in whole cell analysis by DNA arrays. These approaches were central to 

the conducted research on developing a better understanding of the global interactions 

between multiple cellular components and the functional networks within which they 

operate in D. radiodurans. The specific aims were as follows:

1. (Chapter 2): To examine the possibility that extreme radiation resistance could 

have evolved in permafrost-like conditions. Recent D. radiodurans mutant analyses 

suggest that genes encoding desiccation and radiation resistance may have evolved 

separately. This study examined the relationship between the age and radiation resistance 

amongst bacteria isolated from 3,000 - 15,000,000 year old permafrost with comparison 

to novel radiation resistant bacteria isolated from desiccated environments. Nutrient 

conditions were found to affect the radiation resistance phenotype.

2. (Chapter 3): To develop a defined minimal medium for growth of P. radiodurans 

as a tool to examine the relationship between metabolism and radiation resistance.

This study identified key nutritional components that govern its radiation resistance 

phenotype, and how defects identified in its metabolic configuration may contribute to 

resistance functions. Dependence on amino acids, carbon sources, and metals was 
examined.

3. (Chapter 4): To examine the relationship between metabolism, oxidative stress, 
and radiation resistance in the family Deinococcaceae. This study demonstrates the 

global importance of metabolism in the family Deinococcaceae to their resistance 

phenotypes.
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4. (Chapter 5): To study the expression dynamics of D. radiodurans recovering from 

exposure to acute ionization radiation. Using a whole genome DNA microarray for D. 

radiodurans, its transciptome dynamics were examined following high dose irradiation. 

This study supports the existence of novel DNA repair genes and that metabolic 

regulation in D. radiodurans plays an important role in its extreme resistance phenotype.
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Chapter 2: Possible Evolutionary Mechanisms Contributing to the Appearance of 
the Extreme Radiation Resistance Phenotype

2.1 Introduction

The evolution of organisms that are able to grow continuously at 60 Gy per hour (Lange 

el al., 1998) or survive acute irradiation doses of 15 kGy (Daly and Minton, 1995a, 1996, 1997) 

is remarkable given the apparent absence of highly radioactive habitats on Earth over geologic 

times. Notwithstanding a few natural fission reactors like those that gave rise to the Oklo 

uranium deposits (Gabon) 2 billion years ago (Naudet, 1976), the radiation levels in the Earth's 

surface environments, including its waters containing dissolved radionuclides, has provided only 

about 0.0005-0.20 Gy/year over the last 4 billion years (Sorenson, 1986). DNA damage is 

readily inflicted on organisms by a variety of other common physico-chemical agents (e.g., 

ultraviolet light or oxidizing agents) or non-static environments (e.g., cycles of 

desiccation/hydration, or high and low temperatures) and it seems more likely that radiation 

resistance evolved in response to chronic exposure to non-radioactive forms of DNA damage. 

Rapid advances in microbial genetics and molecular biology over the last half century have 

revealed that the major cause of lethality in organisms exposed to radiation is the generation and 

accumulation of genomic DSBs (Sweet and Moseley, 1974, 1976) (Minton, 1994) (Daly and 

Minton, 1996) (Mattimore and Battista, 1996). Radiation can be delivered as an acute dose, 

where metabolically inactive organisms (e.g., dormant cells on ice; 0 °C) are exposed to high 

dose-rate irradiation, and which leads to the accumulation of genetic damage. Alternatively, 

metabolically active cells can be exposed to chronic radiation, where organisms may have the 

capacity to repair damage as it is growing (e.g., irradiation of cells at growth temperatures and in 

the presence of a growth substrate). In the laboratory, an acute dose of irradiation is typically 
delivered by 60Co (at ~10 kGy/h) at 0 °C, whereas resistance of cells to chronic radiation is 

tested in rich medium in the presence of a 137Cs source (50 Gy/hour).

The number of irradiation-induced DSBs inflicted on an organism is believed to depend 

on a number of factors including genome size and irradiation dose (Minton, 1994) (Daly and 

Minton, 1996), but much is still not understood. For example, it is unknown how the metabolic 
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environment of a cell affects the amount of DNA damage deposited by radiation. Presumably the 

frequently cited 80:20 ratio of indirect versus direct damage caused by ionizing radiation under 

aerobic conditions (Repine et al., 1981) could be affected by the known diversity of intracellular 

environments, but this has not yet been reported. In 1954, Rebecca Gershman and Daniel L. 

Gilbert (Gilbert, 1981) drew a parallel between the effects of O2 and those of ionizing radiation 

and proposed that most of the toxic effects of O2 to organisms could be attributed to the 

formation reactive oxygen radicals (ROS) such as superoxide ions (Oz*!, peroxides (RO2) and 

hydroxyl radicals (’OH) (Gottschalk, 1985) (e.g., Figure 2.10) (Halliwell and Gutteridge, 1999). 

The generation of energy in aerobic bacteria by the electron transport chain also leads to the 

production of ROS. Irrespective of the source of ROS, these free radicals are extremely 

damaging to biological macromolecules including DNA, proteins, and lipid components of the 

cell. (Schulte-Frohlinde, 1986; Zaidere/aZ., 1994).

Mattimore and Battista (1996) have shown that in D. radiodurans, genes that are 

necessary to survive irradiation are also necessaiy for desiccation resistance. However, a recent 

report by these authors (Battista et al., 2001) has shown the existence of genes that affect 

desiccation resistance but not radiation resistance in D. radiodurans, indicating that resistance to 

these conditions may involve different mechanisms. Environments on earth that could have 

delivered high doses of acute irradiation, on the order of millions of Gy, include those, which 

have been frozen continuously for millennia (Friedmann, 1993). It is within such frozen 

environments, such as permafrost (Price et al., 2002), that trapped organisms could be subjected 

to immense doses of background radiation. For example, a bacterium encased in ice for 

2,000,000 years would accumulate about 1,000 Gy of background radiation. Unless DNA 

damage is prevented or is repaired, lethal doses of irradiation will be accumulated over long time 

spans. Environments subjected to periods of permafrost may have provided a selective 

environment within which radiation resistance evolved. Friedmann and coworkers (1997) (Shi et 

al., 1997) isolated and partially characterized viable bacteria from permafrost core samples from 

Kolyama-Indigirka lowland of northeast Siberia. The organisms were isolated from different 

depths representing the age of the permafrost layer and hence the period of dormancy of the 

bacteria. An analysis of the radiation resistance profiles of these bacteria from permafrost, 

therefore, might identify a relationship between the time of their survival and radiation 
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resistance. Bacteria isolated from permafrost (Friedmann, 1993) could then be compared to those 

isolated from environments known to be enriched in radiation resistant microorganisms, i.e., soil 

samples from arid environments (e.g., dessert conditions).

In this study, radiation resistance profiles were constructed for bacteria isolated from 

diverse environments including Siberian permafrost, soil samples from Asia and North America, 

and from beneath radioactive DOE storage tanks. A novel Two-Dimensional (2-D) fingerprint 

technique was developed to distinguish the USUHS D. radiodurans strains from novel 

deinococcal isolates. Finally, based on the published D. radiodurans genomic sequence, a 

theoretical model of D. radiodurans metabolism was constructed and used to develop a 

hypothesis on how its metabolic configuration could facilitate its resistance to radiation. The 

specific aims of this chapter are as follows:

1. To test the hypothesis that radiation resistant bacteria may be enriched in ancient 

permafrost and that such environments could promote the evolution of radiation 

resistant organisms.

2. To compare the radiation resistance characteristics of known and novel radiation 

resistant bacteria isolated from dry environments, and to identify any distinct or 

common traits shared with radiation resistant bacteria isolated from permafrost.

3. To confirm that two novel D. radiodurans isolates from beneath a highly radioactive 

tank at the DOE Hanford facility in south-central Washington state are distinct 

from the USUHS D. radiodurans strain RI. To achieve this goal, a novel method 

was developed to display a theoretical and experimentally derived genome 
fingerprint.

4. To reconstruct a theoretical metabolic pathway map for D, radiodurans and to 

examine if its configuration could facilitate its radiation resistance.



2.2 Materials and Methods

2.2.1 Bacterial Strains and Their Growth

The bacterial strains used in this study are listed in Table 2.1, 2.2 and 2.3. The strains 

were grown at the indicated temperatures in either TGY (1% tryptone, 0.5% yeast extract and 

0.1% glucose) or PTYG (1% glucose, 1% yeast extract, 0.5% peptone, 0.5% tryptone, 0.06% 

MgSo4.7H20, and 0.007% CaCh^HiO) broth. For solid medium, 1.5% w/v Bacto-agar (Difco) 

was added. All chemicals in this work were obtained from Sigma (St. Louis, MO) unless stated 

otherwise.

2.2.2 Viable Bacterial Strains from Northeast Siberia

A collection of 26 viable bacterial strains originally isolated by Friedmann and coworkers 

(1997) (Shi et al., 1997) from permafrost core samples of Kolyama -Indigira of northeast Siberia 

were investigated (Table 2.1). Permafrost samples were originally obtained by means of drilling 

in northeast Siberia (Shi et al., 1997). Samples representing three different horizons were 

identified; the upper Alas layer (youngest layer) is 3m deep and is 2000-5000 years old; Yedoma 
suite extends from 3-8m in depth and is about 40,000-50,000 years old; Olyor suite (oldest layer) 

extends from 8-50m in depth and is about 0.6-3 million years old (Shi et al., 1997).

2.2.3 Isolation of Novel Radiation Resistant Soil Bacterium

Soil samples collected from different parts of North America and India were mixed with 

25 ml TGY broth and allowed to grow at 32 °C for 48 hours. Cultures in the stationary phase 

were exposed to an acute dose of radiation (10 kGy) without change of broth on ice and allowed 

to recover for 48 hours at 32 °C on TGY plates. Distinct colony types on the plates were purified 

by sub-culturing on fresh TGY plates. Purified isolates were grown in TGY broth, concentrated 

by centrifugation, frozen, and stored at -80 °C in 50% sterile glycerol solution. The radiation 

resistant colonies thus obtained were further tested for their ability to grow under chronic
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I 27 radiation (50 Gy/hour) ( Cs Gammacell 40 irradiation unit [Atomic Energy of Canada 

Limited]) (Table 2.2).

2.2.4 Bacterial Strains from Beneath a Highly Radioactive Leaking Waste Tank

Fredrickson and coworkers (2000) (Fredrickson, unpublished data) (Fredrickson et al., 

2003) isolated more than 110 cultures of aerobic heterotrophic bacteria from core samples 

collected from the vadose zone (unsaturated zone above the water table) beneath the SX-108 

waste tank of the 200W SX tank farm on the U.S. DOE’s Hanford Site in south-central 

Washington. Four distinct bacterial strains (Table 2.4) were made available to our laboratory for 

this study. Details of core sample extraction and bacterial isolation are reported elsewhere 

(Fredrickson et al., 2003). Figure 2.1 gives a schematic diagram describing the various zones and 
contaminants associated with a typical DOE contaminated plume.

The vadose zone layer consists of high concentrations of alkali, nitrate, aluminate, Cr(VI) 

and Cs [(Jim Fredrickson, unpublished data)] and significant desiccation and heating of this 

region has been predicted due to the radioactive decay of short-lived isotopes and high 

concentrations of 137Cs associated with high-level radioactive waste (HLW) (Fredrickson et al., 

2003).
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Figure 2.1. The Vadose Zone. Sample contaminant plume consisting of mixed waste resulting 

from percolation from leaky tanks, land fills, basins, and trenches, as well as being formed 

through direct injection. Note the Vadose zone. Adopted from “Bioremediation of metals and 

radionuclides...what it is and how it works”, Natural and Accelerated Bioremediation Research 

Program (NABIR), U.S. Department of Energy.
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Figure 2.1

Mccullough et al.
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2.2.5 Two-Dimensional (2-D) Genome Fingerprinting Analysis of Strains 7B-1 and 7C-1 
and their Comparison to D. radiodurans

2.2.5.1 Genomic DNA Extraction

Strains were grown in 5 ml of TGY broth and incubated at 30 °C to late stationary phase. 

Aliquots (1.5 ml) of these cells were pelleted in a microcentrifiige. The pellets were then 

resuspended in 570 pl of TE buffer (10 mM Tris-HCl, pH 8; 1 mM EDTA) containing 20 pl of 

20% sodium dodecyl sulphate (SDS) and 15 pl of 20 mg/ml proteinase K, and incubated at 37 °C 

for 45 minutes. To the solution, 100 pl of 5 M NaCl was added followed by 80 pl CTAB/NaCl 

solution [4.1% (w/v) NaCl, 10% (w/v) Hexadecytrimethyl ammonium bromide (CTAB)]. The 

samples were incubated at 65 °C for 10 minutes to disrupt the cell wall integrity. The 

chromosomal DNA was purified with an equal volume of 24:1 chloroform/isoamylalcohol 

solution. The solution was mixed by vortexing and centrifuged for 5 minutes in a 

microcentrifiige at room temperature to separate the aqueous and organic phases. The upper 

aqueous phase containing the total genomic DNA was transferred to a fresh tube and extracted 

with equal volume of 25:24:1 phenol/chloroform/isoamyl alcohol to remove all the protein 

membrane components. The solution was mixed by vortexing and spun in a microcentrifiige for 

5 minutes. The upper aqueous phase was transferred to a fresh tube and nucleic acids were 

precipitated with 0.6 volume isopropanol. The precipitated nucleic acids were pelleted by 

microcentrifiigation at 4 °C and resuspended in 50 pl TE buffer. The nucleic acids were then 

subjected to RNAse treatment. The concentration and purity of the DNA samples were 

determined by spectrophotometric ratio assay at 260 nm and 280 nm.

2.2.5.2 Two-Dimensional (2-D) Electrophoresis

Selection of Restriction Enzymes. Selection of enzymes for genome fingerprinting 

analysis was based on two criteria; 1) digestion of total genomic DNA of D. radiodurans RI by 

the selected enzymes should yield DNA fragment sizes that can be clearly resolved by 

conventional agarose gel electrophoresis, and 2) Over digestion of DNA with the selected 

enzymes should not lead to ‘star’ activity of the enzyme. ‘Star’ activity of an enzyme refers to its
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Figure 2.2. Two-Dimensional (2-D) Fingerprint Analysis. Panel A. Ethidium bromide stained 

agarose gel following 2-D electrophoresis. D. radiodurans genomic DNA was digested with 

ApalA and electrophosed in a 0.5% agarose gel (not shown). A thin vertical gel lane containing 

the cleaved DNA was cut from the gel and digested with NspL The gel lane with the double

digested DNA was placed horizontally in a new gel and electrophoesed yielding a 2-D spread of 

genomic DNA fragments. Panel B. Computer predicted spread of D. radiodurans genomic DNA 

similarly treated. Arrows show position of D. radioaurans recA (DR2340), which is central to 

genomic restoration following irradiation (Minton, 1994). A/H, lambda phage DNA cut with 

HindHL
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ability to cleave sequences, which are similar but not identical to their defined recognition 

sequence. Star activity may occur under extreme non-standard conditions or due to over

digestion. Based on these criteria, D. radiodurans genomic DNA was digested by enzyme ApaU. 

followed by in situ digestion with enzyme Nspl.

DNA Digestion and 2-D Gel Electrophoresis. Enzymes and buffers used in this study 

were purchased from New England biolabs, Inc. (Beverly, MA) and were used according to 

manufacturers’ instructions. About 80 pg of total genomic DNA (concentration ~ 1 pg/pl) 

previously extracted from D. radiodurans RI, 7B-1 and 7C-1, were digested with 80 units of 

enzyme in a 200 pl digestion reaction by incubation at 37 °C for 1.5-3 hours. The 

fragments were separated by agarose gel electrophoresis (0.5% w/v agarose) in two separate 

lanes. One half of gel containing one of the two lanes with the digested DNA was stained with 

ethidium bromide to visualize the DNA. Using the ethidium bromide stained gel as a reference 

for migration of DNA fragments, a thin vertical gel lane containing DNA was removed from the 

unstained gel and subjected to in situ cleavage with an excess of enzyme Nsp\ at 37 °C for 15 

hours. Once the digestion of embedded DNA was complete, the gel strip was set horizontally in a 

new gel, and electrophoresed again yielding a 2-D spread (Figure 2.2A) of fragments that were 

transferred to a hybridization membrane by Southern blotting. The membrane was hybridized 

with 24 probes randomly generated by PCR from the D. radiodurans ’ genomic DNA.

2.2.5.3 . Agarose Gel Electrophoresis

DNA fragments were separated using horizontal 0.5% (w/v) agarose slab gels in IX TBE 

running buffer (89 mM Tris, 89mM boric acid, 2 mM EDTA, pH 8.0). DNA samples containing 

IX loading buffer (0.25% [w/v] bromophenol blue, 0.25% [w/v] xylene cynol FF, 30% [w/v] 

glycerol) were electrophoresed at constant voltage. DNA staining was done with 0.5 pg/ml 

ethidium bromide. The DNA was visualized by placing the gel directly on a UV light box and 

photographed using Polaroid type 55 or 57 film with a Polaroid MP-4 camera.
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2.2.5.4 Southern Transfer

DNA in the gel was depurinated by incubating the gel in 0.25 N HC1 for 15 minutes with 

gentle shaking, followed by denaturation with 0.4 N NaOH-O.6 M NaCl solution for 30 minutes 

and neutralization in 1.5 M NaCl-0.5 M Tris pH8.0. The denatured DNA fragments were then 

transferred onto a nylon-based membrane (Gene Screen Plus, NEN Life Science Products) by 

capillary transfer method. After Southern transfer, the DNA was fixed on the nylon membrane 

by exposure to UV light for 2 minutes.

2.2.5.5 Preparation of 32P DNA Probe

Twenty-four PCR fragments representing each of the 4 D. radiodurans* genome 

components were used as templates to generate the radiolabelled probe mixture. The PCR 

sequences were originally generated at TIGR (Table 2.4). Random priming method was used for 

radiolabeling. Random sequences of hexanucleotides were hybridized to the previously 

denatured double-stranded fragments. The 3' OH ends of the hexanucleotides were used as the 

polymerizing starting point by the Klenow fragment. In the process of polymerization, a mixture 
of the dNTPs (A, T and G plus 32P labelled dCTP) was used to generate the radiolabelled probes.

2.2.5.6 Pre-hybridization

The membrane was prehybridized before incubation in hybridization solution to block 

any non-specific binding of the single stranded probe onto the membrane. Calf thymus DNA (10 

mg/ml) was used with the prhybridization buffer as the blocking agent. The prehybridizaion 

mixture had the following composition: 4 ml 20xSSPE (17.53% [w/v] NaCl, 0.276% [w/v] 

NaH2Po4, 0.00074% EDTA, pH 7.4; Biofluids Inc., Rockville, MD), 2 ml 20% SDS, 2 ml 

BLOTTO (10% w/v skim milk) and 31 ml sterile water. Prehybridization was carried out for 3 

hours at 65 °C.
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2.2.5.7 Hybridization

After the completion of prehybridization, the prehybridization solution was replaced with 

the hybridization solution containing the denatured radiolabelled probes. The hybridization 

buffer had the following composition: 3 ml 20X SSPE, 1.5 ml 20% SDS, 1.5 ml BLOTTO (10% 

w/v skim milk), 4 ml Dextran Sulfate 25% and 20 ml sterile water. Hybridization was carried out 

for 18-20 hours at 65 °C.

2.2.5.8 Computer Program

A computer program to predict the migration positions of DNA fragments generated by 

the 2-D electrophoresis analysis of D. radiodurans' genomic DNA (Figure 2.2B) digested with 

enzyme ApaLl and Nsp\ was developed by Drs. Yuri Wolf and Kira Makarova at the National 

Center for Biotechnology Information (NCBI), National Institute of Health (NIH), Bethesda, 

MD. The comparison of an ethidium bromide stained agarose gel showing the migration the 2-D 

digested D. radiodurans genomic DNA fragments with the computer predicted spread of the 

genomic DNA similarly treated is shown in Figure 2.2.

2.2.6 Generation of Radiation Survival Curves

All bacterial strains were grown to their stationary-phase (ODgoo = 0.9-1.2) in the 

indicated growth medium and temperatures. Cells were irradiated without change of broth on ice 
with 60Co at 10 kGy/h (60Co Gammacell irradiation unit [J. L. Shepard and Associates, Model 

109]). At the indicated doses, viable cell counts were determined by plating appropriate cell 

dilutions for colony formation units (CFU) on either TGY agar or PTGY agar at their respective 

optimal growth temperature. Viability data was used to construct survival curves.
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2.2.7 Exposure to Chronic Radiation

All strains were grown in the presence of continuous y-radiation (50-60) Gy/hour in a 
137Cs Gammacell 40 irradiation unit (Atomic Energy of Canada Limited [Ottawa]) at 24 °C. E. 

coli (wild-type strain ABI 157) was used as a negative control. Survival rates were determined by 

plating appropriate dilutions of irradiated cells and counting the colony forming units (CFU) on 

plates.

2.2.8 Preparation of D. radiodurans Competent Cells and Transformation

Competent D. radiodurans cells were prepared by using the procedure originally 

developed by Tirgari and Moselay (1980) (Tirgari and Moselay, 1980). D. radiodurans cultures 

previously grown in TGY broth for 18 hours were diluted in 1:10 ratio into fresh TGY broth and 

were incubated at 32 °C in a baffled 250 ml flask until an ODeoo of 0.5 was obtained. The cells 

were pelleted and resuspended in freshly prepared TGY containing 100 mM CaCh and 10% 

glycerol. To D. radiodurans competent cells thus obtained (100 pl), 1-5 pg of DNA was added in 

a sterile 50 ml tube. The solution was mixed gently and placed on ice for 10 minutes followed by 

incubation at 32 °C for 30 minutes with gentle shaking. To the transformation mixture, 900 pl 
sterile TGY was added followed by incubation at 32 °C with vigorous shaking. After 18 hours of 

incubation, 100 pl of the transformation mixture was spread on appropriate selective agar.

2.2.9 Fatty Acid Profiles and their Library Matches

Selected novel radiation resistant strains were sent to Microbial ID inc., DE, for their 

identification. An organism was identified by comparing its fatty acid similarity index to the 

mean fatty acid composition of the strains used to create a library. An exact match of the fatty 

make-up of an unknown sample to the mean of a library entry results in a similarity index of 

1.000. The similarity index will decrease as each fatty acid varies from the mean percentage; a 

similarities of 0.600 or higher are good matches, where a similarity index of 0.400-0.600 is a
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species match, while values lower than 0.400 suggest that the species is not in the database 

[http://www.microbialid.com/NewFiles/DatabasePage.html].

2.2.10 Transmission Electron Microscopy (TEM)

TEM was a collaborative effort with Dr. Alexandar Vasilenko at USUHS, Bethesda, MD. 

Briefly, bacterial suspensions were rinsed in 0.1 M cacodylate buffer (pH 7.4), fixed in 2.5% 

gluteraldehyde in the same buffer, and postfixed in osmium tetraoxide. Fixed samples were 

embedded in Epon-araldite resin, and 50-70 nm sections were cut from these and stained with 

uranyl acetate followed by lead citrate (Reynolds, 1963). Samples were examined with a Philips 

CM 100 electron microscope, yielding 16,000-41,000 x magnification. Images were captured by 

a Kodak Megaplus camera (model 1.4) using ATM Camera software.

2.3 Results

Experimental Rationale

The goal of this study was to identify if there is a common basis for radiation resistance 

in organisms isolated from diverse environments (e.g., between radiation resistant bacteria 

isolated from permafrost and dessert conditions). This approach was supplemented by a 

computational analysis of the D. radiodurans genome that considered how its metabolic 

configuration might be contributing to its resistance phenotype.

2.3.1 Radiation Resistance of Novel Bacterial Strains

2.3.1.1 Defining Radiation Resistance

The term ‘radiation resistant’ is a comparative description that relates the resistance of 

two or more organisms. D. radiodurans is typically referred to as ‘extremely radiation resistant’ 

because cultures can survive doses of irradiation greater than 10 kGy. The D37 for a D.
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radiodurans tetracoccus is ~15 kGy; pure diplococcus culture, ~8 kGy. By comparison, a 

culture of single-celled E. coli is referred to as ‘radiation sensitive’ because it cannot survive 

exposures greater than 1 kGy. However, E. coli is considered radiation resistant compared to 

mammalian cells. Thus, for the purposes of this thesis bacterial radiation resistance has been 

broadly divided into 3 categories: 1) extreme resistance: cells with a D37 >4 kGy (e.g., 

Deinococcal species); 2) moderate resistance: cells with a D37 of 1-4 kGy (e.g., Bacillus species); 

and 3) radiation sensitive: cells (e.g, E. coli) with a D37 of <1 kGy.

2.3.1.2 Viable Strains from Siberian Permafrost

Previously, permafrost samples were collected by Freidmann and coworkers (1989-1990) 

(Shi et al., 1997) from northeastern Siberia (Kolyma Indigirka lowland) (Shi et al., 1997), and a 

collection of twenty-six distinct bacteria isolated from those environmental samples were made 

available to our laboratoiy for study in 2001. The twenty bacterial strains examined for 

resistance to irradiation are listed in Table 2.1 and have been divided into 2 groups based on their 

age. The first group (group I) includes bacteria isolated from the oldest (deepest layer) 

permafrost (from the Olyor suite, 0.6-3 million years old) and the second group (group II) 

includes bacteria isolated from the youngest permafrost (Alas and Yedoma zones, 3,000-8,000 

years old) (Table 2.1). In Figures 2.3 and 2.4, the ionizing irradiation resistance profiles of 

group I and group II bacteria are presented.

Radiation Resistance of Group I and II Bacteria. Three (MD832, MD836 and MD840) of the 

twelve group I strains displayed moderate resistance to acute irradiation (Figure 2.3). The 

remaining group I strains were radiation sensitive. Strains MD832 and MD836 could grow under 

chronic irradiation (50 Gy/hour), but strain MD840 and the other group I strains could not (Table 

2.1).

None of the 8 bacteria of group II displayed moderate resistance to acute irradiation 

(Figure 2.4). Only strain MD846 was able to grow under chronic irradiation (Table 2.1). 

Therefore, it appears that the ability to survive acute doses of irradiation is distinct from a 

strain’s ability to grow under chronic radiation, and vice versa.
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Table 2.1. Phenotypic Characteristics of Bacteria from Siberian Permafrost

*Strain 
number

'Genebank 
accession 
number

'Age of 
original 
sample 
(Years)

'Cell 
Shape

'Gram 
stain

'Optimal 
Growth 
Temp. 
(°O

'Affiliation* 'Spore ’Growth 
medium

2Growth 
under 

chronic 
irrradiation 

(50 
Gy/Hour)

Resistance 
to acute 

irradiation 
4Dj7~1-4 

kGy

Group /
MD830 U31495 L8xlO6 Coccus -VC 32°C P-pr - TGY No No

MD831 U31484 1.8xl06 Short 
rod -ve 32°C HGC - PTGY No No

MD832 U31491 L8- 
3.0xl06 Rod +vc 32°C LGC + TGY Yes Yes

MD833 U31490 1.8-
3.0x106 Coccus -VC 32°C y-pr - TGY No No

MD834 U31493 1.8-
3.0x106 Rod +vc 32°C HGC - PTGY No No

MD835 U31494 1.8-
3.0x106

Shot 
rod -VC 32°C P-pr - PTGY No No

MD836 U3I483 3.0x106 Short 
rod +ve 32°C HGC - TGY Yes Yes

MD837 U31497 3.0x106 Short 
rod -ve 32°C Y-pr - TGY No No

MD838 U3I498 3.0x106 Short 
rod -VC 32°C Y-pr - TGY No No

MD839 U31477 1.8-
3.0x106

Short 
rod +ve 32°C HGC - PTGY No No

MD840 U31478 1.8-
3.0x106

Filame 
ntous -ve 32°C P-pr - TGY No Yes

MD841 U31487 1.8-
3.0x106

Rod/ 
Coccus +ve 20°C HGC - PTGY No No

Group 11 ___________ ______________________ _______ ____

MD842 U31488 5-8x103 Rod -ve 32°C LGC + TGY No No

MD843 U31472 5-8x103 Rod -ve 32°C LGC - TGY No No

MD844 U31473 5-8x103 Rod -ve 32°C LGC + TGY No No

MD845 U31474 5-8x103 Coccus -ve 32°C P-pr - TGY No No

MD846
U31476 5-8x103 Rod -ve 32°C LGC + TGY Yes No

MD848
U31481 5-8x103 Rod +ve 32°C LGC + TGY No No

MD849 U31482 5-8x103 Rod +ve 32°C LGC + PTGY No No
MD850 U31485 3-4x104 Rod -ve 20°C HGC - TGY No No

Footnote Table 2.1

#Columns were adopted from Table 2, Shi et al., 1996
aGC, high-GC Gram-positive; LGC, low GC-Gram-positive; p-pr, P-proteobacteria; y-pr, 
y- proteobacteria
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*MD, Michael Daly strain collection number,
’Growth media, TGY, (1% tryptone, 0.5% yeast extract and 0.1% glucose), 2PTGY, (1% 

glucose, 1% yeast extract, 0.5% peptone, 0.5% tryptone, 0.06% MgSo4.7H20, and 0.007% 
CaCl2.2H2O)
2Resistance of cells to chronic radiation was tested on TGY agar in the presence of a l37Cs 
source (50 Gy/hour)
3An acute dose of irradiation was delivered by 60Co source (at ~10 kGy/h) at 0 °C. Acute 
irradiation profile of all the strains is shown in Figure 2.3 and Figure 2.4.
4D37, Dose that yields 37% survival
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Figure 2.3. Resistance of Group I (0.6-3 million years old) Strains from Siberian 

Permafrost to Acute Irradiation. The indicated strains (Table 2.1) were inoculated into 

TGYa/PTGYb medium at 106 colony forming units (CFU)/ml and grown at 32 °C to the early
Q

stationary phase (10 cells/ml). Cells were then irradiated without change of broth on ice with 

60Co at 10 kGy/h. At the indicated doses, viable cell counts were determined by plating 

appropriate cell dilutions for CFU on TGY/PTGY agar at 32 °C. Values are from a single plating 

experiment. The strain names are color coded as follows: Red, high resistance to acute 

irradiation; Blue, moderate resistance to acute irradiation; Black, sensitive to acute radiation.

aTGY, 1% tryptone, 0.5% yeast extract and 0.1% glucose; bPTGY, (1% glucose, 1% yeast 

extract, 0.5% peptone, 0.5% tryptone, 0.06% MgSo4.7H20, and 0.007% CaCli^HiO).
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Figure 2.4. Resistance of Group II (3,000-8,000 years old) Strains from Siberian Permafrost 
to Acute Irradiation. The indicated strains (Table 2.1) were inoculated into TGYa/PTGYb 

medium at 10 CFU/ml and grown at 32 C to the early stationary phase (10 cells/ml). Cells 

were then irradiated without change of broth on ice with 60Co at 10 kGy/h. At the indicated 

doses, viable cell counts were determined by plating appropriate cell dilutions for CFU on 

TGYa/PTGYb agar at 32 °C. Values are from a single plating experiment. The strain names are 

color coded as follows: Red, high resistance to acute irradiation; Blue, moderate resistance to 

acute irradiation; Black, sensitive to acute radiation.

aTGY, 1% tryptone, 0.5% yeast extract and 0.1% glucose; bPTGY, (1% glucose, 1% yeast 

extract, 0.5% peptone, 0.5% tryptone, 0.06% MgSo4.7H20, and 0.007% CaC12.2H2O.
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This suggests that there may be different cellular mechanisms underlying the chronic- and acute

radiation resistance phenotypes.

2.3.1.3 Novel Radiation Resistant Bacteria Isolated from Soil

Soil samples were collected from regions of northern and southwestern India. Additional 

soil samples were obtained from North America (Washington and New Mexico). Soil samples 

were inoculated into rich medium, and radiation resistant bacteria were selected by exposing the 

cultures to a high dose of acute radiation (10 kGy). Ten distinct strains (Table 2.2) were purified 

and tested for their resistance to irradiation either delivered as an acute dose or chronic dose.

Whereas 7 of the 10 isolates were resistant to acute radiation, all ten soil isolates were 

resistant to chronic radiation (Figure 2.5 and Table 2.2). Specifically, 6 strains (MD869, MD870, 

MD871, MD872, MD873, and MD874) showed extreme resistance (up to 10 kGy), 1 strain 

(MD868) showed moderate resistance, and 3 strains (MD866, MD867 and MD877) were 

sensitive to acute radiation (Figure 2.5 and Table 2.2). A summary of these strains Gram stain 

and fatty acid similarities are given in Table 2.2. Based on fatty acid similarities to known 

bacteria, several of the isolates revealed good matches to the following genera: Bacillus, 

Staphylococcus, Deinococcus, Brevibacillus, and Eneterococcus (Table 2.2).

2.3.1.4 Novel Radiation Resistant Bacteria Isolated from Beneath a Highly Radioactive 

Leaking Waste Tank

Fredrickson and coworkers (2000) (Fredrickson et al., 2003) collected radioactive 

sediments from a nuclear waste plume in the vadose zone (region of unsaturated sediment above 

the water table) beneath the leaking tank SX-108 at DOE’s Hanford Site in Richland, WA. 

These contaminated environmental samples were analyzed for the distribution of aerobic 

heterotrophic bacteria. Of the approximately 110 isolates, 4 distinct radiation resistant bacteria 

were made available to our laboratory for study (Table 2.3).
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Table 2.2. Viable Strains from Vadose Zone Underneath the Radioactive Tanks in 
Hanford, WA.

•Strain 
number

Strain 
name

Cell 
shape

Gram 
stain

Growth 
temperature 

range

Growth 
medium*

Cell 
transformabilty

1 Fatty acid 
analysis 

Similarity to 
bacterium/ 

simalirity index 
value

Resistance 
to chronic 
radiation 

(50 
Gy/hour)

Resistance 
to acute 

irradiation 
up to 10 

kGy

MD878 SX-108 7B-1 
(Pink)

Coccus +ve 25-3 2°C TGY Yes D. radiodurans 
RI 10.448 Yes Yes

MD880
SX-108 7L-1 
(Yellowish 

white)
Coccus +ve 25-32°C TGY N/A

Micrococcus 
lylae-GC 
subgroup 
CIO. 42 5

Yes No

MD879 SX108 7C-1 
(Pink) Coccus +ve 25-32°C TGY Yes D. radiodurans 

RU0.317 Yes Yes

MD877
RG1-1MR- 

1C 
(Yellow)

Coccus +ve 25-32°C TGY N/A

Micrococcus 
lylae-GC 
subgroup 
3/0.364

Yes No

Footnote Table 2.2

*MD, Michael Daly strain collection number
#TGY, 1% tryptone, 0.5% yeast extract and 0.1% glucose
’Fatty acid similarity comparison was done by Micribial Id., Inc., Delaware
2Resistance of cells to chronic radiation was tested on TGY agar in the presence of a 137Cs source 
(50 Gy/hour)
3 An acute dose of irradiation was delivered by 60Co source (at ~10 kGy/h) at 0 °C. Acute 
irradiation profile of all the strains is shown in Figure. 2.6.
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Table 2.3. Radiation Resistant Soil Bacteria Isolated from Different Parts of the World

Strain 
number*

Soil samples 
from 

City/Country

Optimal 
growth 

temperature

Gram 
stain

Growth 
medium"

’Fatty acid 
similarity to strain/ 

similarity index 
value

2Resista nee to 
chronic 

radiation (50 
Gy/hour)

Resistance 
to acute 

irradiation 
up to 10 

kGy

MD866 Hanford/USA 32 °C +ve TGY Bacillus cereus-GC 
subgroup AJ0.976 Yes No

MD867 Hanford/USA 32 °C +ve TGY Bacillus cereus-GC 
subgroup M 0.870 Yes No

MD868 Hyderabad/ 
India 32 °C +ve TGY Staphylococcus 

epidermidislO. 605 Yes No

MD869 Hyderabad/ 
India 32 °C +ve TGY Deinococcus 

proteolyticuslO.013 Yes Yes

MD870 Hyderabad/ 
India 32 °C +ve TGY Deinococcus 

proteolyticuslO. 033 Yes Yes

MD871 Hyderabad/ 
India 32 °C +ve TGY Brevibacillus 

brevis/0.43/ Yes Yes

MD872 Madras/India 32 °C +ve TGY Brevibacillus 
brevisl0.430 Yes Yes

MD873 Madras/India 32 °C +ve TGY Deinococcus 
proteolyticuslO. 018 Yes Yes

MD874 New Delhi/ 
India 32 °C +ve TGY

Bacillus 
megaterium-GC 

subgroup AJ0.950
Yes Yes

MD875 New 
Mexico/USA 32 °C +ve TGY Enterococcus 

casseliflavuslO.872 Yes No Data

MD876 New 
Mexico/USA 32 °C +ve TGY Bascillus cereus-GC 

subgroup AJ0.919 Yes No

Footnote Table 2.3

♦MD, Michael Daly strain collection number, #TGY, (1% tryptone, 0.5% yeast extract and 0.1% 
glucose
2Fatty acid similarity comparison was done by Micribial Id., Inc., Delaware
Resistance of cells to chronic radiation was tested on TGY agar in the presence of a 137Cs source 

(50 Gy/hour)
3An acute dose of irradiation was delivered by 60Co source (at ~10 kGy/h) at 0 °C. Acute 
irradiation profile of all the strains is shown in Figure. 2.5.
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Figure 2.5. Resistance of Novel Soil Strains to Acute Irradiation. The indicated strains (Table 

2.2) were inoculated into TGY medium at 106 CFU/ml and grown at 32 °C to the early stationary 

phase (108 cells/ml). Cells were then irradiated without change of broth on ice with 60Co at 10 

kGy/h. At the indicated doses, viable cell counts were determined by plating appropriate cell 

dilutions for CFU on TGY agar at 32 °C. Values are from a single plating experiment. The strain 

names are color coded as follows: Red, high resistance to acute irradiation; Blue, moderate 

resistance to acute irradiation; Black, sensitive to acute radiation.
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Acute radiation resistance profiles for the 4 novel isolates were constructed by exposing early 

stationary phase cultures (ODeoo ~ 1 -00)to increasing doses of irradiation. Their ability to grow 

under high chronic (50 Gy/hour) irradiation was also tested by plating them on TGY agar and 

incubating the plates in a ,37Cs irradiator. All 4 strains were resistant to chronic radiation (Table 

2.3). Strains 7B-1 and 7C-1 showed extreme resistance to acute irradiation while strains 7L-1 

and RG1-1 MR-IC showed moderate resistance to acute irradiation (Figure 2.6).

Based on 16S rRNA comparisons (Fredrickson el al., 2003), strains 7B-1 and 7C-1 were 

identified as D. radiodurans strain RI. Given the importance of this finding and to rule out the 

possibility of contamination of samples with laboratory-maintained strains of D. radiodurans, 

further investigations were conducted. Comparisons of strains 7B-1 and 7C-1 with the USUHS 

laboratoiy strain RI (also used at PNNL) included their transformability, growth temperature 

range, cell structure, and genome fingerprints.

Transformability of Strains 7B-1 and 7C-1. Most deinococcal environmental isolates have been 

reported to be non-transformable (Daly, 2000). However, D. radiodurans strain RI is highly 

transformable with either chromosomal DNA or autonomously replicating plasmids (Smith et 

al., 1988; Daly et al., 1994a; Daly and Minton, 1995a; Daly and Minton, 1996). This ability of 

D. radiodurans has been exploited by our group to express metal-detoxifying (Brim et al., 2000) 

and organic compound-degrading (Lange et al., 1998) genes in radioactive laboratory 

environments. Given the prospect of engineering naturally occurring radiation resistant bacteria 

for environmental biotechnology, it was important to determine the transformability of the most 

radiation resistant bacteria yet isolated from a radioactive environmental sample (7B-1 and 7C-1) 

(Fredrickson et al., 2003).

The novel D. radiodurans strains 7B-1 and 7C-1 were tested for their ability to be 

transformed with D. radiodurans RI plasmid-encoded resistance markers for Kanamycin (Km), 

chloramphenicol (Cm), and Tetracycline (Tet). Exponentially growing cultures were transformed 

with pMD68 (KmR, TcR) (Daly et al., 1994a) and pMD308 (CmR) (Daly and Minton, 1996) 

using the conventional CaCh-based deinococcal transformation protocol (Tirgari and Moselay, 

1980). Strains 7B-1 and 7C-1 were transformable with similar efficiency to D. radiodurans RI.
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Figure 2.6. Resistance of Strains Isolated from Beneath a Highly Radioactive Leaking 

Waste Tank to Acute Irradiation. The 4 strains were inoculated into TGY medium at 106 
p

CFU/ml, and grown at 32 C to the early stationary phase (~10 cells/ml). Cells were then 

irradiated without change of broth on ice with 60Co at 10 kGy/h. At the indicated doses, viable 

cell counts were determined by plating appropriate cell dilutions for CFU on TGY agar at 32 °C. 

Values are from a single plating experiment. The strain names are color coded as follows: Red, 

high resistance to acute irradiation; Blue, moderate resistance to acute irradiation; Black, 

sensitive to acute radiation.
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Growth Temperature Range of Novel Isolates. Due to the decay of short-lived radionuclides, the 

temperature of soil sediments beneath tank SX-108 likely reached 100°C during early operation. 

Currently, the sediment temperature from which strains 7B-1, 7C-1, 7L-1 and RG1-1 MR-IC 

were isolated is about 65 °C (Fredrickson et al., 2003). D. radiodurans RI is a non-sporulating 

mesophilic bacterium (growth temperature 20-39 °C), and it is known to be killed at 

temperatures above 40 °C (Daly, 2000). Yet, 2 closely related D. radiodurans RI strains appear 

to have been isolated from a chronically hot environment. The growth temperature ranges of the 

4 isolates were examined and were shown not to exceed 37 °C. Specifically, their growth was 

tested at 25 °C, 32 °C, 37 °C, 45 °C and 50 °C. D. radiodurans, E. coli and D. geothermalis were 

used as controls having optimum growth temperatures of 32 °C, 37 °C, and 50 °C, respectively. 

The 4 novel strains showed luxuriant growth on rich medium between 25-37 °C; growth of 

strains below 25 °C was not tested. While it is unknown how these mesophilic organisms 

survived long exposure to 65-100 °C, it is known that desiccation stabilizes protein structures, 

making them particularly resistant to heat denaturation (Black and Pritchard, 2003), and it is 

significant that D. radiodurans RI is highly resistant to desiccation (Mattimore and Battista, 

1996).

Analysis of Cell Structure by Transmission Electron Microscopy (TEM). TEM of the four novel 

isolates (7B-1, 7C-1, 7L-1 and RG1-1MR-1C) was a collaborative effort with Dr. Alexander 

Vasilenko at USUHS, MD. Electron micrographs for the strains are shown in Figure 2.7.

Strains 7B-1, 7C-1 and D. radiodurans RI showed essentially identical morphologies 

that included: similar sized (~1.8 pM diameter) cells with tetracocci, diffuse nucleoid, and cell 

wall. 7B-1 and 7C-1 exhibited the presence of the typical D. radiodurans multi-layered cell wall 

structure with a prominently visible thick peptidoglycan layer (holey layer) and an outer dense 

carbohydrate coat (Figure 2.7A and Figure 2.7C).

Strains 7L-1 and RG1-1MR-1C were morphologically distinct from D. radiodurans 

displaying smaller sized diplococci/monococci (0.9 pM diameter and 0.5 pM diameter, 

respectively) and no ringlike nucleoids (Figure 2.7B and Figure 2.7D).

57



Comparison of 2-Dimensional (2-D) Whole Genome Fingerprint of Novel D. radiodurans 

Isolates (7B-1 and 7C-1) and USUHS Laboratory Strain D. radiodurans RI. The sediments 

beneath tank SX-108 are contaminated with high concentrations of alkali, nitrate, aluminate, 

Cr(VI), and l37Cs, and significant desiccation and heating (up to 70 °C) of this region has also 

been reported (Fredrickson et al., 2003). It is, therefore, surprising that novel strains of D. 

radiodurans RI, which is a known mesophile, were isolated from such hot environments. If the 

isolation is true ecological representation, then this finding is highly significant because it 

underscores the priority the DOE has assigned D. radiodurans for development for 

bioremediation of radioactive wastes. To conclusively rule out the possibility of laboratory 

contamination, the novel deinococcal strains were subjected to detailed genomic fingerprinting 

based on a newly developed approach. The novel 2-D fingerprint analysis technique is somewhat 

analogous to microarrays in that it can be used to examine genomic expression based on 

hybridization with mRNA-derived probes. Whereas microarrays use glass slides with DNA 

printed on their surfaces, this technique uses agarose gels to separate digested genomic DNA. 

For the purpose of genomic finger printing, the approach used is to electrophoretically separate 

an entire genome in 2 dimensions, followed by gel-blotting and diagnostic probing, that 

generates a strain specific 2-D constellation of hybridizing spots. This procedure is made 

possible by having a whole genome sequence, which allows selection of suitable restriction 

enzymes that yield DNA fragment sizes that can be clearly resolved be conventional agarose gel 

electrophoresis.

2-D fingerprint analysis is dependent on 1) having a very high quality genomic sequence 

like the one obtained for D. radiodurans (White et al., 1999); 2) restriction enzymes; 3) southern 

blotting capabilities; and 4) a computer program to predict the migration positions of DNA 

fragments following DNA cleavage and two-dimensional (2-D) electrophoresis. Briefly, 

genomic DNA is first cut with one enzyme and the fragments are separated by agarose gel 

electrophoresis. A thin vertical gel lane containing DNA is removed and subjected to in situ 

cleavage with a second restriction enzyme. Once the embedded DNA is digested, the gel strip is 

set horizontally in a new gel, and electrophoresed again yielding a 2-D spread of fragments that 

can be transferred to a hybridization membrane by blotting. These blots can be analyzed by
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Figure 2.7. Analysis of Cell Structure by Transmission Electron Microscopy (TEM). TEM 

of Hanford strains grown in TGY medium showing wall structure and nucleoid morphology. 

Note that the strains 7B-1 (Panel A) and 7C-1 (Panel Q tertacocci have a similar cell wall and 

nucleoid structure when compared to the electron micrograph of D. radiodurans RI (Figure 1.1). 

Strain 7L-1 (Panel B) and RG1-1 MR-IC (Panel D) are structurally distinct from that of D. 

radiodurans RI with smaller sized monococci and diplococci structures. EM scale bars in A, B, 

C and D = 0.5 pm. pg, peptidoglycan layer; cc, carbohydrate coat.
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either labeled cDNA probes generated from total RNA preparations or used for genomic 

fingerprinting using labeled single or multiple gene-specific probes. Hybridizing spots can be 

identified by comparison with a computer-generated template of fragments or used directly to 

compare closely related strains.

Total genomic DNA extracted from strains D. radiodurans, 7B-1 and 7C-1 was first 

subjected to restriction digestion with the enzyme Apal\. DNA fragments were separated by 

agarose gel electrophoresis and then subjected to in situ cleavage with the enzyme Nsp\. A 

second round of electrophoresis of the horizontally placed gel strip yielded a diagnostic 2-D 

spread of the DNA fragments for each strain (Figure 2.8). The 2-D spreads of DNA fragments 

were transferred to and immobilized on nylon membranes followed by hybridization with 24 P- 

labeled probes. These probes were markers for different regions of each of the four genomic 

partitions of D. radiodurans RI (Table 2.4). The 2-D hybridizing constellation of spots 

(fingerprint) of strains 7B-1 and 7C-1 were the same, but distinct from D. radiodurans RI 

(Figure 2.9). Thus, the novel deinococcal isolates are distinct from the laboratory strain. Based 

on the overall spread of Apall -Nspl digested genomic DNA fragments revealed by ethidium 

bromide staining, all three genomes share a remarkable similarity, supporting the conclusion that 

7B-1 and 7C-1 are D. radiodurans.
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Table 2.4. List of PCR Amplified Probes Used for Genome Fingerprinting.

Serial Number Probe Name Probe Coordinates (Kilo 
base)

Associated with 
genome component

1 BC35 20 plasmid
2 JK91 80 megaplasmid
3 HZ52 140 megaplasmid
4 SQ29 10 Small chromosome
5 AD64 70 Small chromosome
6 SP87 300 Small chromosome
7 SU93 10 Main chromosome
8 JO64 100 Main chromosome
9 OV19 200 Main chromosome
10 IB62 400 Main chromosome
11 GQ15 600 Main chromosome
12 DQ03 800 Main chromosome
13 EJ74 900 Main chromosome
14 NU62 1000 Main chromosome
15 IJ95 1200 Main chromosome
16 JW20 1400 Main chromosome
17 JJ87 1500 Main chromosome
18 MI39 1600 Main chromosome
19 HX43 1700 Main chromosome
20 FL36 1800 Main chromosome
21 AA67 2000 Main chromosome
22 EC08 2100 Main chromosome
23 IZ66 2300 Main chromosome
24 EG62 2500 Main chromosome
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Figure 2.8. Comparison of 2-D Whole Genome Spread of Strains 7B-1 and 7C-1 with D. 

radiodurans RI. Ethidium bromide stained agarose gel following 2-D electrophoresis. Genomic 

DNA was digested with ApaLl and electrophosed in a 0.5% agarose gel (not shown). A thin 

vertical gel lane containing the cleaved DNA was cut from the gel and digested with Nspl. The 

gel lane with the double-digested DNA was placed horizontally in a new gel and electrophoesed 

yielding a 2-D spread of genomic DNA fragments. Panel A. D. radiodurans RI. Panel B. Strain 

7B-1 and Panel C. 7C-1. Note that diagnostic 2-D spread of the DNA fragments of both novel 

isolates (7B-1 and 7C-1) looks very similar that of D. radiodurans RI. Arrows show position of 

D. radioaurans recA (DR2340), which is central to genomic restoration following irradiation 

(Minton, 1994). VH, lambda phage DNA cut with HindllL
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Figure 2.9. Comparison of 2-D Genome Fingerprint of Strains 7B-1 and 7C-1 with D. 

radiodurans RI. Blots of gels shown in Figure 2.8 A, B and C representing the 2-D whole 

genome spread of strains D. radiodurans RI, 7B-1 and 7C-1, respectively, were hybridized with 

24 probes P-labeled probes generated by PCR from the 4 D. radiodurans' genome 

compartments (Table 2.1). Note that the 2-D hybridizing constellation of spots (fingerprint) of 

strains 7B-1 and 7C-1 were the same, but distinct from D. radiodurans RI.Arrows point all the 

spots unique to D. radiodurans RI genome. A/H, lambda phage DNA cut with HindiW.

65



Figure 2.9

A/H MH MH

W 23.1
• 9.4
• 6.5

4.3

2.3
2.0

B

66



2.4 Discussion

Extreme radiation resistance in bacteria has historically been attributed mostly to efficient 

DNA repair systems. Yet the molecular mechanisms involved in extreme resistance are 

unknown (Minton, 1994) (Battista, 1997) ((Makarova et al., 2001). Annotation of the complete 

genome sequence of D. radiodurans has failed to identify DNA repair pathways that are unique 

to this organism (Makarova et al., 2001) (White et al., 1999). And, much emphasis has been 

placed on identifying novel repair genes currently hidden within the group of hypothetical genes 

predicted by genomic annotation (Udupa et al., 1994) (Makarova et al., 2001) (Earl et al., 

2002b). However, very few novel repair genes have been identified experimentally (Earl et al., 

2002a, Liu et al., 2003) in spite of intense ‘gene-hunting’ research in several laboratories over 

the last five years.

Radiation resistant organisms that were isolated from permafrost, arid soils, and' 

radioactive sediments could be categorized into three distinct groups: 1) resistant to chronic and 

acute y-radiation; 2) resistant to chronic, but sensitive to acute y-radiation; and 3) sensitive to 

chronic, but resistant to acute y-radiation. This spectrum of resistance characteristics suggests 

that an organism’s ability to survive radiation may be attributable to a combination of protection 

and repair mechanisms. For example, an organism with a high degree of DNA protection, but 

inefficient DNA repair mechanisms may be able to grow under chronic irradiation, but is 

sensitive to acute radiation doses. Alternatively, an organism with a high degree of DNA 

protection and efficient DNA repair processes may be extremely radiation resistant. The nature 

of DNA protection systems are not well characterized, but likely are significantly affected by the 

metabolic repertoire of the cell (Black and Pritchard, 2003). The key findings for bacteria 

isolated from permafrost, arid soils, and radioactive sediments follow:

Resistance Characteristics of Bacteria Isolated from Siberian Permafrost (Table 2.2. Figure 2.3, 

Figure 2.4). Viable bacteria in permafrost need to be able to resist freezing temperatures (Shi et 

al., 1997) (Price et al., 2002), low nutrient conditions (shi et al., 1997), and high levels of 

background radiation accumulated over time spans extending up to 3,000,000 years. Assuming 

that background radiation accumulates at 0.005 Gy/year, the total accumulated dose in the oldest 
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permafrost (~3 million years old) may be as high as 15,000 Gy (Makarova et al., 2001). Such a 

high dose would be expected to select for very radiation resistant organisms. Yet most of the 

bacteria (Group 1: 1.5-3 Myears) from 3,000,000 year old permafrost are radiation sensitive, 

with only a few moderately resistant bacteria identified. Of the bacteria investigated belonging 

to Group 2 (5-8 kyears) (Table 2.2), most of those were also radiation sensitive. However, one 

isolate (MD846) was able to grow in the presence of chronic radiation. Collectively, these results 

suggest that permafrost is unlikely to be an environment that promotes the evolution of radiation 

resistant bacteria. While the survival strategies of radiation sensitive bacteria in ancient 

permafrost are unknown, it is likely that being frozen contributed to their survival. Freezing 

contributes to radiation resistance in two distinct ways: 1) water in a solid state suppresses the 

formation of DNA damaging free radicals generated by radiation (VanGerwen et al., 1999); and 

2) freezing of water external to cells can cause a water potential gradient and result in desiccation 

(Black and Pritchard, 2003). In a frozen/desiccated state, free radical formation is limited by the 

amount of “free” water due to the absence of cellular metabolism and prevention of water 

radiolysis (Gottschalk, 1985). Thus, it is conceivable that viable isolates from permafrost may 

have efficient cellular protection systems that minimize damage from free radicals generated 

during cellular revival.

Resistance Characteristics of Bacteria Isolated from And Soils (Table 2,3, Figure 2.5). Unlike 

permafrost conditions that are static, many arid environments are subjected to periodic exposures 

to water (i.e., rain and humidity). Bacteria from environmental soils prone to drought need to 

develop defense mechanisms not only to resist exposure to desiccation, but also to free radicals 

that arise following rehydration (Sanders and Maxey, 1979). Since 80% of DNA damage caused 

by radiation is believed to arise by the indirect effects of free radicals, extreme conditions in arid 

soil are expected to select organisms that are resistant to radiation. This hypothesis is consistent 

with published reports on the isolation of radiation-resistant bacteria from desiccated 

environments without exposure to irradiation (Sanders and Maxey, 1979). This is further 

supported by results presented here that many bacteria isolated from arid soils are extremely 

resistant to both chronic and acute irradiation (Table 2.3, Figure 2.5). However, as for bacteria 

isolated from permafrost, a few bacteria isolated from dry soils showed resistance to chronic 
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irradiation, but were sensitive to acute irradiation (Table 2.3, Figure 2.5). Thus, the resistance 

spectrum of bacteria isolated from arid soils, generally, is greater than observed for the 

permafrost isolates, and suggests that cellular protection and repair mechanisms are important to 

the survival of bacteria indigenous to arid surface soils.

Based on fatty acid similarities to known bacteria, several of the most radiation resistant 

isolates showed high similarity to Bacillus, Staphylococcus, Deinococcus, Brevibacillus, and 

Eneterococcus species (Table 2.3). These bacterial groups are known for their high radiation 

resistance (Van Gerwen et al., 1999; Thronley, 1963).

Resistance Characteristics of Bacteria Isolated from Radioactive Sediments (Table 2.4, Figure 

2.6- Figure 2.9). The extreme conditions beneath leaking radioactive tank SX-108 (Fredrickson 

et al., 2003) include temperatures as high as 70 °C, low O2 concentrations, desiccation, low 

nutrient conditions, and high-levels of background radiation. Under such conditions, the 

microbial population would be expected to have been reduced to groups of bacteria that are 

thermophilic, anaerobic, and radiation resistant. However, the majority of isolated bacteria were 

aerobic, heterotrophic, desiccation sensitive, and radiation sensitive. Only two of the hundreds of 

bacterial isolates from beneath the radioactive Hanford Site tank were extremely radiation 

resistant, and notably, both were provisionally identified (Fredrickson et al., 2003) and 

confirmed in this thesis as D. radiodurans.

Permafrost and the radioactive dry sediments share physico-chemical characteristics. 

Both have limited “free” water, are nutritionally restricted, and contain dormant bacteria that 

have been exposed to high doses of accumulated background irradiation. As such, these 

environments would be expected to select for bacteria that are radiation resistant. However, most 

bacterial isolates from these two environments were sensitive to radiation (Figure 2.3, 2.4 and 

2.6). In contrast, radiation resistant organisms were readily isolated from non-radioactive surface 

soil samples collected from arid regions of India and North America (Figure 2.5). Unlike 

permafrost and dry radioactive sediments that are static, arid surface soil environments are non

static. Surface soils are subjected to periodic exposures to high levels of oxidative stress during 

cycles of drying and hydration. Over geologic times, the non-static soil environments would be 

expected to drive the evolution of organisms that are resistant to DNA-damage caused by ROS.
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In static dry/frozen environments cells are dormant, unable to replicate, and not evolving, and 

were exposed to one cycle of selection, i.e., during their original recovery from DOE sediment or 

permafrost. Notably, high levels of ROS are also produced by aerobic metabolism (Georgiou, 

2002), where oxidative stress occurs when the rate of generation of ROS exceeds the 

detoxification capacity of the organism/cell (Georgiou, 2002). In general, aerobic organisms 

have evolved powerful mechanisms to detoxify or prevent the production of ROS. Given that D. 

radiodurans is an obligate aerobe, it is possible that the evolution of both desiccation and 

radiation resistance is related to systems that protect the organism from the toxic byproducts of 

the aerobic metabolism.

Correlating Oxidative Stress and Radiation Resistance. An organism’s ability to withstand high 

levels of oxidative stress may be attributable to a wide range of protection and detoxification 

mechanisms. Desiccation by itself does not cause much cellular damage, rather it stabilizes 

protein structures making them particularly resistant to aging (Black and Pritchard, 2003) 

(Franks et al., 1991; Constantino et al., 1998) and heat denaturation (Black and Pritchard, 2003). 

Damage from desiccation arises upon rehydration and the resumption of normal cellular activity 

(Black and Pritchard, 2003) during revival. In facultative and obligate aerobes, cellular 

protection systems against metabolism-induced free radicals include efficient catalytic 

scavenging systems such as superoxide dismutase (Sod) and catalase. Other free radical 

scavengers include carotenoid pigments (Carbonneau et al., 1989) (e.g., deionoxanthin in D. 

radiodurans [Lemme et al., 1997]) that are present in the cell walls of certain bacteria, and 

biological anti-oxidants such as vitamin A and E (Slater et al., 1987).

To further explore the relationship between metabolism and radiation resistance, a 

detailed computational analysis of the whole genome sequence of D. radiodurans was 

undertaken with particular emphasis on its metabolic repertoire and systems that generate and 

defend it from free radicals (Figure 2.10). Interestingly, some of the primary biosynthetic 

pathways were found to be defective in D. radiodurans. The nicotinamide adenine dinucleotide 

(NAD) pathway was disrupted and predicted to be non-functional with 4 of its genes (nadB, 

nadA, nadC and nadD) missing. Biosynthetic pathways for the amino acid cysteine was also 

predicted to be non-functional. While it is not known how the disruption of cysteine or NAD 
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biosynthesis could contribute to the radiation resistance phenotype, cysteine is known to 

facilitate the formation of 2Fe-2S and 4Fe-4S centers that are critical to respiratory enzymes 

(Gottschalk, 1985). Free radicals formed during exposure to ionizing radiation are known to 

attack Fe-S centers releasing the transition metal. And, free Fe efficiently catalyzes the 

reduction of H2O2 to the highly reactive *OH by the Fenton reaction. These observations are 

consistent with the theoretical predictions by Karlin and Mrazek (Karlin and Mrazek, 2001), 

which suggest that the capability of D. radiodurans to resist extreme doses of ionizing and UV 

radiation is attributed to an unusually high number of predicted highly expressed (PHX) 

chaperone/degradation, protease, and detoxification genes (Karlin and Mrazek, 2001). The 

authors report that when compared with all the current complete prokaryotic genomes, D. 

radiodurans contains the greatest number of PHX detoxification and protease proteins (Karlin 

and Mrazek, 2001). The relationship between metabolic defects in D. radiodurans and radiation 

resistance is considered in the next chapter.

2.5 Conclusions

1. Static Environments such as Siberian permafrost do not appear to promote the 

evolution of radiation resistant bacteria even though bacteria encased in ancient 
permafrost may have accumulated large doses of background radiation.

2. In contrast to bacteria isolated from Siberian permafrost and dry radioactive 

Hanford sediments, many bacteria isolated from arid surface soils were found to be 

extremely radiation resistant. This is consistent with previous reports and suggests 

that surface soil environments exposed to cycles of desiccation and rehydration may 
facilitate the evolution of radiation resistant bacteria.

3. The identity of two novel D. radiodurans isolates (7B-1 and 7C-1) from radioactive 

sediments at Hanford, WA were confirmed using a novel 2-D genome fingerprint 
technique. This identification underscores the DOE’s investment in D. radiodurans 

as a candidate for bioremediation of genotoxic environments.
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4. A reconstruction of the metabolic configuration of D. radiodurans based on genomic 

annotation has identified several defects in its primary biosynthetic pathways that 

may contribute to its resistance characteristics.
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Figure 2.10. Overview of the Basic Metabolic Pathways of D. radiodurans and Systems that 
Generate and Defend Against Free Radicals. The pathways are color coded as follows: Black, 

catabolism of fructose, lactate and acetate; pyruvate oxidative decarboxylation; TCA cycle. 

Brown, reactions of the glyoxylate bypass. Blue, methionine, serine biosynthesis, and electron 

transfer coupled to ATP synthesis. Purple, cysteine biosynthesis and sulfate reduction. Green, 

basic ammonia metabolism. For each reaction, the gene name and/or D. radiodurans gene 

number is shown. Red crosses show the location of predicted disruptions (missing genes) of 

biosynthetic pathways. Red arrows and boxes show the dominant reactions leading to the 

generation of free radicals. Typically during irradiation, -80% of DNA damage is caused 

indirectly by irradiation-induced short-lived free radicals, the remaining -20% by direct 

interaction between y-photons and DNA (Schulte-Frohlinde, 1986; Zaider et al., 1994). Black 

boxes include defense systems against free radical damage. Blue boxes outside the cell show 

proteases and substrates: Blue substrates in these boxes have predicted specified transporters, 

orange substrates do not have predicted specified transporters. Long dashed blue lines show 

conventional pathways leading to degradation of amino acids. Abbreviations: APS, 

adenylylsulfate; PAPS, phosphoadcnylylsulfate; NAD, nicotinamide adenine dinucleotide 
(oxidized form); NADH, nicotinamide adenine dinucleotide (reduced form); NADP, 

nicotinamide adenine dinucleotide phosphate (oxidized form); NMN, nicotinamide 

mononucleotide; FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide (oxidized 

form); FADH, flavin adenine dinucleotide (reduced form); ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; PEP, phosphocnolpyruvatc; nicotinate-AD, nicotinic acid adenine 
dinuclcotide; nicotinate-NM, nicotinic acid mononucleotide; El, subunit of phosphotransferase 

system; Pi, orthophosphate; PPi, pyrophosphate; Q, ubiquinone; SOD, superoxide dismutase; 

Of, superoxide radical; O2“, peroxide ion; OH’, hydroxyl radical; e’aq, hydrated electrons.
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Figure 2.10
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Chapter 3: Physiologic Determinants of Radiation Resistance in Deinococcus 
radiodurans

3.1 . Introduction

While the lethal consequences of ionizing radiation are well documented (Shapiro, 2002), 

relatively little is known about how organisms protect themselves against radiation damage. 

Comparison of radiation resistance profiles of bacteria isolated from different environments (Chapter 

2) suggests that aerobic soil environments, where bacteria are exposed to cycles of drying and 

rehydration, promote the evolution of radiation resistant bacteria. An inevitable consequence of life in 

an oxygen-rich environment is the formation of metabolically induced ROS (Figure 2.10), which are 

toxic to biological macromolecules such as DNA and proteins (Geiorgiou, 2002). Bacteria have 

developed a variety of systems to protect themselves against the damage caused by ROS (e.g., 

superoxide dismutases [SOD] and catalase, Chapter 2). Oxidative stress occurs when the generation 

of ROS exceeds their elimination by antioxidant defense mechanisms resulting in DNA damage. 

Extreme conditions such as high-dose irradiation generate H2O2 and release Fe2+ from heme

containing proteins (Touati, 2000). In its reduced form, Fe contributes to oxygen toxicity by 

converting hydrogen peroxide to reactive hydroxyl radicals (’OH) via the Fenton reaction (Touati, 

2000; Geiorgiou, 2002). A detailed analysis of the metabolic components of D. radiodurans could 

lead to a better understanding of its survival mechanisms and how this phenotype could be exploited 

for practical purposes.

The bacterium D. radiodurans is one of the most radiation resistant organisms known, and is 

currently being engineered for remediation of the toxic metal (Brim et al., 2000) and organic 

components (Lange et al., 1998) present in radioactive wastes generated during the Cold War (Daly, 

2000, Lange et al., 1998, Brim et al., 2000, Riley et al., 1992). Understanding D. radiodurans' biotic 

potential and global physiologic integrity in nutritionally restricted radioactive environments are 

important in elucidating not only its extreme radiation resistance phenotype, but also its development 

for in situ bioremediation. The molecular mechanisms underlying the extreme radiation resistance 

phenotype have been the subject of several investigations (Daly et al., 1994a, 1995,1996; Dardalhon- 

Samsonoff and Averbeck, 1980; Mattimore et al., 1995; Minton, 1996). However, the role of the 
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organism’s metabolic repertoire and physiologic state at the time of irradiation is far less 

characterized. Little is known about this relationship other than that exponentially growing 

D. radiodurans cells are more sensitive to radiation than stationary-phase cells (Minton, 1994; 

Thornley, 1963), and freezing or desiccating D. radiodurans substantially increases its resistance 

phenotype (Daly et al., 1994; Mattimore and Battista, 1996; Richmond et al., 1999).

In radioactive environments that do not destroy an organism, but rather limit or prevent 

metabolism, genetic damage is accumulated and survival is dependent on repairing and preventing the 

accumulation of irreversible (lethal) genetic damage (Daly et al., 1994a, 1994b, 1995). Genetic 

recovery of D. radiodurans following such accumulated DNA damage is heavily dependent on energy 

metabolism and protein synthesis (Minton, 1994). The ability of D. radiodurans to grow in the 

presence of 60 Gy/hour in nutrient-rich conditions, with no effect on either its viability, growth rate, 

or ability to express cloned genes has also been demonstrated (Lange et al., 1998). By comparison, E. 

coli is killed at 60 Gy/hour irrespective of nutrient conditions (Lange et al., 1998).

Notably, the identities of two novel isolates (7B-1 and 7C-1) from radioactive sediments at 

Hanford, WA were confirmed as D. radiodurans (Chapter 2, Section 2.3.1.4). Nutrient conditions at 

DOE radioactive waste environments are poor and the effect of such conditions on the growth and 

survival of D. radiodurans is unknown. In this study, the effect of nutrient conditions on D. 

radiodurans' ability to survive acute or chronic irradiating exposures was examined using a defined 

minimal medium (DMM) developed here. Nutrient conditions had a profound effect on the survival 

and growth of D. radiodurans during chronic irradiation exposure, but not following acute irradiation. 

In nutrient-limiting conditions during chronic irradiation, DNA repair was found to be limited by this 

organism’s metabolic capabilities and not by any nutritionally induced defect in genetic repair. 

Specific aims of this chapter are as follows:

1. To develop a chemically defined minimal medium for D, radiodurans and to characterize 

its dependence on defined carbon sources and amino acids.

2. To identify nutritional components that govern radiation resistance in D. radiodurans.
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3. To correlate experimentally determined growth characteristics of D, radiodurans with 

those predicted by genome annotation.

4. To examine the amino acid starvation response in D. radiodurans and the response of the 

global metabolic regulators RelA and SpoT.

3.2 Materials and Methods

3.2.1 Growth of Cells

D. radiodurans (strain RI) was grown on nutrient rich medium (TGY; 1% bactotryptone, 

0.5% yeast extract; and 0.1 % glucose) or defined minimal medium (DMM) (Table 3.1), in the absence 

or presence of chronic irradiation, 60 Gy/hour (,37Cs Gammacell 40 irradiation unit [Atomic Energy 

of Canada Limited]) (22 °C), as described previously (Lange et al., 1998). To facilitate growth, liquid 

DMM was inoculated with cells (104-105 cells/ml) pre-grown on solid DMM. All chemicals in this 

work were obtained from Sigma Chemical Company; Bacto-agar and Noble agar were obtained from 

Difco. In liquid culture, cell density was determined at 600 nm in a Beckman spectrophotometer. For 

acute high-level radiation exposures, stationary phase cultures were irradiated without change of broth 

on ice at 10 kGy/h (60Co Gammacell irradiation unit [J. L. Shepard and Associates, Model 109]). 

Following irradiation, cell viability was determined by plate assay, as described previously (Daly et 

al., 1994).

3.2.2 rel Gene Functional Assay

rel function was assayed according to the procedures described by M. Cashel (Cashel, 1994). 

All eubacteria so far tested are capable of forming guanine nucleotide analogs of GDP and GTP, 

bearing a pyrophosphate group esterified to the 3'-hydroxyl of the ribose moiety; these are abbreviated 

as ppGpp and pppGpp, respectively. The RNA control locus relA encodes (p)ppGpp synthetase and 

sometimes forms a hybrid locus containing spoT, that encodes 3’-pyrophosphohydrolase (e.g., in
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Bacillus subtilis [Wendrich and Marahiel, 1977]). Rei A is synthesized in bacteria in response to 

amino acid starvation and indirectly reduces protein synthesis by repression of stable RNA synthesis 

when concentrations of amino acids cannot keep up with the demands in protein biosynthesis. RelA- 

induced RNA suppression has pleitropic effects including a reduction in DNA replication, 

transcription, translation, and growth. Together with SpoT, Rei A participates in integrating carbon 

and nitrogen metabolism (Cashel and Rudd, 1996). Rei A activity in D. radiodurans cells was 

determined as follows: cells were grown on TGY solid medium for 60 hours or on solid DMM (Table 

3.1 A) for 170 hours. ~108 cells were suspended in Phosphate-Free Labeling Medium (PFLM: 0.1 M 

MOPS, 0.2% dextrose, and 100 pCi/ml carrier-free P-orthophosphoric acid) with or without 1 

mg/ml serine hydroxamate, that blocks translation and is used to induce relA/spoT activity. 

Authenticity of (p)ppGpp and pppGpp spots were established by using E. coli wildtype (CF1648) and 

a mutant E. coli strain (CF1652) lacking relA (Mechold et al., 1996), as controls. A cell suspension 

(25 pl) was mixed with an equal volume of 13 M formic acid, placed on dry ice and freeze-thawed 

twice. The mixture (4 pl) was then spotted onto a cellulose polyethyleneimine (PEI)-thin layer 

chromatography (TLC) (Fisher Scientific) plate and the TLC plate was developed with 1.5 M KH2PO4 

(pH 3.4). When the solvent front reached 15 cm, the plate was air-dried and exposed overnight to X- 

ray film.

3.2.3 Transmission Electron Microscopy (TEM) and Confocal Laser Scanning Microscopy 

(CSLM)
TEM and CSLM was a collaborative effort with Dr. Alexandar Vasilenko at USUHS, 

Bethesda, MD.

TEM. As described in section 2.2.9

CSLM. Bacterial cells were harvested and washed with 0.1 M Tris-HCl, 0.01 M EDTA buffer 

(pH 8.0), fixed in 77% ethanol (0 °C), and stained with acridine orange. The stained preparations 

were visualized with a Bio-Rad MRC-600 confocal laser scanning microscope interfaced with a Zeiss 

Axiovert microscope as well as a Merdian ULTIMA ACAS 570 CSL Microscope, using 100 x 

immersion objectives. Images were reproduced by using a New Codonics NP1600 Postscript printer. 

Acridine orange-double stranded nucleic acid results in a complex that has an absorption maximum
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between 450-490 nm that gives rise to green fluorescence and was used to localize DNA, with a 520 

nm barrier filter. Acridine orange-single stranded nucleic acid complex has an absorption maximum 

between 510-560 nm that gives rise to red fluorescence and was used to localize RNA, with a 590 nm 

barrier filter (Darzynkiewicz, 1994).

3.2.4 Nucleic Acid Isolation and Manipulation

~3 x 108 D. radiodurans cells pregrown in either rich or DMM were harvested at the 

indicated time points and resuspended in 570pl of TE buffer (10 mM Tris-HCl, pH 8; 0.1 mM 

EDTA). The cells were lysed by the addition of 15 pl 20% (w/v) sodium dodecyl sulfate (SDS) and 

300 pg of proteinase K, and incubation at 37°C for 60 minutes. Cell lysates were phenol/chloroform- 

extracted and nucleic acids were precipitated with a 0.6 volume of isopropanol, and dissolved in TE 

buffer. The concentration and purity of both DNA and RNA samples were determined by 

spectrophotometric ratio assay at 260 nm and 280 nm.

3.2.5 Agarose Gel Electrophoresis

As described in section section 2.2.5.3.

3.3 Results

3.3.1 Development of a Defined Minimal Medium (DMM) Suitable for Analysis of D. 
radiodurans Growth

A previous report of a D. radiodurans minimal medium preparation that was used to assess 

growth, described a synthetic medium that contained excessively high concentrations (30 - 600 pg/ml 

each) of 17 amino acids, yielding a medium containing greater than 5 mg/ml amino acids (Shapiro et 

al., 1977). In addition, this reported minimal medium included a large variety of minerals and 

vitamins that were also shown to be unnecessary for D. radiodurans growth. The excessive use of 
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non-essential nutrients rendered this medium neither minimal nor useful for deinococcal growth 

studies. In fact, D. radiodurans could grow in this medium in the absence of typical Embden- 

Meyerhof-Pamas (EMP) pathway substrates (e.g., fructose, glucose, and maltose). Therefore, the 

development of a synthetic medium that is truly minimal, highly characterized and suitable to testing 

this organism’s metabolic capabilities as guided by analysis of the genomic sequence, was needed.

In developing a synthetic minimal medium, many combinations of varying amounts of 

carbohydrates, amino acids, salts and vitamins in both liquid and solid medium (using Noble agar) 

were systematically tested. By a process of elimination, minimal nutrient constituents, and their 

concentrations, necessary for luxuriant growth were identified (Table 3.1 A). This synthetic medium 

preparation for D. radiodurans is distinct from those published by others (Raj et al., 1960; Shapiro et 

al., 1977) in that it is much simpler, and growth off), radiodurans in such medium is completely 

dependent on a carbon/energy source (e.g., fructose; Figure 3.1). In addition to a metabolizable 

carbon source, growth of D. radiodurans was found to be dependent on exogenous amino acids and a 

vitamin; addition of sulfur-rich amino acids, together with nicotinic acid were particularly effective at 

supporting growth. However, the specificity of amino acids was shown not to be stringent since many 

different combinations of amino acids supported growth (Chapter 4 further defines the amino acid 

requirements of D. radiodurans and related species). A factor that strongly influenced the extent of 

growth was the total amino acid concentration in the growth medium (Figure 3.2), not the 

composition of the amino acid pool. Among the carbon sources tested, the following supported 

luxuriant to slow growth in the following order: fructose > pyruvate > lactate > glucose > oxaloacetate 

> acetate > glycerol (Figure 3.1). There are numerous examples of free-living bacteria with absolute 

specificity to sugar metabolism (e.g., Arthrobacter can utilize fructose, but not glucose [Sobel and 

Kruwlwich, 1973]). Surprisingly, the tricarboxylic acid (TCA) cycle intermediates fumarate, citrate, 

malate, and succinate were ineffective at supporting growth (Figure 3.1).
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Table 3.1. Minimal Nutrient Requirements for Growth of D. radiodurans in the Absence (A)

and Presence (B) of y-Radiation (60 Gy/hour)

Footnote Table 3.1 aBasal Salt Medium (BSM) was autoclaved and then supplemented with sterile preparations

Components
Concentrations

A (Without irradiation) B (With irradiation)

BSMa Potassium Phosphate Buffer (pH7.5-8.0) 20 mM 20 mM

Salts Magnesium Chloride, Tetrahydrate 0.2 mM 0.2 mM

Calcium Chloride, Dihydrate 0.1 mM 0.1 mM

Manganese (II) Acetate, Tetrahydrate 5.0 pM 5.0 pM

Ammonium Molybdate, Tetrahydrate 5.0 pM 5.0 pM

Ferrous Sulfate, Heptahydrate 5.0 pM 5.0 pM

Amino Acids L-Histidine 25 pg/ml 200 pg/ml

L-Cysteine 30 pg/ml 30 pg/ml

L-Methionine 50 pg/ml 50 pg/ml

L-Alanine —————— 500 pg/ml

L-Arginine ——--- 800 pg/ml

L-Asparagine 800 pg/ml

Glycine ————— 300 pg/ml

L-Leucine ———----- 500 pg/ml

L-Lysine ————- 300 pg/ml

L-Glutamine ————— 500 pg/ml

L-Proline ————— 370 pg/ml

L-Serine —-------- 300 pg/ml

L-Threonine — 200 pg/ml

L-Tryptophan 200 pg/ml

L-Tyrosine —----------- 200 pg/ml

L-Valine ———— 200 pg/ml

Vitamin6 Nicotinic Acid 1.0 pg/ml 1.0 pg/ml

Carbon Carbon Source 2 mg/ml 2 mg/ml

of salts, amino acids, and nicotinic acid at the indicated concentrations. For solid medium, Noble Bacto Agar 

was added before autoclaving BSM, to 1.5% (w/v). bSubstitution of nicotinic acid with Basal Medium Eagle

Vitamin Solution (GibcoBRL) improved growth slightly. For growth in liquid DMM, cells used for inoculation 

were pre-grown on solid DMM.
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Figure 3.1. Growth of D. radiodurans in Defined Minimal Medium (DMM) (Table 3.1 A), 

containing 2 mg/ml of the indicated carbon sources. An ODeoo of 1.0 = ~1 x 108 CFU /ml. CFU, 

colony-forming units. Cells were pre-grown on solid DMM before inoculation into liquid DMM.
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Figure 3.2. Relationship Between Amino Acid Concentration and Growth of D. radiodurans in

Liquid DMM. The nutrient conditions were as described in Table 3.1A with the exception of amino 

acid composition. Fructose was the carbon source. Amino acid composition: 25% glutamine; 18% 

cysteine; and 10% (tyrosine, tryptophan and phenylalanine, buffered with 5% glycine). Cultures were 

inoculated at 5 x 106 CFU/ml using cells pre-grown on solid DMM (Table 3.1 A). ODgoo 

measurements were made at 96 hours following inoculation.
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D. radiodurans cells grown in DMM were examined by electron microscopy (Figure 3.3). 

Unexpectedly, almost all DMM-cultured cells grew as diplococci; cells grown in TGY grow as 

tetracocci in the late stages of growth (Figure 3.3A/B). There were also morphological differences in 

cell wall structures observed between cells grown in DMM and TGY (Figure 3.3 C/D). In rich 

medium, the cell wall consists of multiple layers and is about 150 nm thick (2,31); the order of layers 

from the inside to outside are: cytoplasmic membrane (not visible in Figure 3.3), peptidoglycan layer 

(pg), holey layer (hl; darkest layer) that has an hexagonally packed structure, and the carbohydrate 

coat (cc) (Figure 3.3 B/D). D. radiodurans cells grown in DMM (Table 1 A) displayed a holey layer 

which appears to be more electron transparent than the holey layer of cells in TGY (Figure 3.3C).

3.3.2 Sensitivity of D. radiodurans Grown in Synthetic Medium to Chronic and Acute 

Irradiation

To investigate the effect of D. radiodurans' nutritional state on its radiation resistance 

phenotype, cells were exposed to continuous y-radiation in a Cs irradiator (60 Gy/hour) in different 

growth conditions. Control cultures were incubated in the absence of radiation at the same 

temperature. For cells grown on rich medium (TGY), growth was not affected by continuous 

exposure to 60 Gy/hour compared to growth on TGY in the absence of radiation. In contrast, growth 

in DMM (Table 3.1 A) was eliminated by chronic exposure to 60 Gy/hour. To determine if chronic 

radiation under minimal conditions was bactericidal or bacteriostatic, a series of inoculated DMM 

plates were exposed to 1, 2, 3, 4, or 5 kGy in the irradiator. Following exposure, the plates were 

incubated in the absence of radiation to monitor survival. A chronic dose of 3 kGy was lethal to cells; 

this contrasts dormant (on ice) D. radiodurans' ability to survive 17 kGy of acute radiation with high 

survival if cells are allowed to recover and grow in rich medium (Daly et al., 1994a, 1994b, 1995, 

1996). Cell viability and the DNA repair capabilities of chronically irradiated D. radiodurans cells 

incubated in either liquid TGY or DMM (Figure 3.4) were further examined. Following incubation in 

the 137Cs irradiator, cells were collected at intervals extending to 96 hours. A portion of the cells was 

plated for survival (Figure 3.4A) and the remainder frozen until total DNA was prepared and 

examined for degradation (Figure 3.4B).
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Figure 3.3. Transmission Electron Microscopy (TEM) of D. radiodurans Grown in DMM (Table 

3.1). (A and C) and TGY (B and D) showing wall structure and nucleoid morphology. Note that cells 

grown in TGY medium exist as tetracocci (B). By comparison, in DMM, cells exist as diplococci (A). 

The nucleoids in TGY-grown cells are distinct and ring-shaped (B) and are not visible in cells grown 

in minimal medium. EM scale bars in A & B = 1 pm; in C & D = 100 nm. pg, peptidoglycan layer; 

hl, holey layer; cc, carbohydrate coat.
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Figure 3.3
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Rapid degradation of DNA occurred in cells incubated in DMM, whereas there was little evidence for 

DNA degradation in TGY-incubated cells. Some DNA degradation, and a loss in viability, in TGY- 

incubated cells was observed at the 48 and 96 hour time points, presumably due to the depletion of 

metabolizable nutrients and the inevitable accumulation of DNA damage in slowly- or non-replicating 

cells. By comparison, cells incubated in DMM plus irradiation showed a very large decrease in 

viability almost immediately. After 24 hours of irradiation (1.44 kGy; Fig 3.4B) the DNA was highly 

degraded, and all cells were killed by 96 hours (5.76 kGy; Figure 3.4).

To rule out the possibility that cells grown in DMM (Table 3.1 A) were inherently sensitive to 

radiation, or that certain nutritional-dependent repair factors were lacking in the synthetic medium, 

TGY- and minimally-grown D. radiodurans cells were tested for their ability to survive extremely 

high doses of acute gamma radiation. Figure 3.5 shows that irrespective of the pre-irradiation growth 

medium or post-irradiation recovery substrate, the resistance of D. radiodurans was similar. As 

expected, the D37 of the diplococcus culture (grown in DMM) was ~6 kGy, one half the D37 of the 

tetracoccus D. radiodurans culture (~12 kGy) (Figure 3.3B). The very long shoulder of resistance of 

D. radiodurans grown in rich medium (Figure 3.5) results from its morphology, where each of four 

independent cells of a tetracoccus needs to be killed to eliminate a colony forming unit (CFU). 

Failure to correct for cell-grouping can lead to exaggerated resistance values based on CFU counts. 

For example, very high resistance has been reported for Kineococcus radiotolerans, but no correction 

was made for cell-grouping (Phillips et al., 2002). In liquid medium, K. radiotolerans grows as 

organized clumps of > 100 cells (Phillips et al., 2002). Because D. radiodurans cannot be grown as a 

monococcus, the D37 for a single-celled population cannot be determined experimentally. However, it 

is estimated to be about one half the D37 of the diplococcus culture (Figure 3.3 A).

The minimal nutrient conditions required to support growth at 60 Gy/hour were determined by 

variably increasing the concentrations of the nutrients shown in Table 3.1 A. In the presence of 

continuous radiation, growth was restored only when high concentrations of amino acids were 

provided together with an EMP or Entner-Doudoroff (ED) carbon substrate (Table 3. IB, Figure 3.1).
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Figure 3.4. Effect of Growth- and Recovery-Substrate on Survival of D. radiodurans Following 

Acute y-Radiation. Cells were grown to early stationary phase and irradiated on ice at 10 kGy/h. 

Open square: Cells pre-grown in liquid TGY, irradiated, and plated on solid TGY; Solid triangle: 

Cells pre-grown in liquid TGY, irradiated, and plated on solid DMM [Table 3.1 A]; Open circle: 

Cells pre-grown in liquid DMM, irradiated, and plated on solid TGY; Solid diamond: Cells pre

grown in DMM, irradiated, and plated on DMM.
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Figure 3.5. Effect of Nutrient Conditions on the Viability and DNA Content of D. radiodurans 

Exposed to Chronic y-Radiation, in Liquid Culture. Cells were irradiated at 60 Gy/hour (23 °C). 

For both irradiated and control cultures, cells were diluted to 5 x 106 CFU/ml at the start of the 

experiment. A) Survival curves. Solid square: control, TGY, no radiation. Open square: TGY plus 

y-radiation. Solid circle: control, DMM [Table 3.1 A], no radiation. Open circle: DMM [Table 

3.1 A], plus y-radiation. B) Total DNA was prepared from cells corresponding to each of the time 

points shown in panel A. Each lane contains DNA from ~3 x 106 cells, as determined by 

hemocytometer count (Daly et al., 1994a). TGY+ y, cells grown in TGY plus y-radiation; Min + y, 

cells grown in DMM (Table 3.1 A) plus y-radiation; TGY and Min lanes, shown on the right, are from 

the controls incubated in the absence of irradiation. X/H, lambda phage DNA cut with Hindlll. DNA 

size in kilo bases (kb) is shown on the left. The gel migration positions of DNA and rRNA are 

indicated on the right. Gel electrophoresis was in a 0.66% agarose gel for 17 hours at 45 V.
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Figure 3.5
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Increasing the concentration of the carbon source or non-amino acid supplements beyond the 

concentrations described in Table 3.1 A had no effect on resistance. Similarly, in the absence of a 

carbon source, high concentrations of amino acids alone did not support growth in the irradiator. 

Table 3.IB shows the minimum nutrients, and their concentrations, that supported luxuriant 

D. radiodurans growth at 60 Gy/hour.

3.3.3 Physiologic Genomic Analysis of D. radiodurans

In the course of annotation of the D. radiodurans genome (White et al., 1999) most metabolic 

pathway genes key to this analysis were present. For example, the EMP and ED pathways were found 

to be intact, and D. radiodurans could grow on fructose, glucose, maltose and mannose, as expected. 

However, there were three examples where the primary biosynthetic pathways of amino acids were 

incomplete (Table 3.2). Further, D. radiodurans could not utilize ammonia as a nitrogen source and 

its growth was entirely dependent on exogenous amino acids. Therefore, the genomic sequence was 

carefully examined for defects that could effect nitrogen assimilation. Generally, the key step in 

assimilating inorganic nitrogen into amino acids is the synthesis of glutamine and glutamate from 

ammonia by the action of glutamine synthetase (ginA). In D. radiodurans strain RI there are two 

copies ofglnA, glnA-1 (chromosomal position [cp]: 2049790) is disrupted by a frameshift mutation 

while glnA-2 (cp: 447280) appears to be intact. The glutamate synthase subunit genes (gltB and gltD) 

also appeared to be functional (cp of operon: 181526); GltB/D integrated carbon and nitrogen 

metabolism by the synthesis of glutamine from glutamate. Yet, this bacterium could not use 2- 

oxoglutarate as a growth substrate in DMM supplemented with a variety of inorganic nitrogen sources 

(e g., ammonium sulfate), suggesting there may be a defect in the assimilation of ammonia by the 

glutamine synthetase/glutamate synthase cycle.
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Table 3.2. aEffectiveness of Carbon Sources as Precursors for D. radiodurans Growth

Carbon/Energy

Source

Growth bBiosynthetic 

Pathway

Existence

(genome data)

Defect

Pyruvate + ++ Alanine complete -

Valine complete -

Leucine complete -

Oxaloactate -H- Isoleucine complete -

Threonine complete -

Lysine incomplete dapABDF absent

Methionine complete -

Aspartic acid complete -

Phosphoglycerate + Serine incomplete serCB absent

Glycine complete -

-
Cysteine incomplete cysEJDN absent

Footnote Table 3.2: ’Acetate and lactate are effective growth substrates while the TCA cycle 

intermediates malate, succinate, fumarate and citrate, are ineffective. Pathways indicated correspond 

to entry points to biosynthesis for the indicated amino acids from the compounds listed in the first 

column. cFor genomic comparison, we used metabolic pathways present in E. coli. All genes 

necessary for histidine biosynthesis are present. +++, excellent; ++, good; +, poor; -, no growth.
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3.3.4 Correlation Between Amino Acid Limited Growth and relA Activity

RelA and SpoT are responsible for integrating carbon and nitrogen metabolism (Cashel and 

Rudd, 1996), and when their regulation is defective these genes have pleiotropic effects on cells, that 

include a dependence on exogenous amino acids for growth and suppression of cellular RNA levels 

(Cashel and Rudd, 1996). Therefore, rel function in D. radiodurans was examined at both genomic 

informatic and experimental levels.

D. radiodurans was found to encode a predicted protein that is most similar (58% identity) 

(Altschul et al., 1997) to the RelA/SpoT protein [(p)ppGpp synthetase/3'-pyrophosphohydrolase] of 

Bacillus subtilis (Wendrich and Marahiel, 1977). The functional integrity of the putative rel locus in 

D. radiodurans was tested by monitoring the diagnostic synthesis of ppGpp and pppGpp under amino 

acid deprivation (Figure 3.6A). Cells were shifted from TGY or DMM to labeled phosphate medium 

(PFLM) containing a single carbon/energy source plus or minus serine hydroxamate (Figure 3.6B, 

3.6C). In these conditions, ppGpp and pppGpp were rapidly synthesized and expressed at levels 

comparable to those seen in E. coli (Figure 3.6). These data support normal rel function in D. 

radiodurans and its induction in amino acid-limiting conditions.

Consistent with the induction of rel functions, cells grown in DMM conditions (Table 3.1 A) 

had substantially reduced cellular RNA levels, as seen by gel electrophoresis of total nucleic acid 

(Figure 3.3B). Suppression of cellular RNA content was verified directly by microscopy of cells using 

Confocal Laser Scanning Microscopy (CSLM) and acridine orange cell staining (Figure 3.7). 

Differential staining of DNA and RNA showed that cells grown in DMM (Table 3.1 A) had highly 

reduced levels of RNA compared to cells growing in nutrient rich medium (TGY).
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Figure 3.6. Panel A. Production of pp(p)Gpp in D. radiodurans and E. coli. 32P-labeled ppGpp and 

pppGpp were detected by PEI cellulose chromatography (Materials and Methods). Stationary-phase 

cells grown in either TGY or DMM (Table 3.1A/B) were suspended in PFLM (Materials and Methods) 

with or without the amino acid analogue serine hydroxamate. Lanes: 1 & 2) D. radiodurans cells from 

DMM (Table 3.1 A) incubated in PFLM plus serine hydroxamate (these lanes are equivalent to Panel 

B, lanes 4 & 5); 3 & 4) D. radiodurans cells from DMM (Table 3.1 A) incubated in PFLM plus 16 

amino acids listed in Table 3. IB (final amino acid concentration: 50 pg/ml); 5) D. radiodurans cells 

from TGY medium incubated in PFLM plus serine hydroxamate; 6) E. coli (relA deleted) incubated in 

PFLM plus serine hydroxamate, control; 7) E. coli (wildtype) incubated in PFLM plus serine 

hydroxamate, control.

Panel B. Formation of ppGpp and pppGpp in D. radiodurans. Cells were treated as described 

in Panel A in the presence of serine hydroxamate. Lanes: 1) control, no cells; 2 & 3) cells grown in 

TGY medium (duplicate lanes); 4 & 5) cells grown in DMM (Table 3.1 A) (duplicate lanes).

Panel C. Formation of ppGpp and pppGpp in D. radiodurans grown in DMM. Cells were 

treated as described in Panel A. Lanes: 1) cells treated in the absence of serine hydroxamate; 2) cells 

treated in the presence of serine hydroxamate.
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Figure 3.6
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Figure 3.7. Confocal Laser Scanning Microscopy (CSLM). Bacterial cells were stained with 

acridine orange. Acridine orange-single stranded nucleic acid results in a complex that gives rise to 

red fluorescence and was used to localize RNA. Acridine orange-double stranded nucleic acid 

complex gives rise to green fluorescence and was used to localize DNA. Note that when DNA and 

RNA are both present the cells appear yellow, a) DMM (Table 3.1 A); b) TGY medium. Scale bars: 5 

pm.
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Figure 3.7
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3.4 Discussion

The development of a synthetic medium for D. radiodurans played an important role in testing 

the relationship between its metabolic capabilities, ambient nutrient conditions, and radiation 

resistance. D. radiodurans' growth was unaffected by chronic exposure to 60 kGy/hour in nutrient rich 

conditions (Lange et al., 1998). However, cells are unable to grow and are killed in radioactive 

nutritionally restricted environments that support luxuriant growth in the absence of radiation. This 

phenotypic reversal from radiation resistance to sensitivity is of great interest and concern since it 

reveals the importance of metabolism in radiation resistance, but questions the suitability of D. 

radiodurans as a bioremediation host in radioactive waste sites. The data show that cells grown in 

DMM are similarly resistant to acute gamma radiation (0-12 kGy) as those grown in nutrient rich 

conditions (TGY) (Figure 3.5), and that the principle factor limiting survival and growth in chronically 

irradiated conditions (Figure 3.4) is the cells’ ability to utilize certain nutrients. This study identified 

key nutritional constituents that restore growth of D. radiodurans in radioactive nutrient-limiting 

environments (Table 3.IB).

These results reinforce the previous assertion that DNA repair requires nutrient-rich conditions 

(Minton, 1994). In earlier studies of D. radiodurans exposed to acute radiation (5-20 kGy), DNA 

repair required fresh TGY medium (Daly et al., 1994). In the absence of such conditions, it has been 

reported that DSB-induced DNA degradation is relentless, leading to cellular death (Daly et al., 1994; 

Minton, 1994). Considering DNA degradation and repair within the context of D. radiodurans also 

burdened with de novo synthesis of cell components on DMM, the added metabolic demands of 

repairing 4-10 copies (Hansen, 1978) of its genome (3.28 Mbp) during chronic radiation are likely to 

be profound. Indeed, degradation of DNA within chronically irradiated cells incubated in DMM is 

rapid and progressive (Figure 3.4B). Therefore, during its growth in DMM (Table 3.1 A) under 

radioactive conditions, the rate of DNA repair and synthesis is overwhelmed by the rate of DNA 

degradation.

For growth under chronic irradiation, phenotypic reversion from radiation sensitivity (in 

DMM; Table 3.1 A), to resistance could be induced by enriching the growth substrate. Specifically, 

restoration of radiation resistance during growth was highly dependent on an exogenous abundant 

101



amino acid source (Table 3.1B). Genomic analysis showed that D. radiodurans contains most amino 

acid biosynthetic pathways (Table 3.2). However, the primary biosynthetic pathways for cysteine, 

lysine and serine are incomplete (Table 3.2). Yet, D. radiodurans could grow in the absence of these 

pathways, supporting the hypothesis that secondary biosynthetic pathways for these three amino acids 

exist in D. radiodurans. In particular, the annotation of D. radiodurans genome (Makarova et al., 

2001) reveals the presence of gene orthologs for an alternate a-animoadipate pathway of lysine 

biosynthesis (in contrast to the diaminopimelate pathway, which is typical of most other bacteria) that 

was originally discovered in Thermus thermophilus (Kobashi et al., 1999). Furthermore, 

transamination reactions facilitate the interconversion of many amino acids as well as de novo 

synthesis from TCA cycle intermediates. Given D. radiodurans' inability to assimilate inorganic 

nitrogen, the existence of such transamination capabilities are consistent with the finding that 

D. radiodurans' growth in DMM, while not dependent on any specific amino acids, is absolutely 

dependent on a non-specific exogenous amino acid source.

In eubacteria, global regulation of various metabolic processes, including transcription and 

protein synthesis, is known to be under stringent control of the loci relA and spoT (Mechold and 

Malke, 1997); in amino acid-limiting conditions relA is induced. relA activity in eubacteria is well 

known for its global suppression of RNA synthesis and induction of amino acid synthesis (Mechold et 

al., 1996). In D. radiodurans, with its disruption of three major biosynthetic pathways, relA function 

may be easily triggered. Therefore, testing RNA suppression in D. radiodurans would be important 

since it not only would support relA function, but also could help explain the inhibition of D. 

radiodurans' growth in nutrient-limiting conditions during chronic radiation. Growth of 

D. radiodurans in amino acid-limiting conditions resulted in reZ-associated functions; pp(p)Gpp- was 

induced (Figure 3.5) and the cellular RNA content was highly reduced (Fig 3.4B, 3.7). In the majority 

of cell-types, about 80% of total cellular RNA is rRNA (Darzynkiewicz, 1994). The rRNA content is, 

thus, a good indicator of total cellular RNA and the translational potential of the cell. Global 

suppression of RNA in D. radiodurans would likely suppress its metabolism, and this could explain 

the inability of cells exposed to radiation in DMM to survive and grow. If true, these cells are unable 

to generate the levels of precursors required for cell division as well as DNA repair and, consequently, 

cells became overwhelmed by accumulated genetic damage. However, direct evidence correlating relA 
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function and radiation sensitivity in D. radiodurans grown in DMM is lacking.

Collectively, the growth studies and analysis of the D. radiodurans genomic sequence support 

the existence of several defects in D. radiodurans' global metabolic regulation that limit carbon, 

nitrogen and DNA metabolism. Several of its amino acid biosynthetic pathways including that of the 

sulfur containing amino-acid cysteine are disrupted (Table 3.2). The ability of D. radiodurans to use 

acetate as the sole carbon source indicates the presence of an active glyoxylate bypass of its TCA 

cycle. Whether these observed metabolic defects are common to all deinococcal members and how 

these defects affect the extreme radiation resistance phenotype in family Deinococcaceae is examined 

in the next chapter.

3.5 Conclusions

1. A defined minimal medium (DMM) was developed for D. radiodurans to test its growth 

characteristics predicted by genomic annotation. In the absence of radiation, D. 

radiodurans growth required an EMP carbon source (2 mg/ml), nicotinamide (1 pg/ml), 

transition metals (0.315 mM), and a mixture of amino acid (50 pg/ml).

2. DMM was used to analyze D. radiodurans* growth in the presence of continuous * 

radiation (60 Gy/hour). Whereas cell growth in DMM was unaffected in the absence of 

radiation, cells did not grow and were killed under continuous radiation. The key 

nutritional constituents needed to restore growth of D. radiodurans in radioactive 

environments were high concentrations of amino acids.

3. The growth studies and analysis of the complete D, radiodurans genomic sequence 

support the existence of several defects in D, radiodurans* global metabolic regulation 

that limit carbon, nitrogen and DNA metabolism.

4. The amino acid starvation response in D. radiodurans was studied by examining the 

functional integrity of its putative rel locus by monitoring the diagnostic synthesis of 
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ppGpp and pppGpp under amino acid deprivation. These data support norma! rel 

function in D. radiodurans and its induction in amino acid-limiting conditions. Consistent 

with the induction of rel functions, cells grown in minimal medium conditions had 

substantially reduced cellular RNA levels.
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Chapter 4: Relationship between Metabolism, Oxidative Stress and Radiation 

Resistance in the Family Deinococcaceae

4.1 Introduction

In the previous chapter a defined minimal medium (DMM) was developed for D. 

radiodurans to test its growth characteristics as predicted by genome annotation and to identify 

specific nutrients that govern its growth under chronic radiation. The data obtained from a 

combination of growth studies and analysis of the D. radiodurans genomic sequence support 

the existence of several defects in D. radiodurans' global metabolic regulation that limit its 

carbon, nitrogen and DNA metabolism (Chapter 3). The ability of D. radiodurans to use 

acetate as the sole carbon source indicated the presence of a functional glyoxylate bypass of its 

TCA cycle.

D. radiodurans is the most characterized member of the radiation resistant bacterial 

family Deinococcaceae, comprised of seven distinct obligate aerobic species that form a 

distinct eubacterial phylogenetic lineage most closely related to the genus Thermus (Makarova 

et al., 2001) (Chapter 1). Although it is believed that its multiple resistance phenotypes stem 

from efficient DNA repair processes (Battista, 1997), the mechanisms underlying its 

extraordinary survival remain poorly understood (Makarova et al., 2001). To determine how 

metabolic processes may be contributing to D. radiodurans' resistance functions and if such 

processes operate similarly throughout Deinococcaceae, deinococcal species (Anderson et al., 

1956; Davis et al., 1963; Ferreira et al., 1997; Kobatake, et al., 1973; Lewis, 1971; Oyaizu et 

al., 1987) were examined for their amino acid utilization, protease secretion, expression of 

superoxide dismutase (SOD), tricarboxylic acid (TCA) cycle function, and resistance to 

ionizing radiation.

During growth in DMM, D. radiodurans is exposed to metabolically induced oxidative 

stress due to the added burden of de novo synthesis of cell components. As stated in earlier 

chapters, oxidative stress is generated in aerobic organisms when molecular oxygen oxidizes 

redox enzymes, forming superoxide {Qi) that subsequently can yield more toxic hydroxyl 

radicals ( OH) via Fe -catalyzed reduction of hydrogen peroxide (Chevion, 1988; Messner and 

Imlay, 2002).
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The development of a DMM for cultivation of D. radiodurans (Venkateswaran et al., 

2000) has allowed comparisons to be made between members of Deinococcaceae with 

emphasis on their metabolism and how it relates to their radiation resistance and oxidative 

stress. The results presented here support that Deinococcaceae may use similar metabolic 

strategies, not generally associated with DNA protection, to enhance resistance functions. For 

D. radiodurans, quantitative real-time PCR (RT-PCR) expression analysis of its TCA cycle 

was done for cells growing in DMM versus rich medium. Unexpectedly, the expression of D. 

radiodurans1 TCA cycle was found to be repressed in cells growing in DMM, which could 

restrict the production of oxidative stress.

The goal of this study was to correlate D. radiodurans1 physiological growth 

characteristics with its predicted metabolic functions and to examine the possibility that its 

metabolic configuration contributes to its resistance phenotype. Metabolic convergence 

between D. radiodurans and other species of Deinococcaceae was investigated to identify 

shared metabolic traits that could enhance DNA protection and repair systems. The specific 

aims of this chapter are as follows:

1. To examine different deinococcal species for their metabolic diversity, amino acid 

and NAD utilization, and secretion of proteases.

2. To examine the relative resistance to y-radiation in the family Deinococcaceae.

3. Evaluating TCA cycle expression in D. radiodurans growing in DMM versus rich 

medium (TGY) by quantitative real-time PCR (RT-PCR).

4. To study the expression of superoxide dismutase (SOD) in D. radiodurans. To 

achieve this goal, so/id mutants of D. radiodurans were constructed and evaluated 

for Sod expression together with other Deinococcal species. Resistance of wild-type 

and mutant strains to paraquat (inducer of the oxidative stress) and chronic 
radiation was also examined.
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4.2 Materials and Methods

4.2.1 Growth of Cells and Irradiation

The deinococcal strains used in this study are listed in Table 4.1. Deinococci were 

grown on nutrient rich medium (TGY; 1% bactotryptone, 0.5% yeast extract, and 0.1% 

glucose) or deinococcal minimal medium (DMM) (Chapter 3, Table 3.1). For solid medium, 

Bacto-agar (Difco) or Noble agar (Difco) were added to TGY or minimal medium, 

respectively, to 1.5% w/v. Escherichia coli was grown on Luria-Bertani medium or E. coli- 

minimal medium (M9) (Sambrook et al., 1989). Unless otherwise stated, deinococcal DMM 

contained fructose, nicotinic acid, methionine (50 pg/ml), phosphate buffer and salts, as 

summarized in Table 4.2. Growth of cells in the absence or presence of chronic irradiation, 50 

Gy/hour (I37Cs Gammacell 40 irradiation unit [Atomic Energy of Canada Limited]) (at 22 °C), 

was as described in chapter 2. All chemicals in this work were obtained from Sigma (St. Louis, 

MO) unless stated otherwise. In liquid culture, cell density was determined at 600 nm in a 

Beckman spectrophotometer; ODeoo L0 = ~1 x 108 colony forming units (CFU)/ml for all 

Deinococcus strains examined. For high-level acute radiation exposures, early stationary phase 

cultures (ODeoo - 1.0) were irradiated without change of broth on ice at 10 kGy/hour (60Co 

Gammacell irradiation unit [J. L. Shepard and Associates, Model 109]). For the deinococcal 

species under investigation, three independent cell cultures and irradiation treatments of the 

same kind were performed. Following exposure to the indicated doses, cell suspensions were 

appropriately diluted and assayed for viability by plate assay on rich (TGY) or DMM (Daly et 

al., 1994; 1995; Chapter3). Viability data was used to construct survival curves according to 

conventional formats (Ferreira et al., 1997; Gutman et al., 1993; Mattimore and Battista, 1996; 

Oyaizu et al., 1997).

4.2.2 Protease Secretion

Tests for secretory proteases were carried out on indicator plates containing skimmed 

milk (10 mg/ml) (Difco) or gelatin (10 mg/ml) (Kelly and Post, 1991). For skimmed milk 

plates, protease secretion by strains was indicated by the formation of halo-shaped zones of 

clearing around colonies. For gelatin plates, hydrolysis was visualized by flooding the plates 
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with acidic mercuric chloride after incubation of the inoculated plate (Kelly and Post, 1991).

4.2.3 Construction of MD885

MD885 is a sodA' derivative of D. radiodurans strain RI (wild-type D. radiodurans 

lacks sodB) (Makarova et al., 2001). To ensure isogenicity with the D. radiodurans strain 

sequenced by The Institute for Genomic Research (White et al., 1999), and used exclusively by 

our laboratory since 1988, we transferred the sodA' disruption of the previously constructed 

sodA' D. radiodurans strain KK7004 (Markillie et al., 1999) to our D. radiodurans by 

conventional transformation with KK7004 genomic DNA and kanamycin selection (Daly and 

Minton, 1995), yielding strain MD885. The D. radiodurans recA' strain rec30 (Daly and 

Minton, 1995) was similarly transformed to generate the sodA'recA' double mutant MD886.

4.2.4 In Situ Assays of Superoxide Dismutase (SOD) Activity

The SOD assay was a collaborative effort with Dr. Alexander Vasilenko and Dr. 

Debabrota Ghosal. The relative abundance of SOD in total protein extracted from cultures was 

determined by subjecting total cell extracts to non-denaturing polyacrylamide gel electrophoresis 

(PAGE), followed by staining gels according to SOD detection protocols developed by 

Beauchamp and Fridovich (1971) (Beauchamp and Fridovich, 1971). Briefly, cells were 

harvested and suspended in 0.1 M sodium phosphate buffer (pH 7.0) containing 0.1 mM MgSO4, 

150 jxg/ml chloramphenicol, and lysed by French press treatment (20,000 psi). Lysed samples 

were centrifuged at 12,000 g for 10 min at 4 °C. The concentration of protein in lysates was 

determined by sample dilution as described by Lowry et al (1951) (Lowry et al., 1951). Equal 

amounts of total soluble protein (~ 30 pg) from the indicated lysates were subjected to PAGE in 

10% non-denatunng gels. In situ SOD activity was localized in gels by photoreduction of nitro 

blue tetrazolium to blue formazan (Tauati et al., 1995).

4.2.5 Immunnoblots

This result was a collaborative effort involving researches from other laboratories. Whole 

cell extracts were prepared as for SOD activity assays. Proteins were separated by sodium
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dodecyl sulfate (SDS)-PAGE (Sambrook et al., 1989) and then blotted onto a polyvinylidene 

difluoride membrane. Purified E. coli Mn SOD and bovine Cu/Zn SOD were included on gels as 

controls. Proteins with immunoaffinity to purified rabbit anti-Mn SOD or rabbit anti-Cu/Zn SOD 

polyclonal antibodies (StressGen Biotechnologies Corp., BC, Canada) were detected using 

secondary antibodies conjugated with horseradish peroxidase (Amersham Biosciences Corp., 

NJ). Chemiluminescence was recorded by Kodak Bioscience Image film “Biomax ML.”

4.2.6 Induction of Oxidative Stress

Paraquat (l,l-Dimethyl-4,4-bipyridinium dichloride, methyl viologen) was used to 

generate oxidative stress. Strains were examined for their growth characteristics in liquid DMM 

containing different concentrations of paraquat, and supplemented with cysteine (50 pg/ml), 

Methionine (25 pg/ml), and Histidine (25 pg/ml). Three independent cell cultures and paraquat 

treatments of the same kind were performed for each strain under investigation.

4.2.7 RT-PCR

Total cellular RNA was extracted from 1 x 109 D. radiodurans cells harvested from three 

separate cultures growing exponentially in DMM (Chapter 3, Table 3.1). For RT-PCR 

comparisons, total cellular RNA was similarly isolated from 1 x 109 D. radiodurans cells 

growing exponentially in rich medium (TGY). RNA was prepared using TRIzol reagent 

(Invitrogen) and treated with Rnase-free DNasel (Qiagen) at 37 °C for 30 minutes. Upon 

inactivation of DNasel by treatment at 65 °C for 10 minutes, the total RNA was purified using 

RNeasy Minikit columns (Qiagen). The quality and quantity of RNA was determined 

spectrophotometrically at 260/280 nm and by agarose gel electrophoresis.

Fifteen gene-specific oligonucleotide primer-sets were designed for each of the TCA 

cycle genes (including the glyoxylate bypass genes), and 3 control primer sets were used for 

amplifying 23S, 16S, and 5S rRNA gene products (Table 4.1). The first-strand cDNA was 

synthesized in 100 pl of reaction buffer containing 5 pg of total cellular RNA, 30 pg of random 

hexamers (Invitrogen), 10 mM dithiothreitol, 500 pM dNTPs, and 2,000 U of Supescript™ II 

RNase H’ reverse transcriptase (Invitrogen) at 42°C for 60 min. Before adding the reverse 

transcriptase, 10 pl of each reaction was saved to serve as a negative control. The cDNAs and the
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Table 4.1 Sequences of the Primers Used in the Quantitative Real-Time PCR Assays

Gene ID Annotation Primer sequences Product 
Size/bp

DR0083 sucB Dihydrolipoamide 
succinyltransferase

GCCTCAAGGAAGTGCAGAAC
CTTCACGAACTGGTCCTGGT 107

DR0287 sucA 2-oxoglutarate 
dehydrogenase

GGTCATGGAGACGCTGAACT
GGGTCGGAGATGGTAAAGC 102

DR0325 mdh Malate dehydrogenase
CACCCAGTACCCTGACCTGT
GGTGGGGATGTAGTCGTTCT 97

DR0757 gltA Citrate synthase II
GACCTGGGCATCAAGAAGG
CGGTTGTCCTGGCTGTACTC 98

DR0828 aceA Isocitrate lyase
CCTTCGTGGAACTTCAGGAG
GCGAGACGAGGTCGAAGTAG 104

DR0951 sdhB
Fumarate/succinate 
dehydrogenase type Fe- 
S protein

CCAGATCCAGACTCCCGTTA
CGCAGGACCTTGACTTTCAG 105

DR0952 sdhA
Succinate 
dehydrogenase 
flavoprotein

GGCCACATGATCCTTCAGAC
GCCCGTCTTCGATAATCAGG 109

DR1I55 aceB Malate synthase
GCACCTGGACTTTGATGGAC
CAGCTTGGGCACGTAGATGT 103

DR1247 sucC Succinyl-CoA 
synthetase, beta chain

GTGAACAAGGTGCTGGTGAC
CCATCAGGGTGTAGCTCTGG 103

DR1248 sucD
Succinyl CoA 
synthetase, alpha chain

CGTGGTCGTGATTGGTGA
CCGAGATAAAGGCCACGAC 98

DR1540 icd Isocitrate 
dehydrogenase

CTGATCCTCAAGGGTCTGGA 
actcgctggtcttgacttcg 100

DR1720 acnA Aconitase
CAACGGTCAGGACGTGTTC
GCCGTCGTAGACCTTCTTGA 109

DR2526 Ipd
Lipoamide 
dehydrogenase, 
component E3

CAAGGTGGACCAGCACTACC
CTTCTTCCTCGGCCTTGTG 98

DR2627 fitmC Fumarase
CACATCGGCTACGACAAGG
ATTCGTCCTCGGTCACGTAG 106

DRA0277 aceB Malate synthase CGTTCGAGATGGACGAGATT
TGCGCAGCTTCTTGATGTAG 102

DRA5S Ribosomal 5S RNA
ATAGCACTGTGGAACCA 
TGACCGACTTTTCCGGGA 100

DRA16S Ribosomal 16S RNA
CGACTCCGTGAAGTTGGAAT
TCTACTCCCATGGTGTGACG 102

DRA23S Ribosomal 23S RNA GCTATGTCCGGAACGGATAA
GGTCTTCCGGGAGTCTTACC 99
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negative controls were subsequently used as templates for RT-PCR. The PCR amplifications 

were done on microtiter plates as 50 pl reactions containing the appropriate primers at a final 

concentration of 0.4 pM, 0.5 pl of the synthesized cDNAs, and 20,000 X diluted SYBR Green I 

fluorescent dye (Eugene, OR). Amplification was carried out by incubating the PCR mixture at 

96 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s for 45 cycles. Melting curve generation 

followed the amplification, starting at 55°C, with 0.5°C increments at 10-second intervals.

All assays were performed with the icycler iQ Real-Time Detection System (Bio-Rad, 

Herculus, CA). The fluorescent intensity of SYBR green I, a double-stranded DNA specific dye, 

was monitored at the end of each extension step, and copy numbers of the target cDNAs were 

estimated by the threshold cycles according to the standard curve (Witter et al., 1997). Standard 

curves were constructed with cDNA fragments of known size and copy number. For each gene, 

3 cDNA templates derived from different independent DMM cell cultures were amplified, and 

each cDNA template was repeated 3 times in the same plate. Three independent PCR 

amplifications of the same design were performed in different plates for each gene, so a total of 

27 data-points for each gene were obtained. T-distribution (TDIST) test was used to estimate 

statistically significant differences between the levels of expression-analyzed genes (Table 4.3).

4.3 Results

4.3.1 TCA Cycle and NAD Dependence, and Protease Secretion

All TCA cycle genes in D. radiodurans (including genes for its glyoxylate bypass) are 

present based on its genome annotation (Makarova et al., 2001) (Chapter 2, Figure 2.1) and 

functionally expressed based on whole proteome analysis (Lipton et al., 2002). However, D. 

radiodurans is unable to use succinate, fumarate, malate, or a-ketoglutarate as sole 

carbon/energy sources for growth in DMM (Chapter 2, Figure 2.1; Chapter 3; Table 4.2A). Four 

genes (nadABCD) required for nicotinamide adenine dinucleotide (NAD) biosynthesis are absent 

(Chapter 2, Figure 2.1) (Makarova et al., 2001), and consistent with this prediction, D. 

radiodurans is dependent on exogenous nicotinic acid (Table 4.2A). Results for substrate 

utilization for the deinococcal strains are shown in Table 4.2A.

A striking informatic (Chapter 2, Figure 2.1) (Makarova et al., 2001) and experimentally
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Table 4.2A. Utilization of Carbon Substrates by Deinococci Grown in aDefined Minimal 
Medium (DMM). See Footnotes on the Bottom of the Table 4.1B.

•^Species

b,c„ , Substrate

D. 
radiodu 
rans (1)

MD885
Sod'

MD886
Sod'rec A'

D. geo 
thermalis 

(13)

D. 
grandis 

(43)

D.
murrayi 

(13)

D. radio 
philus 

(28)

D. radio 
pugnans 

(12)

D.proteo 
lyticus 

(26)

Fructose +
C,H,L,A,M,P

-F-F-F +4—F 
4-4-

4-4-4- . 4-4-4- 4-4- -F 4—1—F 4-4-4-

Fructose 
+Met

-F4-F 4-4-4-
4-

4-4-4- 4~F 4- d+ 4-4- 4-

Fructose
-aa

— -/- 4-4-4- — — — — —

Fructose - 
NAD + Met

— -/- 4-F+ 4- — d_ — —

Pyruvate 
+Met

+4-F

4-

4-4-4- 4-4-4- — — — 4-

Acetate +Met |" | ■ 4-4- 

+

4—I- 4-4- 4—F — — 4-

a- 
Ketoglutarate 

+Met

— -/- +4- — — — — —

Succinate 
+Met

— -/- 4-4- — — — — —

Fumarate 
+Met

— -/- 4—F — — — — —

Malate +Met — -/- 4- — — — — —

Oxaloacetate

+Met
...

4-

' 14- 4~4~ 4- — — 4-
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Footnotes for Table 4.2:

Table 4.2B. Other Characteristics of Designated Strains
Species

Characteristic

D.
radiodu 

rans

MD885
Sod'____

MD886
Sod’/wT

D. geo 
thermalis

D. 
grandis

D.
murrayi

D. radio 
philus

D. radio 
pugnans

D.proteo 
lyticus

Growth in TGY 
(rich medium)

4—F-F 4-4—F 
++

-F4-F -F4—F -F-F 4~F 4—F-F 4-4-4-

Growth in TGY 
+ 50 Gy/h

+++ +4- +++ -F4—F -|—p |~4~ 4—F4- 4—1—F

Growth on
CDMM + 50
Gy/h

H—F ++ 4—F 4-4- 4-4- 4-4- 4~F

fProtease 
secretion

yes yes 
yes

no yes yes yes yes yes

SOD Activity in 
cells grown in 
TGY and MFM

yes no
no

yes yes yes yes yes yes

NH42+SO42’ 
utilization

no no 
no

yes no no no no no

aDeinococcal defined DMM (Venkateswaran et al., 2000) consisted of the indicated EMP 

carbon source (Substrate) at 2 mg/ml and basal salt medium supplemented with sterile 

preparations of salts (CaCl2 (0.18 mM), MgSO4 (0.8 mM), MnSO4 (5.4 pM)), nicotinic 

acid (1 pg/ml), and Met (50 pg/ml), unless stated otherwise.

bGrowth on substrate: +++, good; ++, moderate; +, poor; -, absent.

Abbreviations: Fructose + C,H,L,A,T,P (L-forms), fructose plus [Cysteine (Cys), 

Histidine (His), Lysine (Lys), Aspartate (Asp), Methionine (Met), and Proline (Pro), each 

@ 50 pg/ml]; +Met, only Methionine added; -aa, no amino acids added. -NAD, no 

nicotinic acid added; TGY, tryptone/glucose/yeast extract (rich) medium. MFM, minimal 

fructose medium.

dCells were tested in the presence of Met, His and Lys, each at 50 pg/ml. Met alone did 

not support growth for D. radiophilus.

cFor growth under chronic radiation, cells were tested in the presence of Cys, His, Lys, 

Asp, Met, and Pro, each at 50 pg/ml on solid medium. Met alone did not support growth. 

fProtease secretion tests were carried out on indicator plates containing skimmed milk or 

gelatin.
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determined feature of wild-type D. radiodurans is its inability to use inorganic sulfate (Table 

4.2B) in the biosynthesis of amino acids, that results in its dependence on an exogenous source of 

amino acids for growth (Chapter 3). Table 4.2 further defines the amino acid requirements of 

deinococcal strains. During growth under chronic irradiation (50 Gy/hour) an EMP/NAD source 

plus a mixture of at least six amino acids (e.g., Methionine + [Cysteine + Histidine, Lysine, 

Asparagine, and Tryptophan], each at 50 pg/ml) was necessary for growth (Table 4.2B). While 

growth under chronic irradiation in DMM is dependent on sulfur containing amino acid 

(methionine), the other amino acids were interchangeable without any noticeable effect on the 

resistance phenotype. Other Deinococci were similarly tested for their amino acid utilization 

(Table 4.2A) showing that D. geothermalis is the only known deinococcal species that can grow 

without exogenously provided amino acids, or precursors of NAD, and can utilize inorganic 

sulfate (ammonium sulfate).

At least ten complete open reading frames with considerable sequence similarity to 

secreted subtilisin-like proteases of B. subtilis have been identified in the D. radiodurans genome 

(Makarova et al., 2001). D. radiodurans growth was tested on protease-indicator plates 

containing skimmed milk or gelatin. On both substrates, D. radiodurans showed luxuriant 

growth and generated large halo-shaped areas of clearing around colonies engaged in protein 

hydrolysis (Table 4.2B, Figure 4.2). Other strains were similarly tested for protease secretion 

(Table 4.2B, Figure 4.2). The only strain tested that did not secrete detectable levels of proteases 

was D. geothermalis.

4.3.2 Deinococcaceae'. Relative Resistance to y-Radiation

D. radiodurans, D. radiopugnans, D. radiophilus, D. proteolyticus, D. grandis, D. 

geothermalis and D. murrayi previously have been tested for their ability to grow in the presence 

of chronic radiation (Daly, 2000). Under chronic radiation, no differences in growth were 

detected compared to unirradiated controls when cells were grown on rich medium. For growth 

on DMM under chronic irradiation, at least five other amino acids are required (Table 4.2B). 

Since a single comparative analysis of these strains’ resistance to acute irradiation under 

standardized conditions has not been reported, their relative resistance to y-radiation extending to 

20 kGy was examined.
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Figure 4.1. Protease Secretion. Representative protease secretion assay on a protease-indicator 

plate containing skimmed milk. 1) D. geothermalis; 2) D. radiodurans; 3) D. radiopugnans; 4) D. 

grandis. Note the halo-shaped areas of clearing around protease secreting colonies. Complete 

results for protease secretion are given in Table 4.2B.

115



Figure 4.1
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Stationary-phase (ODeoo 1.2) cells were evaluated. For each of the strains under investigation, 

three independent replicate irradiations were performed. Figure 4.2 shows that among the 

deinococcal strains tested, D. geothermalis is the least resistant to acute doses of y-radiation. The 

higher sensitivity of D. geothermalis to acute doses when compared to D. radiodurans or D. 

murrayi is consistent with a previously published report (Ferreira et al., 1997). D. radiophilus 

(Figure 4.2) is less resistant than previously reported (Lewis, 1971). Also significant, but not 

reflected in the survival curves, was the observation that most of the D. geothermalis post

irradiation colonies arising on recovery plates (rich medium, 5 days) were very small (<0.5 mm 

diameter) compared to its unirradiated control (> 2 mm) and the other six strains, suggesting a 

diminished repair capacity for D. geothermalis. Recovery of colonies on minimal fructose 

medium compared to rich (TGY) medium following acute irradiation was slower (7 days), and 

substantially slower for D. geothermalis (21 days). However, the ultimate number of post

irradiation colonies on recovery plates were essentially the same irrespective of recovery 

medium.

4.3.3 RT-PCR

D. radiodurans pre-cultured in DMM or TGY was inoculated at 5 x 106 CFU/ml into 

minimal or TGY medium, respectively, and monitored for growth. For both growth conditions, 

mid-exponential cells were harvested at ODeoo ~0.6. All 15 TCA cycle gene expression levels 

were examined by RT-PCR (Table 4.3). In DMM, only one gene (aceA) was statistically 

significantly up-regulated (3.36-fold), where AceA is the key enzyme of the glyoxylate bypass; 6 

genes displayed no significant changes (gitA, sucB, Ipd, sucD,fumC, and aceB (DR1155); and 8 

genes were down-regulated (acnA, icd, sucA, sucC, sdhB, sdhA, aceB (DRA0277), and mdh) 

(Table 4.3). For rRNA control amplifications, no significant changes in expression were 

observed (data not shown).

4.3.4 Superoxide Dismutase (SOD) of D. radiodurans

Along with the advantages of aerobic respiration comes toxicity caused by oxygen 

intermediates such as (V, H2O2, and *OH (Imlay and Linn, 1995) (e.g., Chapter 2, Figure 2.1).
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Figure 4.2. Resistance to Acute Irradiation. The indicated Deinococci were inoculated into 

TGY medium at 106 CFUa/ml and grown at 32 °C to the early stationary phase (108 cells/ml). E. 

coli was similarly pre-grown in LB medium at 37 °C. Cells were then irradiated without change 

of broth on ice with 60Co at 10 kGy/h. At the indicated doses, viable cell counts were determined 

by plating appropriate cell dilutions for CFU on TGY agar at 32 °C. E. coli was allowed to 

recover on LB medium at 37 °C. Values are from three independent trials, with standard 

deviations shown. aCFU, colony forming unit.
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Figure 4.2
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Table 4.3. Relative Expression Levels for TCA Cycle and Glyoxylate Bypass Genes 
of D. radiodurans Growing in DMM Versus that in Rich (TGY) Medium

Gene ID Annotation aCV
bMin 
vs. 
TGY

C qp

DIST

DR0083 sucB Dihydrolipoamide 
succinyltransferase 0.23 1.04 no

DR0287 sucA 2-oxoglutarate dehydrogenase 0.18 0.62 yes
DR0325 mdh Malate dehydrogenase 0.31 0.42 yes

DR0757 gltA Citrate synthase II 0.34 0.66 no

DR0828 aceA Isocitrate lyase 0.22 3.36 yes

DR0951 sdhB
Fumarate/succinate 
dehydrogenase type Fe-S 
protein

0.19 0.38 yes

DR0952 sdhA Succinate dehydrogenase 
flavoprotein 0.08 0.55 yes

DR1155 aceB Malate synthase 0.25 0.87 no

DR1247 sucC Succinyl-CoA synthetase, beta 
chain 0.28 0.25 yes

DR1248 sucD Succinyl CoA synthetase, 
alpha chain 0.27 0.92 no

DR1540 icd Isocitrate dehydrogenase 0.52 0.22 yes
DR1720 acnA Aconitase 0.20 0.64 yes

DR2526 Ipd
Lipoamide dehydrogenase, 
component E3

0.10 0.92 no

DR2627 fumC Fumarase 0.22 0.71 no

DRA0277 aceB Malate synthase 0.07 0.37 yes

Footnotes for Table 4.3:

aCV, coefficient of variation, 
b
DMM vs. TGY, gene expression ratio of cells in DMM versus in rich (TGY) medium.

CTDIST, the results of statistical method (t-distribution test) implemented for estimating 

differences in the levels of expression. Yes, statistically significant change. No, no 

significant change.
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The growth and physiological adaptation to oxidative stress of D. radiodurans was compared to 

E. coli using wild-type and Sod' strains. In E. coli there is a constitutively expressed Fe- 

dependent SOD (SodB) and a Mn-dependent SOD (SodA) which is under stringent control of the 

global regulatory genes soxR and soxS and expressed predominantly under conditions of 

oxidative stress (Fredovich, 1995; Liochev and Fridovich, 1992); its SodC (Cu-Zn-dependent) is 

periplasmic, also under control of the soxRS regulon, and may be involved in removing 

superoxide from the periplasm (Gort et al., 1999). The annotated D. radiodurans genome 

predicts the presence of three SOD proteins: DR1279 (SodA), DR1546 (Cu-Zn-dependent, 

SodC) and SodC-like DRA0202 (Makarova et al., 2001); D. radiodurans lacks sodB. For wild

type, the cumulative data support that SodA (DR1279) dominates SOD function in D. 

radiodurans and that it is constitutively expressed (Figures 4.3, 4.4) (Lipton et al., 2002). No 

SOD activity was detected in strain sodA' MD885 (Figure 4.3). Immuno-blotting of D. 

radiodurans cell extracts using polyclonal anti-SodB or anti-SodC antibodies showed the 

absence of SodB and SodC (Figure 4.4). Furthermore, D. radiodurans Sod-activity bands (Figure 

4.3) were insensitive to the inhibitory effects of KCN (specific for Cu-Zn SOD (Beauchamp and 

Fridovich, 1971), data not shown), supporting that SodC (DR1546) is not functional under the 

nutrient conditions reported here.

The inability to demonstrate any SOD activity in strain MD885 (sodA') supports that it is 

equivalent to sodA'sodB' (sodC+) E. coli (Strain JI 132) (Carlioz and Touati, 1986). Yet, whereas 

sodA'sodB' E. coli (JI 132) cannot grow on minimal medium because of increased oxidative stress 

levels (Fridovich, 1995; Keyser et al., 1995), growth of strain MD885 in DMM in the absence or 

presence of chronic radiation (Table 4.2) was only marginally less than wild-type, and displayed 

an identical substrate utilization pattern as wild-type (Table 4.2A). Furthermore, growth of the D. 

radiodurans double mutant sodA~(B')recA' (MD886, DNA damage sensitive, Figure 4.2) (Table 

4.2A) on DMM or rich medium was present, albeit at reduced levels compared to wild-type or 

MD885. In contrast, sodA'B'recA' E. coli is nonviable under any aerobic nutrient condition 

(Tauti et al., 1995). sodA' D. radiodurans (strains MD885, KK7004 [Markillie et al., 1999]) 

shows little difference in resistance to acute irradiation compared to wild-type (Figure 4.2). This 

is consistent with a previous report (Markillie et al., 1999) and was expected under acute 

irradiation conditions at 0 °C, where de novo expression of defense mechanisms in dormant cells 

is limited and irradiation-induced free radical damage is progressively accumulated.
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Figure 4.3. In-Gel Activity Staining for SOD. (A) Non-denaturing activity gels. Lanes, 1) 

Purified Mn SOD (E. coli SodA), Fe SOD (E. coli SodB), and Cu/Zn SOD (bovine SodC); 2) E. 

coli/LB (grown in rich medium); 3) E. colifDMM. (defined minimal medium); 4) D. 

radioduransFY  GY (rich medium); 5) D. radiodurans/DMM; 6) D. geothermalisrXGN\ 1) D. 

geothermal is/DMM; 8) D. grandis/TGY; 9) D. grandisFOMM^ 10) as for lane 1; 11) MD886 

(sodAyecAyVNRA\ 12) rec30 (rec/4')/DMM; 13) D. radiopugnanslTGY; 14) D. 

radiopugnans/DMM; 15) D. proteolyticusFY  GY; 16) D. proteolyticus/DMM; 17) D. 

radiophilusFYGY; and 18) D. murrayUYGY. Lanes 1 and 10 contain 0.23 pg of Mn SOD, 2.4 pg 

of Fe SOD, and 0.07 pg of Cu/Zn SOD. Lanes 2-9 and 11-18 contain -30 pg of total protein. (B) 

SDS-PAGE of Deinococcus crude protein extracts. Lane numbers as in panel A. Lanes labeled 

C, 10-160 kD size standards (Amersham, CA). (C) Activity gel. Lanes, 1) as for Panel A lane 1; 

2-5) D. radiodurans/YGY-. 20 pg, 15 pg, 10 pg, and 5 pg of total protein, respectively; 6) D. 

radioduransFTGY + 50 Gy/h; 7) D. radiodurans /DMMA (DMM suplemented with amino acids, 

see Table IB) + 50 Gy/h; 8) MD885/TGY + 50 Gy/h; 9) MD885/DMMA + 50 Gy/h. Lanes 6-9 

contain —25 pg of total protein. (D) SDS-PAGE of Deinococcus crude protein extracts. Lanes as 

in Panel C. Lane labelled ‘C’ as in Panel B.
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Figure 4.3
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Figure 4.4 Immuno-Blotting for SOD. (A) Probing with anti-Mn SOD (SodA) following 

SDS-PAGE. (B) Probing with anti-Cu/Zn SOD (SodC). Lanes, 1-3) D. radiodurans /MM, 2.5, 5, 

and 10 pg total soluble proteins, respectively; 4-6) D. radiodurans ITGY, 2.5, 5 and 10 pg total 

soluble proteins, respectively; 7-9) purified SodA (E. coli) and SodC (bovine), 3, 6 and 12 ng 

each for purified protein, respectively. Immunoblots were stained with HRP conjugated 

secondaiy antibodies for luminol-based detection. Abbreviations as in Figure 4.3.
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Figure 4.4
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4.3.5 Resistance to Paraquat

Paraquat is known to be a powerful cellular inducer of oxidative stress (Chevion, 1988). Its 

biological action appears to be mediated by the production of paraquat radical cations produced 

when paraquat accepts electrons, for example from FADE with the subsequent transfer of 

electrons to O2, yielding O2" that subsequently can give rise to *OH via H2O2 (Chapter 2, Figure 

2.1). Like free radicals produced during metabolism or irradiation (Halliwell and Gutteridge, 

1999; Tao et al., 1999; Zaider et al., 1994), paraquat-induced free radicals also damage DNA 

(Chevion, 1988).

In rich medium, wild-type E. coli is marginally affected at paraquat concentrations of 100 

pM or less (Carlioz and Touati, 1986), but is much more sensitive (<30 pM) in minimal medium 

when its oxidative burden is increased by a TCA cycle actively generating metabolic precursors 

and reducing equivalents (Gottschalk, 1985; Keyser et al., 1995). As expected, an E. coli sodA' 

sodB' double mutant (III32) (Carlioz and Touati, 1986) was unable to grow on minimal medium 

with or without paraquat because of overwhelming oxidative stress. For cells growing in minimal 

medium, paraquat sensitivity (Figure 4.5) was examined in strains CF1648 (Markillie et al., 

1999) {E. coli, wild-type), MD885 (Sod’), rec30 {recA'), and D. geothermalis. Three independent 

replicate paraquat treatments for each strain showed that the mutants and D. geothermalis are 

substantially more sensitive to paraquat than wild-type D. radiodurans (Figure 4.5).
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Figure 4.5 Resistance to Paraquat-Induced Oxidative Stress. Deinococcal strains were 

inoculated into DMM supplemented with cysteine, methionine, and histidine, and adjusted to the 

indicated concentrations of paraquat. Growth of E. coli was in M9 medium supplemented with 

cysteine, methionine, and histidine (as for deinococcal DMM). ODeoo measurements were taken 

72 hours after inoculation and incubation at 32 °C and 37 °C for deinococcal and E. coli cells, 

respectively. Values are from three independent trials, with standard deviations shown. Note, 

MD866 (sodA\B)recA‘ was not tested because of poor growth in liquid DMM (Table 4.2A).
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Figure 4.5
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4.4 Discussion

Remarkably, the number of genes identified in D. radiodurans that are known to be 

involved in DNA repair is less than that reported for E. coli (Makarova et al., 2001), and most of 

the DNA repair genes identified in D. radiodurans have functional homologs in other 

prokaryotic species (Makarova et al., 2001). These findings together with results reported in 

chapter 2 (Section 2.3) support that the determinants of the extreme radiation resistance 

phenotype might also include functions not conventionally associated with DNA repair. A variety 

of D. radiodurans genes have been predicted highly expressed (PHX) and implicated by Karlin 

and Mrazek (Karlin and Mrazek, 2001) as contributing to its resistance phenotype. Among 28 

complete prokaryotic genomes, D. radiodurans contains the greatest number of PHX proteases, 

and consistently, several of its ABC transporter genes for peptides and branched chain amino 

acids were PHX. One of the top PHX genes in D. radiodurans is aceA of the glyoxylate bypass 

(Figure 2.1), and sodA, key to removing free oxygen radicals, has one of the highest PHX ratings 

for enzymes involved in detoxification. This work examined how global processes dependent on 

these genes might be contributing to its resistance phenotype (Daly et al., 1994; 1995; Makarova 

et al., 2001).

Several genetic defects were observed in D. radiodurans that limit amino acid 

metabolism and energy production (Chapter 2, Figure 2.1). While the significance of these 

defects is unclear, it is possible that loss of part of its metabolic repertoire was a consequence of 

its maintenance in laboratory culture on non-selective nutrient rich medium since its isolation in 

1956 (Anderson et al., 1956). Specifically, D. radiodurans and a second strain of D. radiodurans 

isolated in 1958 (SARK, data not shown) are completely dependant on exogenous methionine 

and nicotinic acid for growth and cannot utilize certain TCA cycle intermediates provided as sole 

carbon sources in defined minimal medium (DMM) (Table 4.2A). To determine the distribution 

of these metabolic deficiencies within the family, other more recently isolated species of 

Deinococcus were examined for their dependence on these substrates (Table 4.2A). D. 

radiopugnans (isolated 1963) (Davis et al., 1963), D. radiophilus (1971) (Lewis, 1971), D. 

proteolyticus (1973) (Kobatake et al., 1973), D. grandis (1987) (Oyaizu et al., 1987), and D. 

murrayi (1997) (Ferreira et al., 1997) all showed a similar dependence on amino acids and 

nicotinic acid (Table 4.2A), supporting that this metabolic configuration is prevalent in the
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family and is unlikely to have arisen from extended laboratory culture. This trend is reinforced by 

recent environmental isolates of D. radiodurans (2001) from radionuclide-contaminated 

sediments at Hanford, WA that have almost identical nutritional requirements as D. radiodurans 

(Chapter 2, Section 2.3.1.4; Fredrickson et al., 2003). The only species of Deinococcus shown to 

have complete metabolic capabilities is D. geothermalis (1997) (Ferreira et al., 1997) (Table 

4.2A), and significantly it is also the least radiation resistant of the family Deinococcaceae 

(Figure 4.2, Table 4.2B).

A family of subtilisin-like proteases is expanded in D. radiodurans (Makarova et al., 

2000) and high expression has been predicted for their genes (Karlin and Mrazek, 2001). 

Consistently, D. radiodurans was found to secrete proteases and with the exception of D. 

geothermalis, the other deinococcal strains also showed high levels of secretion on proteases 

indicator plates (Table 4.2B, Figure 4.1). Secretion of proteases by D. radiodurans is likely to 

help overcome a severe defect in its amino acid biosynthetic capabilities (Makarova et al., 2001, 

Chapter 3).

Since growth of the NAD-dependent Deinococci (Table 4.2A) was inhibited in all but the 

most nutritionally favorable environmental conditions, these species would be dormant in most 

nutritionally restricted environments. Since DNA repair in Deinococcus is dependent on growth 

conditions (Daly et al., 1994; Minton, 1994; Chapter 3), DNA damage likely is accumulated 

during periods of dormancy. For example, DNA damage is accumulated during environmental 

cycles of desiccation and rehydration (e.g., arid soil environment [Chapter 2, Section 2.4], 

Mattimore and Battista, 1996), and/or by background radiation (-0.0005 Gy/year) over very long 

time spans (Richmond et al., 1999). To avoid additional DNA damage caused by metabolism- 

induced free radicals (e.g. Figure 2.1) (Keyser et al., 1995), dormant deinococcal cells may 

restore growth only under conditions that generate very low levels of endogenous oxidative 

stress. Free radicals formed either during exposure to high-energy radiation or as a result of 

oxidative stress are known to react with Fe-S centers releasing Fe2+, which catalyzes the 

reduction of H2O2 to 'OH. It has recently been reported that high levels of intracellular cysteine 

in E. coli can promote the reduction of Fe3+ to Fe2+ and the ensuing oxidative DNA arising from 

the Fenton (Park and Imlay, 2003). Consistently, analysis of D. radiodurans* genome sequence 

reveals multiple defects in cysteine biosynthesis pathway suggesting possibly low intracellular 

cysteine concentration in D. radiodurans.
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The observed physiological growth characteristics of D. geothermalis were distinct from 

those of the other Deinococcaceae (Table 4.2A). Based on its pattern of substrate utilization, D. 

geothermalis is apparently the only strain of the seven tested that has an unrestricted TCA cycle, 

was not dependent on exogenous amino acids for growth, and could utilize inorganic sulfate 

(Table 4.2B). Also, D. geothermalis secreted no proteases compared to the other deinococcal 

species (Figure 4.1, Table 4.2B), and it was the least resistant to acute irradiation among the 

known Deinococci (Figure 4.2, Table 4.2B). If TCA cycle-based metabolism were more 

dominant in D. geothermalis than other Deinococci, this species would be expected to be 

burdened by higher oxidative stress levels arising from TCA cycle activity (Gottschalk, 1985). 

Consistently, D. geothermalis displayed post-irradiation colonies on rich and DMM that were 

substantially slower to recover than the other strains, possibly due to higher oxidative stress 

levels experienced by this species.

Microarray data for E. coli grown in minimal versus rich medium show that its TCA 

cycle genes are significantly upregulated during growth in minimal medium (Cronan and 

LaPorte, 1996; Tao et al., 1999). Genomic informatic (Makarova et al., 2001), and proteomic 

analyses (Lipton et al., 2002) for D. radiodurans support that it has a functional TCA cycle. 

However, unlike E. coli (Tao et al., 1999), expression of the TCA cycle genes in D. radiodurans 

grown in DMM were down-regulated or unchanged (Table 4.3). Only one gene, aceA, showed 

significant induction, and it is possible that this response reflects upregulation of its glyoxylate 

bypass.

The chronic production of *OH and O2*‘ radicals is typically associated with the aerobic 

lifestyle (e.g., Chapter 2, Figure 2.1), and are extremely toxic to cells (Schulte_Frohlinde, 1986; 

Zaider et al., 1994). Facultative and obligate aerobes have developed efficient catalytic 

scavenging systems to eliminate these DNA damaging ions. Generally, SodA and SodB are a 

major defense against superoxide radicals (Fridovich, 1999). Using high throughput proteomics, 

the presence of SodA was-detected in high abundance in D. radiodurans cells grown in a variety 

of conditions including minimal and rich medium (Lipton et al., 2002). SodB is not encoded in 

D. radiodurans (Makarova et al., 2001), and DR1546 (Cu-Zn-dependent, SodC) and SodC-like 

DRA0202 were detected in only relatively low abundance under rich or minimal growth 

conditions (Lipton et al., 2002). Those data suggest that SodA dominates SOD function in D. 

radiodurans and that SodA is constitutively expressed. Consistently, data presented in Figure 4.3 

131



shows that SodA expression in D. radiodurans was essentially unaffected in DMM compared to 

rich medium (Table 4.2B) (Lipton et al., 2002), and neither SodC (Figure 4.4) nor its activity 

(Figure 4.3) could be detected in cells grown in rich or DMM.

E. coli sodA'B' mutants readily grow in nutrient rich media where very little oxidative 

stress arises, but cannot grow in minimal medium (Keyser et al., 1995) where demand for TCA 

cycle dependent ATP and metabolic intermediates is dramatically increased and high levels of 

toxic free radicals are generated (Carlioz and Touati, 1986; Imlay, 1988; Keyser et al., 1995). In 

contrast, a sodA\sodB') D. radiodurans (MD885) showed essentially no difference in growth on 

minimal or rich medium (Table 4.1 A). Additionally, the radiation sensitive double mutant 

MD886 {sodA\B~)recA") (Figure 4.2) also grew in either medium (Table 4.2A). By comparison, 

E. coli sodA'B'recA' is non-viable in aerobic conditions irrespective of nutrient conditions 

because of the lethal effects of oxidative stress (Touati et al., 1995). It appears, therefore, that 

stringent metabolic regulation in D. radiodurans suppresses the production of high levels of 

endogenous free radicals, and this may equally apply to the other deinococcal species given their 

similar patterns of substrate utilization (Table 4.2A) and expression of SOD activities (Figure 

4.4).

If oxidative stress levels in D. radiodurans are naturally low because of its TCA cycle 

expression pattern (Table 4.3), then increasing its endogenous free radical levels by the addition 

of a chemical inducer of oxidative stress could mimic the lethal effects experienced by sodA'B' E. 

coli in minimal medium. The effect of the oxidative stress inducer paraquat was examined on 

growth in DMM for D. radiodurans wild-type, recA' (rec30), and sodA\B') (MD885) (Figure 

4.5). Compared to wild-type, increasing concentrations of paraquat had a substantial inhibitory 

effect on the growth of the D. radiodurans mutants compared to their growth in DMM without 

paraquat. This indicates that SOD plays a dominant role in removing free radicals in D. 

radiodurans, but that its primary function likely is not protecting cells from reactive byproducts 

of aerobic metabolism. Rather, these observations suggest that constitutively expressed 

deinococcal SodA (Figure 4.4) (Lipton et al., 2002) acts to protect the cells from exogenously 

induced free radicals. In view of the findings on expression of D. radiodurans SodA and its TCA 

cycle (Table 4.3), it makes sense that its SodA is constitutively expressed. D. radiodurans SodA 

likely is one of the first defenses against sudden, sporadic free radicals encountered in its natural 

environment \eg-, cycles of desiccation and rehydration associated with arid soils (Chapter 2, 
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section 2.4) (Mattimore and Battista, 1996).

Auto-oxidizing enzymes that contain flavins are believed to be the primary site of 

electron transfer to oxygen in the production of 02*' (Messner and Imlay, 1999), and it is 

noteworthy that D. radiodurans lacks three flavin-containing enzymes prominently associated 

with free radical production: fumarate reductase (FrdA), aspartate oxidase (NadB) and the a- 

subunit of sulfite reductase (Cysl) (Makarova et al., 2001). It has been proposed that a low titer 

of flavoproteins in cells may lower the degree of oxidative stress (Messner and Imlay, 2002). 

Furthermore, three TCA cycle genes known to use FAD or NAD as cofactors (succinate 

dehydrogenase, isocitrate dehydrogenase, and malate dehydrogenase) were down-regulated in 

DMM (Table 4.3). Avoiding the production of metabolically-induced oxidative stress likely is 

only one of several contributing determinants of the extreme radiation resistance phenotype of D. 

radiodurans. In the next chapter, DNA microarray technology and proteomics were used to 

further study D. radiodurans' gene and protein expression patterns induced by environmental 

stress, including growth in DMM and exposure to ionizing radiation.

4.5 Conclusions

1. With the exception of D. geothermalis, all Deinococcus strains showed dependence 

on sulfur containing amino acids and nicotinic acid for growth, and secrete 

proteases.

2. D. geothermalis is able to synthesize all amino acids and is significantly less resistant 
to ionizing radiation than the other deinococcal species.

3. Quantitative real-time PCR (RT-PCR) expression analysis of TCA cycle genes of D. 

raiodurans grown in DMM showed significant induction of aceA^ a constituent of its 
glyoxylate bypass enzyme, but repression of the other TCA cycle genes (e.g., sdhA & 

sdhB, fumarate/succinate dehydrogenase). This unexpected result suggests that 
regulation of its TCA cycle is distinct from most other reported aerobic bacteria, 
and which could limit the production of oxidative stress in nutrient restricted 
environments.
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4. Physiologic studies, bioinformatic analyses, RT-PCR expression analyses, and the 

dispensability of SodA in D. radiodurans generally support the hypothesis that 

production of oxidative stress levels in D. radiodurans is very low.
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Chapter 5: Transcriptome Dynamics of Deinococcus radiodurans 

Recovering from Ionizing Radiation

5.1 Introduction

Following growth in rich medium, the irradiation dose yielding 37% survival 

(D37) of D. radiodurans tetracocci (ODeoo, 1.2) is -15 kGy (Chapter 4, Figure 4.2). By 

comparison, the D37 dose of E. coli, that grows as single cells in rich medium, is ~0.5 

kGy (Chapter 4, Figure 4.2), a 30-fold difference in survival (Sweet and Moseley, 1976). 

Irradiation-induced DSBs will lead to cell death if they are not repaired, and to deletions 

and other genetic rearrangements if rejoined by non-homologous end-joining (NHEJ) 

(Haber, 2000; Sweet and Moseley, 1976). D. radiodurans maintains 4-8 haploid copies of 

its genome per cell (Hansen, 1978), and the repair of DSBs is known to be mediated by 

recA-independent (single-stranded annealing) (Daly and Minton, 1996) and recA- 

dependent (Daly and Minton, 1995) homologous recombination, but NHEJ does not 

occur. Yet, the identity of the genetic systems underlying those repair processes in D. 

radiodurans remains unknown in spite of experimental DNA repair studies (Daly et al., 

1994a, 1994b; Daly and Minton 1995a, 1996, 1997) genome sequencing (White et al., 

1999) and annotation (Makarova et al., 2001), and whole proteome analysis of cells 

recovering from high-dose irradiation (Lipton et al., 2002).

Comparative-genomic and proteomic analyses support the view that D. 

radiodurans* extreme radiation resistance phenotype is complex, likely determined 

collectively by an assortment of protection and DNA repair systems, as well as by more 

subtle structural peculiarities of proteins and DNA that are not readily inferred from the 

sequences (Makarova et al., 2001). The number of DNA repair enzymes identified in 

D. radiodurans during annotation is less than reported for E. coli (Makarova et al., 2001) 

and the predicted expression levels of its repair proteins compared to other prokaryotes 

are similarly low (Karlin and Mrazek, 2001). These findings justify systematic analysis of 

the dynamic changes in the global gene and protein expression profiles of D. radiodurans 

induced by environmental stress, including growth in defined minimal medium (DMM) 

and exposure to ionizing radiation.
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The lack of a clearly identifiable unique DNA repair system in D. radiodurans 

(Makarova et aL, 2001) has given rise to at least three competing views of its 

extraordinary survival; (a) there are novel repair genes hidden within the group of 

hypothetical proteins predicted by genomic annotation; or (b) D. radiodurans uses 

conventional DNA repair pathways, but with much greater efficiency than other bacteria; 

and/or (c) the metabolic configuration of D. radiodurans is a key determinant of its 

resistance phenotype (Chapters 2 and 3). As a step towards investigating these 

possibilities, a whole genome microarray was constructed for D. radiodurans at Oak 

Ridge National Laboratory, Oak Ridge, TN in collaboration with Dr. Jizhong Zhou, and 

used as part of this thesis work. The goals of this chapter are:

1. To participate in the DOE-sponsored effort to validate the D. radiodurans 
annotation published by Makarova et aL (2001), and thereby facilitate the 

design, fabrication, and use of a whole genome microarray constructed for D. 
radiodurans,

2. To study the dynamic changes in D. radiodurans' global gene expression 

profiles in cells recovering from a high dose of y-radiation.

3. To test the robustness of the microarray expression data using RT-PCR of 

selected mRNAs.

4. To analyze expression data with emphasis on the possible role of metabolism 
in the extreme radiation phenotype.

5.2 Materials and Methods

5.2.1 Accurate Mass Tag (AMT) Directed Proteomics

The AMT approach for D. radiodurans proteome analysis was developed by 

Lipton and coworkers (2002) (Lipton et al., 2002) at PNNL, Richland, WA. This 
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approach utilizes instrumentation that combines high pressure reversed phase capillary 

liquid chromatography (LC) with high magnetic field Fourier transform ion cyclotron 

resonance (FTICR) mass spectrometry and tandem mass spectrometry (MS/MS) (Lipton 

et al., 2002). This approach for defining AMTs provides extremely high confidence for 

protein identification due to AMT identification using MS/MS with standard database 

searching/identification combined with validation using high accuracy mass 

measurements. The AMT-based protein identification allows subsequent high throughput 
proteome measurements, including the use of ,5N labeling strategies, where the 

distinctive peptide AMTs (<1 ppm by FTICR) and LC elution times are used to identify 

proteins. This strategy was used to determine expression levels of TCA cycle and 
glyoxylate bypass enzymes in 15N-labeled DMM versus I4N-labeled rich (TGY) medium. 

The cells were quantitatively combined to ensure that all subsequent processing was 

equal for the two cultures. The resulting peptides were analyzed with an 11.5 tesla 

FTICR mass spectrometer, and the peptides were identified utilizing the existing AMT 

database (Lipton et al., 2002). Once identification was confirmed, the abundance ratio 

for each peptide was calculated by comparison of the abundance of the I5N peak with the 

I4N peak.

5.2.2 Microarray Analysis

5.2.2.1 Cell Growth and Irradiation

D. radiodurans was grown at 32 °C in liquid nutrient rich medium TGY (1% 

bactotryptone, 0.1% glucose, and 0.5% yeast extract) or on TGY medium solidified with 

1.5% BactoAgar. In liquid culture, cell density was determined at 600 nm by a Beckman 

spectrophotometer. For high-dose irradiation exposure, 150 ml of an ESP D. radiodurans 
culture (ODeoo = 1.0, ~lxl08 colony forming units [CFU]/ml) (Daly et al., 1994a) were 

divided in half. 75 ml were irradiated without change of broth on ice at 2.7 Gy/second to 

a total dose of 15 kGy (60Co gammacell irradiation unit, J. L. Shepard and Associates, 

Model 109). Cells from the unirradiated 75 ml D. radiodurans culture (non-irradiated 

control) were harvested by a brief centrifugation, washed and then frozen in RNAlater
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solution (Ambion, Austin, TX), and stored at -80 °C. Following exposure to 15 kGy, the 

irradiated cell culture (75 ml) was diluted 20-fold into fresh TGY medium and incubated 

at 32 °C in an orbital shaker. At the indicated recovery time-points, ~1 x 109 cells were 

harvested, washed and frozen in RNAlater solution as for the non-irradiated control. Cell 

viability and cell numbers were determined by plate assay and hemocytometer count. 

Three independent cell cultures and irradiation treatments of the same kind were 

performed and served as biological replicates for gene expression experiments as well as 

for determining irradiation resistance profiles.

5.2.2.2 Genomic DNA and Total Cellular RNA Extraction

Sub-samples containing about 3 x 108 cells were thawed to room temperature and 

pelleted in 1.5 ml eppendorf tubes. The pellets were subjected to three consecutive 

freeze/thaw cycles using liquid nitrogen and then suspended in 500 pl of TE buffer (10 

mM Tris-HCl, pH 8; 0.1 mM EDTA) containing 500 pg of lysozyme and 2.5 pg of 

lysostaphin, and incubated at 37°C for 10 min. Lysozyme/Lysostaphin-treated cells were 

lysed by the addition of 50 pl 20% (w/v) sodium dodecyl sulfate (SDS) and 300 pg of 

proteinase K, and incubation at 40°C. Cell lysates were phenol/chloroform-extracted and 

nucleic acids were precipitated with an equal volume of 80% (v/v) isopropanol, and 
dissolved in TE buffer. Total cellular RNA was isolated using TRIzol™ Reagent (Gibco 

BRL, Life Technologies, Gaithersburg, MD), treated with RNase-free DNase I (Ambion, 

Austin, TX), and purified using Mini RNeasy kit (Qiagen, Chatsworth, CA). DNA 

components were treated with DNase-free RNase A (Ambion, Austin, TX) and purified 

using a genomic DNA cleanup kit (Promega Corporation, Madson, WI). The 

concentration and purity of both DNA and RNA samples were determined by 

spectrophotometric ratio assay at 260 nm and 280 nm.

5.2.2.3 Microarray Fabrication

The microarray fabrication was done as a collaborative effort at the Oak Ridge 

National Laboratory (ORNL), Tennessee. Briefly, PCR products of 2,976 distinct open
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reading frames (ORFs) of D. radiodurans genome were spotted in duplicates onto 

SuperAmine glass slides (TeleChem International, Inc.) using a PixSys 5500 robotic 

printer (Cartesian Technologies, Inc., Irvine, CA) equipped with 16 ChipMaker III pins 

(TeleChem International, Inc.). Also spotted were the appropriate positive and negative 

controls that included internal standards derived from 10 human genes subcloned into the 

pCR or pBluescript SK+ vectors. The printed DNA fragments were cross-linked to the 

glass slides using 65 mJ of UV (254 nm) light, and denatured by submersion into boiling 

water for 3 min. The processed slides were subsequently air-dried and stored at RT until 

further use.

5.2.2.4 cDNA Labeling and Microarray Hybridization

For probe synthesis and labeling, 20 pg of the total cellular RNA was incubated 

together with 5 ng of a spike mRNA at 70 °C for 10 min in the presence of 9 pg of 

random hexamers (Gibco BRL). The labeling reaction was catalyzed by 200 U of 

Supescript™ II RNase H' reverse transcriptase (Gibco BRL) in the presence of 500 pM 

dATP, dGTP, and dTTP; 50 pM dCTP; and 50 pM of the fluorophor Cy3-dCTP or Cy5- 

dCTP (Perkin Elmer/NEN Life Science Products, Boston, MA). The reverse transcription 

reaction was incubated at 42 °C for 2 h, followed by RNA hydrolysis in 1 N NaOH at 

37°C for 10 min. The labeled cDNA probe was purified using a Qiagen PCR purification 

column and concentrated in a Savant speedvac centrifuge (Savant Instruments Inc., 

Holbrock, NY). For each biological replicate, dye-switch was adopted, i.e. the non

irradiated control and irradiated samples were labeled either with Cy5 and Cy3, 

respectively, or with Cy3 and Cy5, respectively, to avoid possible bias dye incorporation. 

In addition to the duplicates of arrays on the same slide, three biological cell samples 

were included with two dye-switch combinations, yielding a total of 12 replicates of 

hybridization for the majority of genes subjected to each microarray analysis.

For microarray hybridization, the concentrated probes derived from both 

‘irradiated’ and ‘unirradiated’ cDNAs were mixed and resuspended in a 30-pl total 

volume of hybridization solution that contained 3X saline-sodium citrate (SSC), 0.33% 

(w/v) SDS, 40% (v/v) formamide, and 24 pg of unlabeled herring sperm DNA (Gibco
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BRL). After a rapid denaturation by exposure to 100 °C for 3 min, the hybridization 

solution was immediately applied onto the microarray slide. Hybridization was carried 

out in a waterproof CMT-slide chamber (Coming, Coming, NY) submerged in a 50 °C 

water bath in the dark for 16 h. Following hybridization, arrays were washed with 1 x 

SSC/0.2% (w/v) SDS and 0.1 x SSC/0.2% (w/v) SDS for 5 min each and with 0.1 x SSC 

for 30 sec, and air-dried at RT before scanning.

S.2.2.5 Array Quantification and Data Process

Hybridized microarray slides were double channel-scanned to record intensities 

for both Cy3- and Cy5-fluorophor signals using a confocal laser fluorescent microscope 

(ScanArray® 5000 Microarray Analysis System, GSI Lumonics, Watertown, MA). Laser 

power and PMT gain were calibrated and adjusted for each fluorophor, so that overall 

intensities for most array spots were neither saturated nor too weak, and more comparable 

in both fluorescent channels. Image analysis to quantify spot signal and background 

fluorescent intensity, and to identify empty spots and spots of poor quality (high pixel 

intensity variation) was performed using ImaGene version 4.2 (Biodiscovery Inc., Los 

Angeles, CA). After removal of all empty and poor spots from data spreads, the 

quantified data were subject to normalization and statistical analyses. The ratios of the 

irradiated samples to the non-irradiated control were normalized with the Pooled- 

Common-Error model (similar to the most commonly used geometric mean 

normalization method) using the statistical analysis software ArrayStat version 2.0 

(Imaging Research Inc. Ontario, Canada). The outliers, or those data points that were not 

consistently reproducible and had a disproportionately large effect on the statistical result, 

were removed. A student T-test was performed for each arrayed spot so that a two-tailed 

probability of a mean deviating from 1.0 could be calculated and used to assign the 

significance for each data point. The statistically analyzed data were then loaded into the 

robust software GeneSpring version 4.1 (Silicon Genetics, Redwood City, CA) for 

detailed gene expression plotting analyses of the annotated functional groups or 

metabolic pathways, and for exploiting possibly related functions for the genes encoding 

conserved hypothetical and hypothetical proteins based on their expression patterns data
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was used for blotting and hierarchical clustering analysis. Hierarchical clusters were 

constructed using the software Cluster (http://rana.stanford.edu/). For all clustering 

analyses, the average-linkage clustering model was applied. The resulting clusters were 

visualized with the software TreeView (http://rana.stanford.edu/).

5.2.3 Real-Time Quantitative PCR

RT-PCR was carried out as described in chapter 4 section 4.2.7.

5.3 Results

5.3.1 Proteome Analyses

Quantitative proteomics for D. radiodurans was conducted as described 

elsewhere (Lipton et al., 2002). D. radiodurans RI cells grown in rich (TGY) or defined 

minimal medium (DMM) were compared to reference cells grown in I5N-labeled DMM. 

Unlabeled cells from the TGY and stressed cultures were mixed in equal numbers with 

the I5N-labeled cells and analyzed. The relative abundances of peptide AMTs (Lipton et 

al., 2002) for TCA cycle and glyoxylate bypass enzymes yielded relative (minimal/rich) 

abundance ratios shown in Table 5.1. The ratios support that part of the TCA cycle is 

suppressed in DMM compared to rich medium; the glyoxylate bypass is more active in 

DMM than in rich medium.

The complete data set for all expressed protein detected under different growth 

and stress conditions evaluated is published as supporting information of the Proceedings 

of the National Acedemy of Sciences (PNAS), USA, website 

(http://www.pnas.Org/content/vol0/issue2002/images/data/172170199/DCl/1701Table4.x  

Is). The collaborative proteomics work (Lipton et al., 2002) provided physical validation 

that ~ 61% of predicted D. radiodurans ORFs (Makarova et al., 2001) are expressed as 

proteins. This justified the construction of a whole genome microarray for D. 

radiodurans based on two very similar annotations of the D. radioduans genome (White 

et al., 1999; Makarova et al., 2001).
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was used for blotting and hierarchical clustering analysis. Hierarchical clusters were 

constructed using the software Cluster (http://rana.stanford.edu/). For all clustering 

analyses, the average-linkage clustering model was applied. The resulting clusters were 

visualized with the software TreeView (http://rana.stanford.edu/).

5.2.3 Real-Time Quantitative PCR

RT-PCR was carried out as described in chapter 4 section 4.2.7.

5.3 Results

5.3.1 Proteome Analyses

Quantitative proteomics for D. radiodurans was conducted as described 

elsewhere (Lipton et al., 2002). D. radiodurans RI cells grown in rich (TGY) or defined 

minimal medium (DMM) were compared to reference cells grown in I5N-labeled DMM. 

Unlabeled cells from the TGY and stressed cultures were mixed in equal numbers with 

the ,5N-labeled cells and analyzed. The relative abundances of peptide AMTs (Lipton et 

al., 2002) for TCA cycle and glyoxylate bypass enzymes yielded relative (minimal/rich) 

abundance ratios shown in Table 5.1. The ratios support that part of the TCA cycle is 

suppressed in DMM compared to rich medium; the glyoxylate bypass is more active in 

DMM than in rich medium.

The complete data set for all expressed protein detected under different growth 

and stress conditions evaluated is published as supporting information of the Proceedings 

of the National Acedemy of Sciences (PNAS), USA, website 

(http://www.pnas.org/content/vol0/issue2002/images/data/! 72170199/DC1/170 lTable4.x 

Is). The collaborative proteomics work (Lipton et al., 2002) provided physical validation 

that ~ 61% of predicted D. radiodurans ORFs (Makarova et al., 2001) are expressed as 

proteins. This justified the construction of a whole genome microarray for D. 

radiodurans based on two very similar annotations of the D. radioduans genome (White 

et al., 1999; Makarova et al., 2001).

141



Table 5.1. aAbundance Ratios of Indicated Proteins Observed in D. radiodurans RI 
Cells Grown in DMM Versus Rich Medium.

ORF Designation ORF NAME Abundance ratio 
min 

medium/TGY(Rich)
DR0757 Citrate synthase 0.66

DR1540 Isocitrate dehydrogenase 0.44

DR0287 2-oxoglutarate 
dehydrogenase

0.91

DR2526 Lipoamide dehydrogenase 0.65

DR1247 Succinyl CoA synthetase 
p-chain

0.47

DR1248 Succinyl CoA synthetase 
a-chain

0.48

DR2627 Fumarase 0.83

DR0828 Isocitrate lyase 1.43

Footnote for Table 5.1

aD. radiodurans RI cells were harvested for proteomic expression analysis at an 

absorbance of 600 nm (Asoo) of 0.5. Data was derived from cells compared to the 15N- 

labeled reference proteome [RI cells grown in DMM containing Cys (chapter 3, Table 

3.1)]. Relative abundances were used to calculate expression ratios, revealing changes in 

expression for the indicated ORFs (open reading frames).
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532 Microarray Analysis

5.3.2.1 Response of Cells to Irradiation

The exposure of D. radiodurans grown to the early stationary phase (ESP) (ODeoo 

-1.0) to 15 kGy (60Co) induced -150 DNA DSBs/haploid chromosome (Daly et al., 

1994a; Daly and Minton, 1995a; Daly and Minton, 1996; Daly et al., 1994b) (data not 

shown). As expected, its recoveiy in fresh medium resulted in a 9-hour growth during 

which DNA was repaired. After the 9-hour growth-lag, cells grew exponentially and 

reached stationary phase 15 hours later, yielding a typical D. radiodurans growth curve 

between 12-24 hours (Figure. 5.1). Previous studies showed that when a single irradiation 

dose of —17 kGy is applied to an ESP D. radiodurans culture, cellular recovery is 

dependent on nutrient-rich conditions; without change of broth, cells die with no 

evidence for DNA repair (Daly and Minton, 1995a; Daly and Minton, 1996; Daly et al., 

1994b; Minton, 1996). The following gene expression experiments were designed to 

optimize recovery and ensure that the genes involved in post-irradiation repair and stress 

response were optimally induced.

D. radiodurans recA is central to genomic restoration following irradiation; the 

recA gene is substantially upregulated upon DNA damage and then down-regulated 

before the onset of exponential growth (Carroll et al.,1996). Following a dose of 15 kGy, 

D. radiodurans recovery typically progresses through three phases (Carroll et al., 1996; 

Daly et al., 1994a; Daly and Minton, 1995a; Daly et al., 1994b): 1) early-phase (0-3 

hours): recA is induced, but there is little evidence for DNA repair; 2) mid-phase (3-9 

hours): ongoing growth arrest and DNA repair; and 3) late-phase (9-24 hours): repression 

of recA and restoration of growth.

5.3.2.2 Quality of Microarray Hybridization Data

Because microarray hybridization exhibits inherent high variability, experimental 

replications are essential for obtaining reliable results (Lee, et al., 2000). In this study, 

samples were taken at 9 time intervals over a period of 24 hours. At each time point, 

three replicated samples were obtained. Each microarray slide contained two duplicate
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Figure. 5.1

Figure 5.1. Effect of High-Dose Acute Irradiation on D. radiodurans Growth.

Squares, early stationary phase (ESP) cells (~1 x 108 cells /ml) were irradiated with 15 
kGy on ice and then diluted 1/20 in fresh TGY medium. Cell growth was monitored by 
periodic OD6oo measurements. At 0, 0.5, 1.5, 3, 5, 9, 12, 16, and 24 hours into recovery, 
about 1 x 109 cells were harvested for microarray analysis. Circles, non-irradiated ESP 
control D. radiodurans cells inoculated and monitored as for irradiated cells. Values are 
the means ± standard deviations of the triplicate experiments (n = 9).
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sets of gene fragments, and the RNA obtained from each sample was hybridized with two 

microarrays using fluorescent-dye reversal. Thus, 12 data points were available for each 

time point and enabled the use of statistical tests to determine significant changes in gene 

expression. Only those genes with statistically significant differences were further 

analyzed. The following three additional methods were used to test the robustness of the 

microarray hybridization data:

1. Correlation between Gene Expression Patterns within the Same Operon. Operons 

are the principal form of gene co-regulation in prokaryotes, so the expression 

patterns of genes within an operon are expected to be strongly correlated. 

Consistently, analysis of 435 genes within 141 predicted operons showed highly 

significant correlation of their expression patterns compared to genes in “random 

operons.”

2. Independent Verification by RT-PCR. Seven genes were randomly selected 

and their expression was independently verified by RT-PCR analysis (Table. 5.2A 

and 5.2B). The expression data of six of these genes were similar to that obtained 

from their microarray expression. This further validated the microarray data.

3. Disruption Analysis of DR0070. The ORF disruption experiments were carried 

out by Dr. Elena K. Gaidamakova at USUHS, MD. The uncharacterized gene 

DR0070 encodes a hypothetical protein (199 amino acids in length) that is unique 

to D. radiodurans and that is highly expressed after radiation. To confirm that this 

gene is involved in radiation resistance, DR0070 was disrupted. The radiation 

resistance of a mutant (MD891) with a confirmed homozygous disruption for 

DR0070 was compared to wild-type D. radiodurans. While MD891 shows no 

metabolic or growth deficiencies in the presence or absence of chronic y-radiation 

(60 Gy/hour), it is substantially more sensitive to acute irradiation than wild-type 

D. radiodurans (Liu et al., 2003).

Taken together, these observations suggest that the expression array data presented 

here are of sufficiently high quality to be used to investigate patterns of expression

induction and -repression that occur in D. radiodurans cells in response to high-dose 

irradiation.
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Table 5.2A Comparison of Expression Levels Produced in Microarray and Real-
Time (RT) - PCR Experiments for a Set of 7 D. radiodurans Genes

Gene ID Annotation Method
Time (h) post irradiation 

Responds to radiation (folds)
0 0.5 1.5 3 5 9 12 16 24

DR0007 Unknown
Microarray 1.02 3.93 2.99 1.39 1.73 1.53 1.88 1.17 1.78

RT PCR 0.21 0.37 1.77 0.69 0.95 1.31 1.38 1.89 1.49

DR2340 RecA
Microarray 1.13 6.62 7.98 5.02 5.27 4.06 3.70 2.15 1.44

RT PCR 0.65 1.67 9.96 11.23 2.06 0.63 0.91 0.30 0.10

DRB0100 DNA ligase
Microarray 1.63 1.47 9.24 14.43 9.42 6.24 4.42 4.16 2.28

RTPCR 2.38 7.98 17.82 12.18 8.64 4.14 3.97 3.93 1.68

DR2339 LigT-RNA ligase
Microarray 1.68 6.00 14.06 13.44 13.85 9.50 5.01 1.22 1.03

RTPCR 3.51 6.52 14.24 2.88 1.51 2.48 2.94 0.52 1.42

DR0422 SAM-dependent Microarray 1.28 13.99 18.85 10.95 8.18 4.39 2.69 1.79 1.14
melyltransferase RTPCR 3.00 16.86 18.32 5.27 4.92 4.48 1.77 3.28 3.36

DR0053 DinB family
Microarray 1.67 4.49 10.16 10.25 6.10 3.67 2.30 1.35 1.30

RTPCR 0.68 3.61 10.70 11.31 9.83 2.42 3.63 3.13 0.15

DR0207 ComA
Microarray 2.14 2.83 10.89 15.47 12.40 3.86 3.87 1.87 1.35

RTPCR 1.37 5.41 18.68 19.96 33.22 21.12 16.95 3.30 4.34

Table 5.2B Sequences of the Primers Used in Real-Time Quantitative PCR

DR# Gene product Primer sequence PCR product 
size (bp)

DR0007 Unknown CAGTGGTGCTGATCGTGAGT
ATAGACGAGTTCGCGCAGTT

116

DR2340 RecA protein CCCCTTCAAGGAAGTCGAAC
CGCCGTAGGAGTAGAAGCTG

125

DRB0100 DNA ligase GCGAGTCAAATACCCTTCCA
GGTAGAGGCTGGTGTTTTCG

146

DR2339 2’-5* RNA ligase AACACCAACCGTCCACCTAC
AGGTACGAGAGGGTGACGTG

145

DR0422 SAM-dependent 
melyltransferase

GCTTCGACCTGCTGTACTCC
GTCGTGATTTGCTGGAACCT

128

DR0053 DinB/YfiT family CCGCAGGTAAGCACTGAGAT
TGGACCTCGTTGTCAATCAA

101

DR0207 ComA protein CCCGGTAAACGTCAACACTG
GCCTTTGACCTTTTTGACCA

133
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5.3.2.3 Overview of General Genomic Expression Response to Radiation in D, 

radiodurans

The complete microarray data set for the recovery time-course is listed in 

supplementary material (SM)_Table A located at the website 

http://www.esd.oml.gov/facilities/genomics/functional_genomics.html, which also 

contains supplementary results (SM_Results), figures (SM_Figs), and tables 

(SM_Tables). A two fold change in the expression levels of genes from their basal level 

was considered to be significant. At least at one recovery time point, 832 genes were 

induced while 451 genes were repressed, with many genes showing substantially greater 

induction than the threshold level (Figure. 5.2A). There was active gene expression at the 

initial recovery period (0-3 hours), even though the DNA was still fragmented (Figure 

5.2A). The genes induced during this stage included those involved in DNA repair. In 

general, most of the DNA repair genes were induced between the 0-9 hour recovery time, 

when no replication/cell division was observed.

A more systematic approach to analysis of the gene expression profiling involved 

functional categorization of the genes according to the Clusters of the Orthologous 

Groups (COGs) of proteins database (http://www.ncbi.nlm.nih.gov/cgi-bin/COG/palox). 

The ‘Stress’ category was additionally introduced on the basis of previous functional 

assignments for D. radiodurans (Makarova et al., 2001). For most functional groups, the 

maximum response occurred concurrently around the 3-hour post-irradiation time-point 

(Figure 5.3). Expression of genes within the ‘translation’, ‘replication and repair’ and 

‘cell wall metabolism’ categories showed the greatest changes (primarily up-regulation) 

compared to the other functional categories (Figure 5.3) in the early-phase of recovery. 

Significantly, expression dynamics for most genes implicated in DNA repair resembles 

the expression pattern of recA (Figure 5.4), which is considered a dominant marker for 

the onset of homologous recombination (Carroll et al., 1996). The observation that genes 

within diverse functional groups are differentially regulated in the early-mid-phase time 

intervals indicates that recovery from irradiation is a complex process that involves 

numerous cellular systems (Figure 5.3). Significant changes in metabolic expression 

profiles were observed in the late-phase of recovery (restoration of growth).
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Figure 5.2. Gene Expression in D. radiodurans. A. Activation and repression of D. 

radiodurans genes as a function of time post- irradiation. The data are for two-fold 

activation or repression; Up, activation; Down, repression. B. Activation of gene 

expression in response to irradiation in the four genomic partitions of D. radiodurans.
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Figure 5.2A

Figure 5.2B

partitions
% up-regulated genes (>2) in different genome
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Figure 5.3. Activation and Repression of Different Functional Groups of D. 

radiodurans Genes. Designations of functional groups (from the COG database): J - 

Translation, ribosomal structure and biogenesis; K -Transcription; L - DNA replication, 

recombination and repair; D - Cell division and chromosome partitioning; O - 

Posttranslational modification, protein turnover, chaperones; M - Cell envelope 

biogenesis, outer membrane; N - Cell motility and secretion; P - Inorganic ion transport 

and metabolism; T - Signal transduction mechanisms; C - Energy production and 

conversion; G - Carbohydrate transport and metabolism; E - Amino acid transport and 

metabolism; F - Nucleotide transport and metabolism; H - Coenzyme metabolism; I - 

Lipid metabolism; Q - Secondary metabolites biosynthesis, transport and catabolism; R - 

General function prediction only; S - Function unknown. STRESS - genes involved in 

stress response, based on previous analyses of the D. radiodurans genome (Makarova et 

al.^QX).
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Figure 5.3A
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Figure 5.3B

down-regulated genes in different functional groups
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5.3.2.4 Coordinated Expression of DNA Repair Pathways, Metabolic Pathways and 

the Overall Stress Response of D. radiodurans

The recovery of D. radiodurans from an acute dose of radiation appears to be a 

complex process involving the coordination between numerous pathways. Immediately 

following exposure to acute radiation, as a general trend, induction/repression of most of 

the genes related to the cell’s recovery was observed within the early- (0-3 hours) and 

mid- phases (3-9 hours). Most genes related to growth and cell division were either 

down-regulated or showed no changes in their expression, indicating a growth arrest 

(Figure 5.4).

Induction of Cell Cleaning and Stress Response. Cellular mechanisms known to 

deal with radiation-induced byproducts include hydrolysis, modification and export of 

damaged products, and direct damage reversal. The pyrophosphatases of the MutT/Nudix 

superfamily, which are involved in cellular cleansing, were induced. Five enzymes of this 

family were induced in a recA-like manner (Figure 5.4, Table 5.4). Others, with higher 

specificity to deoxynucleotide triphosphates, including the MutT ortholog, were also 

activated (Xu et al., 2001). Also induced were several enzymes involved in DNA 

degradation including the extracellular nuclease (DRB0067) and intracellular 

exonuclease VII XseA (DR0186) (Table 5.3). Induction of proteases was also observed, 

including aminopeptidase P (DR0478), extracellular serine protease (DR0812, 

DRB0069), periplasmic carboxy-terminal protease (DR1491), alkaline serine exoprotease 

A (DR2322), metalloproteinase (DRA0249), and two membrane-associated proteases of 

the NLPD-family (DR0598, DR1549). Certain genes belonging to be a part of the ot/p 

hydrolase superfamily {DR2478, DR2522, DRA0150, and DRB0097}, which degrade 

the damaged cell wall components, were induced (Table 5.5). Some export systems also 

appear to be activated in D. radiodurans. For example, protein-export membrane protein 

SecG (DR1825), MDR-type exporter (DR2098), ExbD/TolR biopolymer transport 

membrane protein (DR0457), as well as several transporters of a major facilitator family 

with undefined activities (DR0395, DR1307, DR2098, DRB0043, DRC0040), are all up- 

regulated (Table 5.5).
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Figure 5.4. Hierarchical Clustering Analyses of Expression Profile Patterns. Gene 

expression patterns are displayed graphically. Three distinct patterns are sorted according 

to the hierarchical clustering analyses, i.e. (A) recA-like activation pattern, (B) growth- 

related activation pattern, and (C) repressed patterns. The top row represents the general 

pattern of the selected group where a Pearson correlation coefficient (r) is shown on the 

left side. All displayed graphs are organized in a row/column format. Each row of colored 

strips represents a single gene whose expression levels are color-recorded sequentially in 

every column of the same row that represents recovery time intervals. Red color denotes 

up-regulation, whereas green indicates down-regulation. Black indicates the control level. 

The variation in transcript abundance is positively correlated with the color darkness, a, 

Gene numbers are offered for tracking the primary information of the gene of interest, b, 

The maximum (for recA-like and growth-related activation pattern) or minimum (for the 

repressed pattern) expression level for each of the exhibited genes over the 24-h recovery 

period is presented as the dye intensity ratio of the irradiated sample to the non-irradiated 

control at c, the indicated time interval. Values in parentheses show the standard 

deviation for each mean expression ratio.
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Figure 5.4

Time (h) Gene#, putative function3 Ratio
' K (fold)b

A. recA-like activation pattern

Time 
(hr)c

DR0911 DNA-directed ma polymerase beta subunit, rpoC 1.99 (±1.37) 0.5
— DR2220 Tellurium resistance protein TerB 3.13 (±1.49) 5
- DR2221 Tellurium resistance protein TerE 5.24 (±2.94) 3
- DRB0069 Subtillsin serine protease 3.18 (±1.39) 3
— DRB0067 Extracellular nuclease with Fibronectin HI domains 4.37 (±1.21) 3
- DR0261 8-oxo-dGTPase, mutT 3.36 (±1.68) 0.5
- DRA0344 LEXA repressor, HTH+protease, lexA 1.80 (±1.08) 1.5
— DR0099 SsDNA-binding protein, ssb 3.01 (±1.20) 0.5
- DR2129 Ribosomal component L17 , rplQ 5.92 (±2.09) 1.5
— DR2128 RNA polymerase alpha subunit, rpoA 4.03 (±2.80) 1.5
- DR0324 Probable glutamate formiminotransferase 3.30 (±1.47) 0.5
— DR2337 Uncharacterized protein 7.41 (±5.71) 1.5
— DRA0346 PprA protein, Involved In DNA damage resistance 3.52 (±1.94) 0.5
— DR1825 Protein-export membrane protein 3.21 (±1.48) 1.5
— DR1771 UVRA ABC family ATPase, uvrA-1 3.52 (±1.15) 1.5
— DRA0345 Predicted esterase 10.05 (±4.39) 1.5
— DR0422 Trans-aconitate methylase 18.85 (±7.46) 1.5
— DR1143 Uncharacterized protein 8.85 (±4.26) 1.5
— DR0003 Uncharacterized protein 14.03 (±5.53) 1.5
— DR1776 Nudix family pyrophosphatase 4.70 (±2.83) 1.5
— DR2340 RecA, recA 7.98 (±3.86) 1.5
— DR2610 Periplasmic binding protein, OiY 4.13 (±1.67) 0.5
— DR1645 Teichoic acid biosynthesis protein, wecG 5.88 (±2.79) 1.5
— DR0696 V-type ATPase synthase, subunit K 7.19 (±2.16) 1.5
— DR0421 Uncharacterized protein 4.94 (±2.30) 1.5
— DR1775 Superfamily I helicase, uvrO 3.30 (±1.69) 1.5
— DR1561 UDP-N-acetylglucosamine 2-eplmerase, wecB 6.00 (±1.40) 1.5
— DR2285 MutY, A/G-specific adenine glycosylase, mutY 2.36 (±0.40) 3
— DR2356 Nudix family hydrolase 3.35 (±0.45) 3
— DR2275 Excinudease ABC subunit B, uvrB 4.93 (±1.81) 3
— DR0206 Uncharacterized protein 5.45 (±2.65) 3
— DR0204 Uncharacterized membrane protein 6.01 (±1.35) 3
— DR1354 Excinudease ABC subunit C, uvrC 3.78 (±0.42) 3
— DR0203 Uncharacterized membrane protein 3.82 (±0.86) 1.5
- DR0205 ABC transporter ATPase 4.10 (±2.45) 3
— DR1357 ABC transporter, permease subunit 6.79 (±2.56) 1.5
— DR2482 Predicted transcription regulator 5.75 (±2.92) 1.5
— DR2483 McrA nuclease 5.43 (±1.22) 1.5
— DRA0008 Conserved membrane protein 6.60 (±2.00) 3
— DRA0234 Uncharacterized protein, 12.76 (±5.27) 1.5
— DR1359 ABC transporter, periplasmic subunit 24.83 (±11.13) 1.5
— DR2127 Ribosomal protein S4, rpsD 5.40 (±1.50) 3
— DR1356 ABC transporter, ATP-blnding protein 9.85 (±5.98) 3
— DRB0136 Putative DEAH ATP-dependent helicase, hepA 5.22 (±0.46) 3
— DR1548 Bacillus ykwD ortholog, PRP1 superfamily protein 5.62 (±2.35) 3
— DR0207 ComEA related protein, secreted 15.47 (±8.31) 3
— DRA0249 Metalloproteinase, lelshmanolysin-like 6.47 (±4.43) 3
— DR0665 Uncharacterized protein 11.66 (±5.74) 3

DR0596 Resolvasome RuvABC, subunit B, ruvB 3.22 (±1.31) 0.5
- DR0912 DNA-directed rna polymerase beta subunit, rpoB 3.19 (±0.80) 0.5

r=0.71 B. Growth-related activation pattern
DR1172 
DR0461 
DR1595
DRA0043 
DRA0042 
DRA0031 
DRA0065 
DR2263
DRA0275 
DR1279

Lea76/LEa29-like desiccation resistance protein 
Bacillus yacB ortholog 
6-phosphogluconate dehydrogenase, gnd 
TDP-rhamnose synthetase
Glucose-l-phosphate thymidylyltransferase, rfbA
Glucose-1-phosphate thymidylyltransferase 
Chromosomal protein HU HupA, hupA 
Bacterioferritin, Iron chelating protein 
Soluble cytochrome C
Superoxide dismutase (Mn)

2.66 (±0.60)
2.58 (±0.81)
2.30 (±0.52)
5.08 (±2.12)
3.70 (±1.19)
2.48 (±1.64)
7.71 (±2.07)
6.41 (±1.97)
4.80 (±1.22)
3.91 (±1.43)

24
24
24
12
12
12
24
16
24
24

r=0.77 C. Repressed pattern
- DR1126 
- DR1337
- DR0728 
- DR0977 
- DR1742 
- DR1998 
- DR1146 
- DR0493 
- DR0674 
- DR2620

Red like DHH superfamily Phosphohydrolase
Transaldolase, tai
Fructokinase, cscK
Phosphoenolpyruvate carboxykinase, pckA
Glucose-6-phosphate isomerase, pgl
Catalase, CATX, katA
GSP26 general stress like protein
Formamldopyrimldlne-DNA glycosidase, mutM
Arglnlnosucdnate synthase, ASSY, argG
Cytochrome oxidase subunit I, COXI, caaA

0.33 (±0.12)
0.25 (±0.05)
0.37 (±0.13)
0.48 (±0.22)
0.42 (±0.12)
0.23 (±0.07)
0.25 (±0.06)
0.46 (±0.09)
0.35 (±0.15)
0.45 (±0.25)

12
3
3

1.5
1.5
3

1.5
1.5
3
5

Levels
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Induction of DNA Repair and Associated Systems. The cellular cleansing is 

accompanied by simultaneous activation of the major repair systems. Recovery from 

extreme conditions requires an increase in de novo biosynthesis of macromolecules, 

particularly proteins required for DNA repair; if protein biosynthesis is inhibited, 

irradiated cells die (Hansen, 1982). De novo transcription, therefore, must be a critical 

early component of the recovery process. Consistent with this requirement, genes coding 

for DNA-directed RNA polymerase subunits were substantially up-regulated during the 

early-mid- phases of repair. Approximately 35% of D. radiodurans genes implicated in 

DNA repair, recombination, and replication showed patterns of expression similar to that 

of recA', the products of these genes likely comprise the core of the DNA damage 

response regulon of D. radiodurans (Table 5.4). Only a few of these damage response 

genes stayed induced throughout all three phases of recovery. Like recA, some of the 

genes had a peak at 1.5-5 hours [e.g., single-stranded DNA-binding protein, uracil DNA 

glycosylase, and 8-oxo-dGTPase (MutT); Table 5.3]. Among genes with a recAAike 

expression pattern, several are known to be activated by the SOS response of E. coli and 

Bacillus subtilis, including recA, ssb, uvrABCD, and ruvB (Figure 5.4). Interestingly, 

unlike SOS response in other bacteria, both DNA gyrase subunits (DR0906 and DR1943) 

were induced with the recAAike expression pattern, suggesting that regulation of DNA 

supercoiling is important for DNA repair. Furthermore, in agreement with recent reports 

(Narumi et al., 2001), the expression data show that none of the two paralogous lexA 

genes of D. radiodurans (Makarova et al., 2001) responds to irradiation. Only a few of 

the pathways that are involved in direct damage reversal and base excision repair 

responded to irradiation. Specifically, we observed induction of the MutT ortholog (8- 

oxo-dGTPase), MutY (A-G mismatch DNA glycosylase) and uracil DNA glycosylase, 

but not many others (Table 5.3).

Specific Response of Metabolic Gene Systems. Among energy metabolism 

pathways, the V-type ATP synthase (DR0694-DR0702) genes were induced, which was 

expected given the increased demand for energy during recovery. Genes involved in cell 

wall biogenesis were also strongly induction, which was also expected given the need to 

restore membrane and associated ATP generation (Fig. 5.4 and Figure 5.3A). Genes 

encoding the TCA cycle were repressed in the early and mid phases, whereas genes 
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encoding the glyoxylate shunt were activated in this interval (Fig. 3A). In the late phase 

of recovery, glycolysis and the TCA cycle were progressively induced. It seems likely 

that the co-induction of genes for antioxidant proteins, in particular, superoxide 

dismutases (DR1546, DR1279) and catalase (DR1998), contributes to the removal of the 

toxic free radicals. Specific induction of nitrogen metabolism genes, including the 

nitrogen regulatory protein P-II (GlnB homolog, DR0692) (Table 5.5) and genes 

involved in the utilization of exogenous and intracellular carbohydrates, was detected 

before 9 hours had elapsed (Table 5.5). The operon coding for enzymes of sulfur 

metabolism, i.e., sulfite reductase, APS kinase, PAPS reductase and sulfate 

adenylyltransferase (DRA0013-DRA0016), remained induced throughout recovery, with 

the peak of expression occurring at 3-5 hours (Table 5.4).

Genes encoding two ribonucleoside/ribonucleotide reductases (DRB0107- 

DRB0109, DR2374), the enzymes responsible for the final step of deoxyribonucleotide 

biosynthesis from ribonucleotide precursors, were induced in the early phase. The one 

encoded by DRB0107-BRB0109 remained extremely active throughout recovery, 

whereas DR2374 was repressed at the end of mid-phase. One of the genes that is strongly 

induced in the early-phase of post-irradiation recovery is the predicted trans-aconitate 

methylase (Cai and Clarke 1999), DR0422 (Table. 5.4). Trans-aconitate is not a normal 

metabolite in most bacteria and is an inhibitor of aconitase, a key enzyme of the TCA 

cycle (Lauble et al., 1994). It seems likely that trans-aconitate is produced as a result of 

irradiation and the induction of DR0422 is required for its detoxification, setting the stage 

for activation of the TCA cycle at the late phase of recovery.
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Figure 5.5
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Figure 5.5. Expression Patterns of Selected Genes for TCA cycle and Glyoxylate 
Bypass Enzymes.

Eight representative genes are shown in this figure.

Expression patterns for the following genes are shown: gltA, citrate synthase II; acnA, 
aconitase; icd, isocitrate dehydrogenase; sucC, succinyl-CoA synthetase, beta chain; 
sucD, succinyl CoA synthetase, alpha chain; mdh, malate dehydrogenase; aceA, isocitrate 
lyase; aceB, malate synthase. Genes specific to the TCA cycle are shown in Green, 
Glyoxylate bypass genes in Red, and genes shared by both TCA cycle and Glyoxylate 
bypass, in Blue.

Genes not represented here include: Three subunits of 2-oxoglutarate dehydrogenese 
complex - Ipd, lipoamide dehydrogenase (DR2526), sucA, 2-oxoglutarate dehydrogenase 
(DR0287), and sucB, dihydrolipoamide succinyltransferase (DR0083) are substantially 
down regulated like icd (DR1540). Malate synthase (DRA0277) of the Glyoxylate bypass 
is slightly down regulated. Four subunits of fumarate dehydrogenase complex - sdhB, 
fumarate/succinate dehydrogenase type iron sulfur protein (DR0951), sdhA, succinate 
dehydrogenase Rossman fold oxidoreductase (DR0952), shhC and sdhD, small succinate 
dehydrogenase associated proteins (DR0953, DR0954), and fumC, fumarase (DR2627) 
do not show significant changes in their expression levels during post irradiation 
recovery.
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5.4 Discussion

Understanding biological systems and the roles of their constituents is facilitated 

by the ability to make quantitative, sensitive, and comprehensive measurements of how 

their proteome changes, e.g., in response to environmental perturbations. To this end, 

some work of this thesis was dedicated to supporting high-throughput proteomic 

investigations for D. radiodurans (Lipton et al., 2002). Specifically, peptides identified in 

D. radiodurans growing in rich and defined minimal medium (DMM) (Chapter 3, Table 

3.1), and recovering from irradiation (Lipton et al., 2002) contributed to the development 

of an accurate mass tag database for the organism (Lipton et al., 2002). The high 

throughput proteomics approach was used to identify with high confidence >61% of the 

predicted proteome for D. radiodurans, which represents the broadest proteome coverage 

for any organism to date. The collaborative proteomics work (Lipton et al., 2002) 

validated a majority of the predicted D. radiodurans ORFs (Makarova et al., 2001) and 

justified the construction of a whole genome microarray for D. radiodurans.

Whole genome microarray work reported in this chapter examined the changes in 

genomic expression in D. radiodurans recovering from an acute exposure to 15 kGy, 

which is about its D37 (37% survival) under standard laboratory conditions (Daly et al., 

1994a, 1994b, Daly and Minton, 1995a, 1996). During the early- and mid-phases of 

recovery, no cell growth was observed, but within this interval many genes of diverse 

functional groups were induced (Table 5.3). In contrast, many genes for enzymes of 

general metabolism were not affected in this interval (Table 5.5, Figure 5.4), but were 

induced in the late-phase. Collectively, this supports the idea that most of the expression 

dynamics observed in the 9-hour lag-phase are a consequence of the effects of irradiation 

and not due to changes in nutrient or growth conditions resulting from transfer of 

irradiated D. radiodurans to fresh medium. Given the apparent complexity of D. 

radiodurans9 irradiation response and the good correlation observed between its 

predicted and experimentally determined patterns of gene expression, the use of 

microarrays to identify D. radiodurans genes responsible for its radiation resistance holds 

promise as a useful approach.
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Generally, the microarray expression data support the hypothesis that irradiated 

D. radiodurans suppresses oxidative stress levels, which could prevent additional loss of 

genome integrity elicited by metabolism-induced free radicals. D. radiodurans strongly 

represses the O2*' radical-generating steps of its TCA cycle (e.g., sdhB) (Figure 5.5), and 

appears to minimize its biosynthetic and energy demands by inducing transporters of 

exogenous peptides and other secondary metabolites on which radiation resistance is 

highly dependent (Chapter 3), and correspondingly shows increased expression of extra- 

and intracellular proteases and nucleases (Table 5.3). In the mid-phase (3-9 hours), 

expression of most early-phase genes gradually subsided, followed by the induction, at 

~12 hours, of genes known to support exponential cell division (Table 5.5). During the 

late-phase (12-24 hours), the TCA cycle was progressively de-repressed and genes 

involved in scavenging free radicals (e.g., sodA, and katA) were correspondingly induced 

(Figure 5.4). This helps to explain the observation that de novo biosynthesis of amino 

acids, nucleotides, and coenzymes remains unchanged or even down-regulated, at least 

within the early and mid-phases. In contrast, the glyoxylate bypass appears to be strongly 

induced and could provide some biosynthetic intermediates needed for recovery without 

generating free radicals. Significantly, the response of the glyoxylate cycle following 

irradiation is similar to its response during growth in DMM (Chapter 4).

Genomic informatic (Makarova et al., 2001) and proteomic analyses (Lipton et 

al., 2002) (Table 5.1) for D. radiodurans supports that it has a functional TCA cycle. 

Remarkably unlike E. coli (Tao et al., 1999), however, D. radiodurans represses TCA 

cycle activity in DMM where its biosynthetic and energy needs are increased (Figure 5.5) 

(Chapter 4, Section 4.3.4). This unusual TCA cycle response suggests that its normal 

mode of action may not be cyclic or highly dedicated to energy production. Evidence 

supporting the possible dominance of the glyoxylate bypass over the TCA cycle in D. 

radiodurans includes the observed increase in isocitrate lyase (aceA) in DMM (Figure 

5.5) (Table 5.1) (Chapter 4, Section 4.3.4), and ability to utilize acetate as a sole carbon 

source, but not a-ketoglutarate, succinate, fumarate or malate (similar substrate 

utilization was observed for the other Deinococci) (Chapter 4, Table 4.1 A). While the 

ability to generate ATP from a glyoxylate bypass is far less than a fully operational TCA 

cycle, it likely meets deinococcal energy and biosynthetic needs. Importantly, the 
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possible dominance of the glyoxylate bypass over the TCA cycle in DMM (Figure 5.5) 

would avoid high levels of free radicals generated by fumarate reductase (Imlay, 1995), 

and this may similarly apply during recovery from irradiation.

Further microarray evidence that metabolic systems are involved in recovery from 

irradiation includes the activation of nitrogen metabolism genes. For example, the 

nitrogen regulatory protein P-II (GlnB-like, DR0692) is activated. Generally, P-II senses 

nitrogen and is a key signal transduction regulator of glutamine/glutamate synthesis 

(Arcondeguy et al., 2001). Glutamine/glutamate synthesis is a prerequisite for production 

of a wide variety of amino acids, where glutamine acts as a donor of NH2 groups via 

transamination. Thus, P-II might help maintain high level of protein synthesis in D. 

radiodurans in the presence of ammonia (Arcondeguy et al., 2001), (Reitzer and 

Magasanik, 1987). These findings underscore the importance of defining the global 

cellular processes within which protection and repair systems operate efficiently.

5.5 Conclusions

1. The AMT based proteomic measurements provided a physical validation of 
>61% of predicted ORFs (Lipton et aL^ 2002). Proteome expression analyses 
presented here support that the TCA cycle of D. radiodurans in DMM is 
suppressed compared to rich medium, but that its glyoxylate bypass is 
upregulated. The TCA cycle response in DMM is similar to that observed 
following irradiation using the whole genome microarray. Since intracellular 
free radical levels are increased in DMM and during radiation, the 
suppression of TCA cycle activity might be a cellular mechanism to minimize 
genomic damage under both conditions.

2. DNA microarrays covering ~94% of D. radiodurans' predicted genes were 

used to analyze the dynamic changes in global expression profiles of D. 
radiodurans recovering from acute irradiation (15 kGy). The expression data 
suggest that D. radiodurans efficiently coordinates its recovery by a complex
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network, within which both DNA repair and metabolic functions play a 

critical role.

3. Microarray expression patterns of seven randomly selected genes that were 

up-regulated immediately upon exposure to irradiation were independently 

evaluated by RT-PCR. Except for a single gene (DR0007), the expression 

patterns of the other genes were similar to those detected by microarray 

hybridization. These observations support that the expression array data 

presented in this study are of high quality.

4. The experimental data presented in this chapter reveals the hallmark 

features of recovery of D. radiodurans from acute high-dose irradiation. 

Across the genome, differences in the expression of functionally grouped 

genes that parallel the physiology of the early-, mid- and late-phases of post

irradiation recovery were observed. The metabolic repression pattern 

observed during the early-phase is consistent with the hypothesis that 

irradiated D. radiodurans cells suppress oxidative stress levels to prevent 

additional loss of genome integrity elicited by metabolism-induced free 

radicals.
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Table 5.3 Radiation response patterns of genes involved in replication, repair and 

recombination functions in D. radiodurans

Gene 
Name3 GenelD Protein description and 

comments
Pathway1’

Relati 
ve 

basal 
levelc

Response 
to 

radiation 
(folds)*1

Time 
of 

respon 
se (hr)

STD cv 
(%)

Ogt/Yb 
az DR0248 O-6-methylguanine DNA 

methyltransferase DR 0.71 0.50 3 0.32 63.99

MutT DR0261 8-oxo-dGTPase DR 0.33 3.85 12 1.68 43.58

AlkA DR2074
DR2584

3-methyladenine DNA 
glycosylase II DR, BER 0.48

0.51
0.70
0.93

0.5-9
0.5-9

MutY DR2285
8-oxoguanine DNA 
glycosylase and AP-lyase, 
A-G mismatch DNA 
glycosylase

BER, 
MMY 0.19 2.36 3 0.40 16.83

Nth-2
Nth-1

DR2438
DR0289
DR0928

Endonuclease III and 
thymine 
glycol DNA glycosylase

BER 1.11
0.49
0.47

0.36
1.09
0.89

3 
0.5-9 
0.5-9

0.12 32.19

YhhF DR0643 N6-adenine-specific 
methylase BER 0.70 0.39 3 0.05 11.70

MutM/ 
Fpg

DR0493
Formamidopyrimidine 
and 8-oxoguanine DNA 
glycosylase

BER 0.68 0.46 1.5 0.09 18.71

Nfi 
(Yjaf) DR2162 Endonuclease V BER 0.31 1.36 0.5-9

PolA DR1707 DNA polymerase I BER 5.81 0.86 0.5-9
Ung DR0689

DR1663
Uracil DNA glycosylase BER 0.68

2.71
2.03
2.52

12
24

1.41
0.76

69.35
30.20

Mug DR0715 G/T mismatch-specific 
thymine DNA glycosylase BER 0.85 0.17 3 0.01 7.80

DR1751
DR0022 Uracil DNA glycosylase BER 0.86

0.47
0.64
3.33

0.5-9
1.5 0.87 26.18

XthA DR0354 Exodeoxyribonuclease III BER 0.64 0.95 0.5-9
RadA DR1105 Predicted ATP-dependent 

protease
NER, 
BER 0.40 1.08 0.5-9

Mfd DR1532 Transcription-repair 
coupling factor; helicase NER 1.25 0.69 0.5-9

UvrA-l
UvrA-2

DR1771
DRA0188

ATPase, excinuclease 
subunit

NER 1.44
0.13

3.52
2.03

1.5
5

1.15
0.90

32.56
44.42

UvrB DR2275 Helicase, excinuclease 
subunit NER 0.80 4.93 3 1.81 36.76

UvrC DR1354 Nuclease, excinuclease 
subunit NER 1.02 3.78 3 0.42 11.04

UvrD DR1775 Helicase n, excinuclease1 •! • * »• t
NER, 1.19 3.30 1.5 1.69 51.25
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subunit; initiates 
unwinding from a nick

mMM, 
SOS

MutL DR1669 ATPase mMM, 
VSP 0.42 0.99 0.5-9

MutS DR 1976 ATPase mMM, 
VSP 0.35 1.31 0.5-9

XseA/ 
Nec7 DR0186 Exonuclease VII, large 

subunit MM 1.07 2.19 1.5 0.83 37.89

SbcC DR 1922 ATPase, SbcCD 
exonuclease subunit RER 1.36 1.39 0.5-9

SbcD DR1921 Exonuclease, SbcCD 
subunit RER 0.55 1.82 3 0.27 15.06

RecA DR2340
Recombinase; ssDNA- 
dependent ATPase; 
activator of LexA 
autoproteolysis

RER, 
SOS 1.46 7.98 1.5 3.86 48.40

RecD DR 1902

DNA-dependent ATPase 
or helicase; in other 
bacteria, regulatory 
subunit of the RecBCD 
recombinase (helicase- 
nuclease); RecB and 
RecC are missing in D. 
radiodurans.

RER 1.16 0.80 0.5-9

RecF DR1089 ATPase; required for 
daughter-strand gap repair RER 0.10 0.59 1.5 0.32 54.76

RecG DR1916
Holliday junction-specific 
DNA helicase; branch 
migration inducer

RER 1.03 2.66 0.5 0.87 32.62

RecJ DR1126 Nuclease RER 1.94 0.33 12 0.12 37.43
RecN DR 1477 ATPase RER 1.28 0.93 0.5-9

RecO DR0819
Biochemical activity 
unknown; required for 
daughter-strand gap repair

RER 1.34 1.10 0.5-9

RecQ DR2444
DR1289

Helicase; suppressor of 
illegitimate recombination RER 1.85

0.34
2.43
1.19

0.5 
0.5-9 0.27 11.18

RecR DR0198
Inactivated Toprim
domain protein; required 
for daughter-strand gap 
repair

RER 1.71 0.90 0.5-9

RuvA DR 1274
Holliday-junction-binding 
subunit of the RuvABC 
resolvasome

RER 0.89 0.95 0.5-9

RuvB DR0596 Helicase subunit of the 
RuvABC resolvasome RER 2.58 3.22 0.5 1.31 40.82
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RuvB DR0440 Endonuclease subunit of 
the RuvABC resolvasome RER 3.99 0.20 24 0.09 45.47

DnaC DR0507
Polymerase subunit of the 
DNA polymerase III 
holoenzyme

MP 0.81 0.43 12 0.15 35.32

DnaQ DR0856
3’-5' exonuclease subunit 
of the DNA polymerase 
III holoenzyme

MP 0.31 1.97 0.5 1.04 52.62

DnlJ DR2069 NAD-dependnet DNA 
ligase MP 1.58 0.17 3 0.05 28.26

Ssb DR0099

Single-strand binding 
protein; D. radiodurans 
RI has three incomplete 
ORFs corresponding to 
different fragments of 
Ssb; it remains unclear 
whether D. radiodurans 
has a functional Ssb.

MP 3.92 3.01 0.5 1.20 39.80

LexA DRA0344
DRA0074

Transcriptional regulator, 
repressor of the SOS 
regulon, 
autoprotease

SOS 0.51
4.74

1.80
0.80

1.5 
0.5-9 1.08 59.92

YcjD DR0221

DR2566

Predicted very short patch 
repair 
nuclease

VSP? 0.37
0.42

1.94

4.10

3
3

0.81
1.09

41.73
26.48

KAMI/ 
YggV DR0179

Xantosine triphosphate 
pyrophosphatase, prevents 
6-N-hydroxylaminopurin 
mutagenesis

DR 0.35 1.00 0.5-9

Uvel/B 
S_Ywj 
d

DR1819
UV-endonuclease

NER 0.29 1.06 0.5-9

Yejh/R 
ad25 DRA0131

Helicase of superfamily 
n, predicted nuclease; 
DRA0131 has an 
additional McrA nuclease 
domain

NER 0.07 0.51 3 0.32 62.57

DR0690
Topoisomerase IB, 
probably of eukaryotic 
origin

? 0.41 1.10 0.5-9

DR1721 3’->5’ nuclease ? 0.54 1.36 0.5-9

Rsr DR1262

RNA-binding protein Ro; 
ribonucleoproteins 
complexed with several 
small RNA molecules. 
Involved in UV-resistance

? 0.68 1.04 0.5-9
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in Deinococcus

Mrr 
Mrr-1 
Mrr-2

DR1877
DRO5O8
DR0587

Nuclease
? 0.44

0.59
0.78

0.79
0.78
0.95

0.5-9
0.5-9
0.5-9

XerC 
XerD 
XerC/D

DRA0155
DRB0104
DRC0018

Integrase/recombinase
RER 0.26

0.94
0.10

0.95
0.53
2.72

0.5-9 
3 
12

0.11
0.77

20.56
28.19

GyrA DR1913 DNA gyrase, subunitA general 4.12 3.29 0.5 1.56 47.51
GyrB DR0906 DNA gyrase, subunitB general 2.75 4.41 0.5 2.98 67.46
DnaE DR0601 DNA primase general 1.36 0.59 3 0.04 7.40
TopA DR1374 DNA topoisomerase general 2.58 0.45 9 0.10 23.03

DnaN DR0001 DNA polymerase HI, beta 
subunit general 2.28 2.71 0.5 0.45 16.69

DR2332
DNA polymerase HI 
gamma and tau subunit, 
inactivated AAA 
superfamily ATPase

general 0.05 2.73 12 1.74 63.70

DR2410
DNA polymerase HI, 
gamma and tau subunit, 
AAA superfamily ATPase

general 4.15 0.29 9 0.14 47.65

Footnotes for Table 5.3

a The gene names are from E. coli, whenever an E. coli ortholog exists, or from B. subtilis 

(with the prefix BS_).
b'Abbreviations of DNA repair pathways: DR- direct damage reversal; BER - base 

excision repair; NER- nucleotide excision repair; mMM — methylation-dependent 
mismatch repair; MMY - MutY - dependent mismatch repair; VSP - very short patch 
mismatch repair; RER - recombinational repair, SOS - SOS repair; MP — multiple 
pathways; potential new repair pathways are indicated by a question mark, general — 
genes that are also involved in replication, ? - unknown
c The ratio of the fluorescent intensity of a particular gene to the average intensity of all 
arrayed genes when non-irradiated sample is used as a labeled probe.
d The maximum, or minimum, or average ratio of the irradiated sample(s) harvested at the 
'Time of response' to the non-irradiated control. There is no standard deviation (STD) and 
coefficient of variation (CV) for an average ratio of several time points.
Color coding: red - up regulated, blue - down regulated, brown - no changes.
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Table 5.4 Selected genes and operons of D. radiodurans with a reo4-Iike expression 
pattern

Gene_IDa Function 
groupb

Protein description and 
comments

Relative 
basal 
level

Maximum 
induction 
level (fold)

STD CV
Maximum 
induction 
time (hr)

DR0003 - Uncharacterized protein 1.32 14.03 5.53 39.39 1.5
DR0046 - Leucine-rich repeat protein 0.18 2.14 0.35 16.21 3
DR0047 - Uncharacterized protein 0.11 2.48 1.40 56.42 3

DR0048 S
Uncharacterized membrane 
protein, YcaP ortholog 0.33 3.90 0.55 14.01 3

DR0050 L DinB/YfiT family protein 0.53 3.84 0.93 24.23 3

DR0051

DR0052

S Small cysteine-rich protein 
of the HesB family 
Uncharacterized conserved

0.70

0.34

5.93

6.50

3.32

2.15

55.97

33.14

3

1.5- protein
DR0053 L DinB/YfiT family protein 0.44 10.25 2.36 23.00 3
DR0070 ST? Uncharacterized protein 0.08 3.89 1.72 44.18 9

DR0103 R Predicted metal-binding 
protein 0.57 6.46 4.02 62.22 1.5

DR0140 - Uncharacterized protein 0.97 6.44 2.87 44.60 1.5

DR0160 Conserved membrane 0.42 3.90 0.86 22.09 1.5protein
AmsJ/WcaK related protein,

DR0161 S possibly involved in 
exopolysaccharide 
biosynthesis

0.97 8.12 4.07 50.14 1.5

DR0203 R
Jncharacterized membrane 

protein
0.28 3.82 0.86 22.43 1.5

DR0204 - Uncharacterized membrane 
protein

0.51 6.01 1.35 22.52 3

DR0205 Q ABC transporter ATPase 0.49 4.10 2.45 59.75 3
DR0206 - Uncharacterized protein 0.19 5.45 2.65 48.56 3

DR0207 L ComEA related protein, 
secreted 0.26 15.47 10.3 

1 66.66 3

DR0324 E Predicted glutamate 
brmiminotransferase 0.31 3.30 1.47 44.50 0.5

ABC-type dipeptide
DR0363 E transporter periplasmic 

binding protein, DppA
2.79 4.09 1.75 42.74 24

DR0365 E ABC-type dipeptide 
transporter, permease ,DppC 2.11 1.48 0.84 56.88 5

Predicted kinase
DR0394 ST antibiotic/homoserine kinase 

lomolog
0.29 7.51 2.76 36.69 1.5

DR0395 G VlDR-type permease 1.09 4.40 2.12 48.16 1.5

167



DR0396 - Uncharacterized protein 1.15 5.57 2.39 42.78 1.5
DR0421 - Uncharacterized protein 0.68 4.94 2.30 46.60 1.5
DR0422 Q Trans-aconitate methylase 0.68 18.85 7.46 39.59 1.5

DR0477 E Membrane permease, DhlC 
homolog 0.56 4.63 1.71 36.85 1.5

DR0478 E Aminopeptidase P 0.77 2.86 0.55 19.36 0.5
DR0479 M Penicillin-binding protein 1 0.77 7.07 2.42 34.21 1.5

DR0599 ST Aminoglycoside N3'- 
acetyltransferase family 1.31 4.24 1.41 33.31 1.5

DR0609 R Predicted kinase, adenylate 
kinase homolog 0.47 2.43 1.14 46.95 3

DR0610 - Uncharacterized protein 0.25 6.10 4.51 73.93 3
DR0665 - Uncharacterized protein 0.54 11.66 5.74 49.24 3
DR0694 C Phage protein homolog 0.60 5.57 2.02 36.28 1.5

DR0812 Extracellular alkaline serine 0.59 3.32 1.24 37.52O protease 3

DR0841 L DinB/YfiT family protein
NimC-like (5-nitroimidazole

0.48 5.93 1.47 24.84 1.5

DR0842 ST antibiotics resistance) 
protein

2.62 1.89 0.69 36.67 24

DR0911
DNA-directed RNA 1.62 1.99 1.37 68.70 0.5K polymerase beta* subunit 
DNA-directed RNA 0.54 3.19 0.80 24.90 0.5DR0912 K polymerase beta subunit

DR1143 - Uncharacterized protein 0.49 8.85 4.26 48.13 1.5

DR1144 - Uncharacterized conserved 
protein

1.10 2.69 1.31 48.82 1.5

DR1356 R
ABC transporter, ATPase 
subunit

0.40 9.85 5.98 60.68 3

DR1357 R ABC transporter, permease 
subunit

0.31 6.79 2.56 37.67 1.5

DR1358 M ABC transporter, 0.38 22.73 13.7 60.39 1.5periplasmic subunit 3

DR1359 M ABC transporter, 0.50 24.83 11.1 44.82 1.5periplasmic subunit 3
DR1398 Uncharacterized protein 0.24 4.17 1.04 24.83 1.5

Bacillus ykwD ortholog, 
Divergent member of the

DR1548 T secreted PRP1, plant 
pathogenesis related protein 
superfamily

0.48 5.62 2.34 41.32 3

DR1556 Membrane-associated sensor 2.27 3.61 47.23 1.5•
listidine kinase 1.71

DR1557 T Uncharacterized protein 1.37 5.06 1.57 31.04 1.5
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DR1558 -

Receiver domain 
(flavodoxin, CheY family) 
of a two component system, 
contains a C- terminal helix- 
tum-helix (HTH) DNA- 
binding domain

1.12 5.64 1.49 26.43 1.5

DR1559 E Uncharacterized protein 0.87 4.39 1.60 36.47 1.5
DR1639 L Uncharacterized protein 1.15 4.41 1.84 41.73 1.5
DR1641 L DinB/YfiT family protein 2.52 1.88 0.78 41.24 5
DR1642 - DinB/YfiT family protein 0.27 3.71 1.30 35.02 1.5
DR1643 - Uncharacterized protein 0.61 4.06 2.21 54.45 1.5
DR1644 Q Uncharacterized protein 0.77 2.45 0.56 22.82 1.5

DR1672 -
SAM-dependent 
methyltransferase 0.41 1.24 0.73 59.15 12

DR1673 - Predicted dehydrogenase 1.05 4.53 1.29 28.54 1.5
DR1744 L Uncharacterized protein 1.47 5.02 1.64 32.69 1.5

DR1776 -
Nudix/MutT family 
pyrophosphatase 0.84 4.70 2.83 60.18 1.5

DR1850 L Uncharacterized protein 0.62 4.36 1.13 26.00 1.5
DR1899 - DinB/YfiT family protein 0.35 1.60 0.65 40.30 1.5
DR1900 - Uncharacterized protein 0.51 3.14 1.04 33.14 1.5
DR1901 - Uncharacterized protein 0.51 10.74 4.85 45.17 1.5
DR2097 E Uncharacterized protein 0.14 6.95 2.08 29.93 1.5

DR2118 E ABC-type branched amino 
acid transporter 
Branched amino acid

0.26 3.04 1.38 45.32 5

DR2122 E jeriplasmic binding protein, 
JvBP

0.20 2.46 0.29 11.94 3

DR2128 ST <NA polymerase alpha 
subunit

2.26 4.03 2.80 69.48 1.5

DR2220 ST "ellurium resistance protein, 
?erB homolog

0.45 3.13 1.49 47.61 5

DR2221 ST "ellurium resistance/cAMP- 
jinding family protein 0.59 5.24 2.94 56.05 3

DR2223 ST "ellurium resistance/cAMP- 
jinding family protein 0.39 3.63 1.36 37.45 3

DR2225 Tellurium resistance/cAMP- 
rinding family protein 0.58 2.14’ 0.41 19.30 3

DR2265 - ^arge membrane protein 0.44 5.45 1.46 26.84 3
DR2337 T Uncharacterized protein 0.11 7.41 5.71 77.05 1.5

DR2415 Receiver domain, CheY 0.16 1.72T T family and HTH 1.26 73.28 5

DR2416 Sensor histidine kinase 0.84 5.75 1.33 23.09 1.5
DR2481 K Jncharacterized protein 0.39 4.66 1.27 27.17 1.5

DR2482 L Predicted transcription 
regulator, HTH domain 0.36 5.75 2.92 50.84 1.5
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DR2483 R

related to that of sigma 
factors
McrA family nuclease 0.80 5.43 1.22 22.49 1.5

DR2484 L WD40 repeat protein 0.71 5.12 2.53 49.39 1.5
Homolog of Hpall repair

DR2566 - protein, small, conserved 
bacterial protein

0.42 4.10 1.09 26.48 3

DR2573 E Uncharacterized protein 0.22 3.93 2.57 65.55 0.5

DR2610 R Periplasmic binding protein, 
FliY 1.01 4.13 1.67 40.46 0.5

DRA0008 Conserved membrane 0.26 6.60 2.00 30.26T protein (possible transporter) 3

DRA0009 Membrane-associated sensor 0.19 3.03 1.25 41.30T histidine kinase 5

DRA0010 P Che Y -like sensor regulator 
and HTH domain 0.28 4.66 2.12 45.44 5

DRA0013 P Sulfite reductase 0.65 8.27 1.84 22.31 24
DRA0014 E PAPS synthase (APS kinase 

domain), CysC 0.37 4.33 1.66 38.36 24

DRA0015 P PAPS reductase 0.54 11.42 5.73 50.18 24
DRA0016 T Sulfate adenylyltransferase 0.42 12.12 5.83 48.07 24

DRA0049 T Response regulator CheY 
family, flavodoxin 0.12 3.16 1.70 53.75 9

DRA0050 - Phytochrome-like histidine 
kinase and GAF domain 0.30 2.18 1.21 55.52 3

DRA0234 E Uncharacterized protein 0.17 12.76 5.27 41.29 1.5

DRA0249 K Metalloprotease, 
eishmanolysin-like

1.61 6.47 4.43 68.42 3

DRA0344 ST ^exA repressor, HTH 
domain and protease 
Predicted esterase, homologs

0.51 1.80 1.08 59.92 1.5

DRA0345 ST of E. coli erythromycin 
esterase type II (EreB)

0.68 10.05 4.39 43.72 1.5

DRA0346
5prA protein, possibly

R involved in DNA damage 
resistance mechanisms

0.65 3.52 1.94 55.14 0.5

extracellular nuclease
DRB0067 0 containing fibronectin III 

domains
0.29 4.37 1.21 27.58 3

DRB0069 R Subtilisin family serine 
protease 0.92 3.18 1.39 43.62 3

DRB0070 ABC-class ATPase 0.64 4.00 1.91 47.74 1.5
DRB0071 H Jncharacterized protein 0.11 2.60 0.53 20.51 3
DRB0072 E Salicylate 1-monooxygenase 0.37 4.91 2.31 47.04 1.5
DRB0133 E )-alanine permease 0.46 3.51 1.39 39.61 1.5

170



DRB0145 - Uncharacterized protein 0.67 4.77 1.80 37.63 1.5

Footnotes for Table 5.4

a Note: Expression profile information in two last columns is shown only for one gene in 
an operon. All genes selected here are significantly induced (determined by 
statistical analyses)

b Designations of functional groups (from the COG database): see the legend for Table 
5.3

Table 5.5

Master table for all normalized microarray raw data with standard deviation and t- 
test result. See the website:
http://www.esd.ornl.gov/faciIities/genomics/TableA.pdf
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Chapter 6: General Discussion

Ever since its discovery, ionization radiation has been known to have a lethal 

effect on microorganisms (Minck, 1896). Microorganisms, however, vary widely in their 

resistance to ionizing irradiation. The Gram-positive bacterium D. radiodurans 

(Anderson et al., 1956) is historically best known for its extreme resistance to gamma 

radiation; it can grow continuously at 60 Gy/hour (Lange et al., 1998; Brim et al., 2000; 

Venkateswaran et al., 2000) and can survive acute exposures that exceed 12 kGy without 

lethality or induced mutation (Daly and Minton, 1995a). D. radiodurans is also 

remarkably resistant to a wide range of other DNA damaging conditions including 

desiccation, ultraviolet radiation, and oxidizing agents (Minton 1994, 1995). These 

characteristics were the impetus for its genome sequencing (White et al., 1999) and 

annotation (Makarova et al., 2001), ongoing development for bioremediation (Lange et 

al., 1998; Brim et al, 2000; Brim et al., 2003), broad proteome analysis (Lipton et al., 

2002), and whole genome expression analysis (Liu et al., 2003).

Although it is believed that the multiple resistance phenotypes of D. radiodurans 

stem from efficient DNA repair processes (Daly et al., 1994a; Daly and Minton 1995a; 

Daly and Minton 1996; Daly and Minton 1997; Daly et al., 1994b), the mechanisms 

underlying its extraordinary repair capabilities remain poorly understood. Comparison of 

the predicted genes involved in repair and other forms of stress response in D. 

radiodurans to those of other bacteria revealed expansion of several relevant protein 

families in D. radiodurans, as well as conspicuous loss of some repair systems, e.g., the 

RecBCD recombinase, but failed to identify an obvious genomic cognate of the 

resistance phenotypes (Makarova et al., 2001). These findings suggest that the 

organism’s extreme resistance phenotype may be attributable to functions not 

conventionally associated with DNA repair.

The principal aim of this dissertation was to understand the global interactions 

between the multiple cellular components that may facilitate the extreme radiation 

resistance phenotype of D. radiodurans. Comparative genomic and experimental 

analyses support the view that D. radiodurans' extreme radiation resistance phenotype is 
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complex, likely determined collectively by an assortment of cellular protection, 

metabolic, and DNA repair systems.

Evolution of the Extreme Radiation Resistance Phenotype

Previous reports suggest that the extreme radiation resistance phenotype of D. 

radiodurans may be the result of an evolutionary process that selected for organisms able 

to tolerate high levels of DNA damage (Mattimore and Battista, 1996; Makarova et al., 

2001). While naturally high radioactive environments are very rare on Earth, high levels 

of DNA damage can be inflicted on cells by certain environments that are not considered 

to be radioactive. For example, in cells exposed to desiccation or those exposed to 

background radiation for millions of years in permafrost. To examine the possible 

contribution of such non-radioactive environments to the evolution of the extreme 

resistance phenotype, radiation resistance profiles were constructed for aerobic bacteria 

isolated from diverse environments including ancient Siberian permafrost and arid 

surface soil samples (Chapter 2) and compared to bacteria isolated from radioactive soil 

sediments. Unlike permafrost conditions that are static, bacteria within arid soil 

environments are exposed to cycles of desiccation and rehydration (e.g., rain) and 

therefore need to develop mechanisms against periodic exposure to the oxidative stress 

associated with rehydration (Mattimore and Battista, 1996). Since 80% of DNA damage 

caused by y-radiation is believed to be due to production of reactive oxygen species 

(ROS), e.g., hydroxyl radical ( OH) (Repine et al., 1981), extreme conditions in arid soil 

are expected to select organisms that are resistant to radiation. As expected, many 

bacteria isolated from arid surface soils were found to be extremely radiation resistant 

(Figure 2.3-2.6), in contrast to bacteria isolated from Siberian permafrost and dry 

radioactive Hanford sediments that were typically radiation sensitive.

Based on their ability to resist chronic and acute irradiation, aerobic bacteria from 

permafrost, arid soils, and radioactive sediments could be categorized into 4 distinct 

groups: 1) bacteria that are resistant to both chronic irradiation and high doses of acute 

irradiation (D37 >4 kGy) (e.g., D. radiodurans). This group of organisms may have 

efficient DNA protection and repair mechanisms; 2) bacteria that are resistant to chronic 
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irradiation, but sensitive to acute irradiation (D37 of < 0.5 kGy) (e.g., MD846, Table 2.1). 

This group may have efficient DNA protection mechanisms, which may be based in 

metabolism, but less efficient DNA repair mechanisms; 3) bacteria that are sensitive to 

chronic irradiation but resistant to low doses of acute irradiation (D37 of 0.5-1 kGy) (e.g., 

E. coli). These organisms may have inefficient DNA protection mechanisms, but 

moderately efficient DNA repair mechanisms; and 4) bacteria that are very sensitive to 

both chronic and acute irradiation (D37 < 0.5 kGy) (e.g., Shewanella species). These 

organisms may have inefficient DNA protection and repair mechanisms. These 

observations together with a detailed computational analysis of D. radiodurans' whole 

genome sequence (Figure 2.10) suggest that an organism’s ability to survive radiation 

may be attributable to a combination of metabolic-protection and DNA repair 

mechanisms. The nature of DNA protection systems are not well characterized, but 

likely are significantly affected by the metabolic repertoire of the cell (Black and 

Pritchard, 2003). Therefore, there is a need to systematically examine the role of 

metabolism in the radiation resistance phenotype.

As a part of this study, a 2-D genome-fingerprint method was developed and 

used successfully to confirm the identity of two novel D. radiodurans isolates (7B-1 and 

7C-1) from radioactive sediments at Hanford (Chapter 2, Sections 2.25 and 2.3.1.4). The 

technique was expanded for expression analysis of D. radiodurans (Chapter 2). However, 

the utility of this approach was superseded by the construction of our whole genome 

microarray, but remains a useful tool in the study of gene expression in other bacteria 

with small genomes (~ 3Mbp) for which whole genome microarrays do not yet exist 

(Chapter 2).

Construction of Defined Minimal Medium (DMM) for D. radiodurans

To test the relationship between D. radiodurans' metabolic capabilities, ambient 

nutrient conditions, and radiation resistance predicted by genomic annotation (Makarova 

et al., 2001), a DMM (Chapter 3, Table 3.1) was developed that was distinct from 

previously described defined synthetic media (Shapiro et al., 1977; Raj et al., 1960). 

Deinococcal DMM is much simpler than previously reported minimal medium, and 
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growth of D. radiodurans in such medium is completely dependent on a single 

carbon/energy source plus the sulfur containing amino acid methionine. A process of 

elimination was used to identify the minimal nutrients needed for luxurious growth of D. 

radiodurans at 32°C in absence of radiation (Table 3.1).

Under nutritionally restricted conditions, D. radiodurans' sensitivity to both 

chronic (60 Gy/hour) and acute doses (1 kGy - 20 kGy) of irradiation was tested. In 

contrast to cultures grown in rich (TGY) medium, the growth of Deinococcus was 

eliminated under chronic irradiation (Figure 3.2). Rapid DNA degradation and decreased 

cell viability was observed in D. radiodurans cultures grown over a period of 96 hours in 

DMM in a 137Cs irradiator (Figure 3.3 A, B). The key nutrients required to restore 

deinococcal growth under chronic irradiation were identified (Table 3.1). However, both 

TGY and minimal medium grown D. radiodurans cells were resistant to acute doses of 

radiation up to a dose of 12 kGy. These results suggested that the D. radiodurans grown 

in defined minimal medium were not inherently sensitive to irradiation and that the DNA 

repair was found to be limited by metabolic capabilities of this organism. The analysis of 

D. radiodurans' complete genome sequence revealed several defects in its primary 

biosynthetic pathways (Table 3.2). The induction and functional integrity of the carbon 

and nitrogen metabolism integrating loci, relA and spoT, was tested by monitoring the 

production of their marker proteins, ppGpp and pppGpp during D. radiodurans' growth 

in DMM. Bacteria synthesize RelA in response to amino acid starvation leading to 

suppression of protein synthesis, DNA replication and transcription. D. radiodurans relA 

was found to be functional. As expected, RNA suppression was seen in cells grown in 

DMM (Figure 3.3 B) (Figure 3.4).

Metabolism, Oxidative Stress, and Radiation Resistance

During aerobic metabolism, microorganisms obtain energy from sugars or other 

organic molecules by allowing their carbon and hydrogen atoms to combine with oxygen 

(respiration) to produce CO2 and water, respectively (Alberts et al., 1998). Energy 

production by respiration typically occurs in four stages; 1) biopolymers are broken down 

into their corresponding monomers. For example, proteins, polysaccharides and fats are 

175



broken down into amino acids, simple sugars, and fatty acids and glycerol, respectively; 

2) monomers are then converted to acetyl CoA (e.g., sugars are broken down by 

glycolysis); 3) acetyl CoA is then completely oxidized into CO2 and H2O by the TCA 

cycle, yielding large amounts of reducing equivalent and ATP; and 4) the electrons from 

reducing-equivalents are fed into the electron transport chain generating ATP by 

oxidative phosphorylation. However, energy production leads to the generation of ROS, 

which are toxic to biological macromolecules (e.g., DNA and proteins). Some plants and 

microorganisms have an additional TCA cycle pathway called the ‘glyoxylate bypass’ 

that enables them to use acetate as the sole carbon source. While glyoxylate bypass is 

capable to generate precursors for essential components (e.g., purine, pyrimidine amino 

acids), it avoids production of high-levels of free radicals.

Since most of the DNA damage by ionizing radiation is caused by the generation 

of ROS, avoiding the production of oxidative stress during recovery likely is an important 

mechanism in radiation resistance. Therefore, the DMM developed for cultivation of D. 

radiodurans (Venkateswaran et al., 2000) was used to compare the growth characteristics 

of all members of Deinococcaceae with emphasis on their metabolism and how it relates 

to their radiation resistance phenotype. While, all deinococcal members (except D. 

geothermalis) are unable to use common TCA cycle intermediates succinate, fumarate, 

malate, 2-oxoglutarate, citrate as carbon/energy sources (Chapter 3, Figure 3.1), they are 

able to use acetate as sole carbon/energy source, a diagnostic characteristic of an 

operational glyoxylate bypass. Since catabolism of most of the above mentioned TCA 

cycle intermediates generate ROS, the inability of the Deinoccoceae to use such 

intermediates might help minimize the production of metabolically induced free radicals. 

Consistently, RT-PCR analysis of selected TCA cycle genes of D. radiodurans during 

growth in DMM showed that its glyoxylate bypass was induced (Chapter 4, Table 4.3). 

Other circumstantial evidence supporting a restricted TCA cycle in Deinococcus is its 

dependence on an exogenous source of amino acids for growth and secretion of proteases 

(Figure 4.1). In contrast, D. geothermalis is able to grow on DMM without any 

exogenously provided amino acids or nicotinamide, and can utilize all TCA cycle 

intermediates for growth (Table 4.1 A and B). D. geothermalis is the most sensitive 

member of the family Deinococcaceae (Chapter 4, Figure 4.3).
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Assuming that deinococci have customized their metabolic repertoire to avoid 

production of oxidative stress, it is possible that they are less dependent on ROS 

scavenging systems like SOD and catalase. Chapter 4 shows that SOD in Deinococcus is 

dispensable, even when growing on DMM where oxidative stress levels are expected to 

be much higher than in undefined rich medium. This is further supported by the 

observation that SOD deficient D. radiodurans shows only a marginal difference in 

growth under irradiation compared to wild-type (Chapter 4, Figure 4.2). Significantly, 

manganese levels in D. radiodurans are reported to be very high, and bacteria that 

accumulate high Mn levels typically have SOD systems that are dispensable (Jakubovics 

and Jenkinson. 2001). This collection of findings supports the important role of 

metabolism in the extreme radiation resistance phenotype.

Whole Transcrip tome Analyses of D. radiodurans Recovering from Irradiation

The dynamic changes in D. radiodurans' global gene expression profiles 

following exposure to an acute dose (15 kGy) of irradiation were examined using 

microarrays covering -94% of its total predicted open reading frames (ORFs). The 

observation that genes within diverse functional groups are differentially regulated in the 

early-mid-phase time intervals indicates that recovery from irradiation is a complex 

process that involves numerous cellular systems. Most enzymes of general metabolism 

are not affected in the first 9 hours following irradiation, supporting the notion that most 

of the expression dynamics observed in the 9-hour lag-phase is a consequence of the 

effects of irradiation and not due to changes in nutrient/growth conditions resulting from 

transfer of irradiated early stationary phase (ESP) D. radiodurans to fresh medium.

The expression data further support the hypothesis that irradiated D. radiodurans 

suppresses oxidative stress levels, which could prevent additional loss of genome 

integrity elicited by metabolism-induced free radicals. During the early- and mid-phases 

(0-9 h) of its recovery from acute irradiation, D. radiodurans appears to repress the O2" 

radical generating steps of its TCA cycle which is reflected by repression of the key 

enzymes in these steps (e.g., sdhB) (Chapter 5, Figure 5.5). Partial repression of the TCA 

cycle in D. radiodurans is accompanied by the simultaneous induction of its glyoxylate 
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bypass (induction of ace A, the key enzyme of the glyoxylate bypass). This unusual 

regulation of energy conversion pathways might provide key metabolic intermediates, 

while avoiding the high levels of free radicals produced by cyclic activity needed for 

generating reducing equivalents and energy. With energy limitations imposed on the cell 

by a repressed TCA cycle, it seems to make sense that de novo biosynthesis of amino 

acids, nucleotides and coenzymes remains unchanged or even down-regulated, at least 

within the first 9 hours of recovery. Instead, cells appear to rely heavily on exogenous 

sources of precursors, showing increased expression of many transporters, extracellular 

and intracellular proteases and nucleases (Chapter 5, Figure 5.4). Additionally, several 

enzymes involved in the utilization of exogenous and intracellular sugars are activated 

during the early-phase of recovery including transketolase (DR2256), phosphotransferase 

system enzyme II (DRB0073), 1-phosphofructokinase (DRB0074), pullulanase/amylase 

(DR1141), and maltase (DR1375).

The TCA cycle is repressed in the early- and mid- phases of recovery, but is 

activated in the third phase (9-24 hours) (growth restoration). Notably, activation of 

several genes involved in anti-oxidative stress response occurs simultaneously with the 

activation of the TCA cycle. It seems likely that the induced antioxidant proteins, in 

particular superoxide dismutases (DR1546, DR1279) and catalase (DR1998), are 

required to remove increased levels of free radical byproducts generated at the onset of 

growth when glycolysis and TCA cycle activity increases.

The importance of DNA repair mechanisms is manifested by the induction of its 

typical DNA repair pathways during its early and mid phase of recovery from irradiation 

(e.g., NER, BER and RER) (Chapter 1, Section 1.2.5). Several uncharacterized genes that 

show a recA like expression pattern may also play a critical role in DNA protection, DNA 

repair, stress response and various regulatory pathways (Figure 5.4, Table 5.3, Table 5.4). 

Collectively, the microarray hybridization data reported here suggest that irradiated D. 

radiodurans avoids production of metabolically induced free radicals enabling its DNA 

repair systems to operate with little interference from the genotoxic effects of free 

radicals typically generated by aerobic metabolism.
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Growth Analysis of D. radiodurans on Iron (Fe) and Manganese (Mn)

Recent work in our laboratory using the DMM developed by this thesis research 

showed that growth of D. radiodurans is independent of Fe, but highly dependent on Mn. 

This work has been submitted for publication (Vasilenko et al., 2003). In contrast to E. 

coli, very high Mn and low Fe concentrations were detected in D. radiodurans, which 

could limit Fenton-type reactions that produce DNA-damaging hydroxyl radicals during 

irradiation. And, Mn is known to be a potent quenching agent against ROS (Posey and 

Gheradhini, 2000; Jakubovics and Jenkinson, 2001). To determine if the greater 

resistance of D. radiodurans compared to E. coli could be attributed to DNA protection, 

D. radiodurans and E. coli were cultured in TGY and irradiated on ice to doses extending 

to 50 kGy. Chromosomal DNA in E. coli was 15-fold more susceptible to in vivo 

irradiation damage than in D. radiodurans. These findings support that D. radiodurans 

avoids the production of ‘OH radicals by limiting intracellular Fe2+-dependent reduction 

of H2O2 produced by irradiation. The protective effects of high Mn and low Fe 

concentrations (Jakubovics and Jenkinson, 2001; Sonntag, C. von, 1987) could also help 

mitigate the lethal effects of desiccation/hydration-cycles (Mattimore and Battista, 1996) 

and exposure to H2O2 (Wang and Schellhom, 1995) since DNA damage caused by these 

conditions is similar to that generated by ionizing radiation (Daly and Minton, 1995a; 

Repine et al., 1981; Sonntag, C. von, 1987).

Genomic analyses indicate that the number of genes identified in D. radiodurans 

that are known to be involved in DNA repair is less than the number reported for E. coli 

(Makarova et al., 2001). The number of DSBs/haploid genome estimated in D. 

radiodurans and E. coli at their respective Dio (10% survival) isosurvival doses was 

determined to be similar, and collectively, our laboratory now believes that the 15-fold 

difference in DNA protection observed between D. radiodurans and E. coli is sufficient 

to explain the 16-fold difference in dose determined to achieve the same 10% survival. 

The main difference between a surviving fraction of irradiated E. coli and D. radiodurans 

cells is the level of mutagenesis (Sweet and Moseley, 1976). For E. coli, substantial 

increases in mutagenesis occur as viability decreases following irradiation, but not for D. 

radiodurans, which shows no irradiation-induced mutations (Sweet and Moseley, 1976).
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Efficient homologous recombination observed between the multiple identical genomes in 

D. radiodurans (Daly and Minton, 1995) is consistent with the ability of irradiated cells to 

prevent mutation.

We believe that previous emphasis on DNA repair as the dominant explanation 

Daly and Minton, 1995a; Mattimore and Battista, 1996; Moseley, 1984; Daly and 

Minton, 1996; Sweet and Moseley, 1976; Makarova et al., 2001; Liu et al., 2003; Battista 

et al., 1999; Minton, 1996; Lin et al., 1999) for the remarkable survival of D. 

radiodurans cultures at high irradiation doses has been overstated. Instead, we suggest 

that the extreme resistance of D. radiodurans is largely due to high levels of DNA 

protection in cells, which give rise to extraordinary CFU-based survival curves when 

grouped as tetracocci (Daly and Minton, 1995a; Murray et al., 1983). The high Mn and 

low Fe levels of D. radiodurans likely are two of a synergistic set of intracellular 

conditions that contribute to cellular protection, including free radical scavenging 

systems such as the constitutive, highly expressed superoxide dismutase and catalase of 

D. radiodurans (McCord et al., 1971), and metabolic pathway switching following 

irradiation (Liu et al., 2003) (Chapter 5) that could prevent additional genome damage 

elicited by metabolism-induced free radicals during recovery.
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Immense volumes of radioactive wastes, which were generated during nuclear weapons production, were 
disposed of directly in the ground during the Cold War, a period when national security priorities often 
surmounted concerns over the environment The bacterium Deinococcus radiodurans is the most radiation
resistant organism known and is currently being engineered for remediation of the toxic metal and organic 
components of these environmental wastes. Understanding the biotic potential of D. radiodurans and its global 
physiological integrity in nutritionally restricted radioactive environments is important in development of this 
organism for in situ bioremediation. We have previously shown that D. radiodurans can grow on rich medium 
in the presence of continuous radiation (6,000 rads/h) without lethality. In this study we developed a chemically 
defined minimal medium that can be used to analyze growth of this organism in the presence and in the 
absence of continuous radiation; whereas cell growth was not affected in the absence of radiation, cells did not 
grow and were killed in the presence of continuous radiation. Under nutrient-limiting conditions, DNA repair 
was found to be limited by the metabolic capabilities of D. radiodurans and not by any nutritionally induced 
defect in genetic repair. The results of our growth studies and analysis of the complete D. radiodurans genomic 
sequence support the hypothesis that there are several defects in D. radiodurans global metabolic regulation 
that limit carbon, nitrogen, and DNA metabolism. We identified key nutritional constituents that restore 
growth of D. radiodurans in nutritionally limiting radioactive environments.

Most of the wastes generated during global nuclear weapons 
production between 1945 and 1986 were discharged into the 
ground and are now contaminating the subsurface at thou
sands of sites (16,27; http://www.em.doe.gov/bemr96). In 1992, 
the United States Department of Energy (DOE) surveyed 91 
of —3,000 contaminated sites at 18 research facilities in the 
United States and reported that millions of cubic meters of 
such wastes contain mixtures of radionuclides (e.g., ^U), 
heavy metals (e.g^ Hg and Pb), and toxic organic compounds 
(e.g^ toluene) (27). It is estimated that one-third of the DOE 
waste sites are radioactive, and radiation levels are as high as 
10 mCi/liter (27).

Among the technologies currently being developed (19) for 
treatment of these environmental wastes are bioremediation 
strategies in which the extremely radiation-resistant organism 
Deinococcus radiodurans RI is used (3). This bacterium has 
been the subject of whole-genome optical mapping (15) and 
sequencing (33) and has recently been engineered to express 
metal-remediating and organic compound-degrading genes (2, 
14).

D. radiodurans RI is a nonpathogenic, desiccation-resistant 
(22, 23), solvent-tolerant (14) soil bacterium that can survive 

acute (short) exposure to an ionizing irradiation dose of 1.5 
Mrads, a dose that induces 150 to 200 DNA double-strand 
breaks per chromosome (7,15). Also, it has been shown that 
this bacterium can grow in the presence of chronic (continu
ous) gamma irradiation (14); this is a process that requires 
simultaneous semiconservative DNA replication and homolo
gous recombination (24). The molecular mechanisms that un
derlie the extreme radiation resistance phenotype have been 
the subject of several investigations (8-11, 17, 23). However, 
the role of the metabolic repertoire and physiological state of 
D. radiodurans at the time of irradiation has been character
ized far less. Little is known about this relationship other than 
that (i) exponentially growing D. radiodurans cells are more 
sensitive to radiation than stationary-phase cells are (22, 31), 
(ii) increasing the concentration of Mn2+ in cells decreases 
genomic redundancy along with radiation resistance (6), and 
(iii) freezing or desiccating D. radiodurans substantially in
creases its radiation resistance (7,18, 26).

In radioactive environments that do not kill an organism but 
rather limit or prevent metabolism, genetic damage accumu
lates, and survival depends on repairing and preventing the 
accumulation of irreversible (lethal) genetic damage (7-10). 
Genetic recovery of D. radiodurans after such DNA damage 
occurs is heavily dependent on energy metabolism and protein 
synthesis (22), and we have recently demonstrated the remark
able ability of D. radiodurans to grow in the presence of 6,000 
rads/h under nutrient-rich conditions with no effect on its via
bility, growth rate, or ability to express cloned genes (14). By 
comparison, Escherichia coli is very quickly killed in such en
vironments (14).
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TABLE 1. Minimal nutrient requirements for growth of D. radiodurans in the absence and in the presence of 
gamma irradiation (6,000 rads/h)°

Class Component
Concn necessary for growth

(1) Without radiation (II) With radiation

Buffer Potassium phosphate buffer (pH 7.5 to 8.0) 20 mM 20 mM
Salts Magnesium chloride tetrahydrate 

Calcium chloride dihydrate 
Manganese(II) acetate tetrahydrate 
Ammonium molybdate tetrahydrate 
Ferrous sulfate heptahydrate

0.2 mM
0.1 mM
5.0 pM
5.0 pM

' 5.0 pM

0.2 mM
0.1 mM
5.0 pM
5.0 pM
5.0 pM

Amino acids i.-Histidine 
L-C^steine 
L-Glutamine 
L-Alanine 
L-Arginine 
L-Asparagine 
Glycine 
L-Leudne 
L-Lysine 
L-Methionine 
L-Proline 
L-Serine 
L-Threonine 
L-Tryptophan 
L-Tyrosine 
L-Valine

25 pg/ml
30 pg/ml

200 pg/ml 
30 pg/ml
500 pg/ml 
500 pg/ml 
800 pg/ml 
800 pg/ml 
300 pg/ml 
500 pg/ml 
300 pg/ml 
100 pg/ml 
370 pg/ml 
300 pg/ml 
200 pg/ml 
200 pg/ml 
200 pg/ml 
200 pg/ml

Vitamins6 Nicotinic add 1.0 pg/ml 1.0 pg/ml
Carbon source 2 mg/ml 2 mg/ml

• Basal salt medium was autoclaved and then supplemented with sterile preparations of salts, amino adds, and nicotinic add at the concentrations indicated. For solid 
medium, 13% (wt/vol) Noble agar was added before basal salt medium was autoclaved.

b Repining nicotinic add with Basal Medium Eagle Vitamin Solution (Gibco BRL) improved growth slightly. For growth in liquid minimal medium, the cells used 
for inoculation were pregrown on solid minima) medium.

The nutrient conditions at DOE radioactive waste sites are 
poor, and the effect of such nutrient conditions on the growth 
and survival of D. radiodurans was not known previously. Using 
a defined synthetic minimal medium, we examined the effect of 
nutrient conditions on the ability of D. radiodurans to survive 
acute or chronic exposure to radiation. We found that while 
the metabolic state of cells had little effect on cell survival 
following treatment with acute ionizing radiation, nutrient con
ditions had a profound effect on the survival and growth of D. 
radiodurans during chronic exposure to irradiation. Under nu
trient-limiting conditions during chronic irradiation, DNA re
pair was found to be limited by the metabolic capabilities of the 
organism and not by any nutritionally induced defect in genetic 
repair. The results of our analyses support the hypothesis that 
global RNA synthesis is suppressed in D. radiodurans grown in 
nutrient-poor environments and the hypothesis that there are 
several defects in its metabolic pathways.

MATERIALS AND METHODS

Growth of cells. D. radiodurans RI was grown on a nutrient-rich medium, TGY 
(1% Bacto Tryptone [Difco], 03% yeast extract, 0.1% glucose), or on minimal 
medium (Table 1) in the absence or in the presence of chronic irradiation at a 
rate of 6,000 rads/h (U7Cs Gammacell 40 irradiation unit; Atomic Energy of 
Panada Limited) at 22*C, as described previously (14). To facilitate growth, 
liquid minimal medium was inoculated with cells (Hr to 10s cells/ml) that had 
been pregrown on solid minimal medium. All chemicals were obtained from 
Sigma Chemical Co.; Bacto Agar and Noble agar were obtained from Difco. In 
liquid cultures, cell density was determined at 600 nm by using a Beckman 
spectrophotometer. For acute high-level exposure to radiation, stationary-phase 
cultures were irradiated without a change of broth on ice at a rate of 133 
Mrads/h (model 109 “Co Gammacell irradiation unit; J. L Shepard and Asso

ciates). Following irradiation, cell viability was determined by performing a plate 
assay as described previously (7).

rel Gene fandion assay, rel function was assayed by using the procedures 
described by Cashel (4). All eubacteria that have been tested so far are capable 
of forming guanine nucleotide analogs of GDP and GTP that have a pyrophos
phate group esterified to the 3'-hydroxyl of the ribose moiety, these analogs are 
designated ppGpp and pppGpp, respectively. The RNA control locus relA en
codes (p)ppGpP synthetase and sometimes forms a hybrid locus containing spoT, 
which encodes 3'-pyrophosphohydrolase (e^, in Bacillus subtilis [32]). RelA is 
synthesized in bacteria in response to amino add starvation and indirectly re
duces protein synthesis by repressing stable RNA synthesis when the concentra
tions of amino adds cannot keep up with the demand during protein biosynthe
sis. RelA-induced RNA suppression has pleiotropic effects, including reductions 
in DNA replication, transcription, translation, and growth. Together with SpoT, 
RelA participates in integrating carbon metabolism and nitrogen metabolism (5). 
RelA activity in D. radiodurans cells was determined as follows. Cells were grown 
on solid TGY for 60 h or on solid minimal (fructose) medium (Table 1) for 170 h. 
Approximately 10s cells were suspended in phosphate-free labeling medium 
(PFLM) (0.1 M MOPS [morpholinepropanesulfonic add], 02% dextrose, 100 
pCi of carrier-free [“PJorthophosphoric acid per ml) that contained or did not 
contain 1 mg of serine hydroxamate per ml (serine hydraxamate blocks transla
tion and is toed to induce relA-spoT activity). The authentidties of (p)ppGpp and 
pppGpp spots were established by using Escherichia coli wild-type strain CF1648 
and a mutant E. coli strain (CF1652) lacking relA (20) as controls. A cell 
suspension (25 pl) was mixed with an equal volume of 13 M formic add, placed 
on dry ice, and freeze-thawed twice. A 4-pl portion of the mixture was then 
spotted onto a cellulose-polyethyleneimine thin-layer chromatography (TLC) 
plate (Fisher Scientific), and the TLC plate was developed with 13 M KH2PO4 
(pH 3.4). When the solvent front reached 15 cm, the plate was air dried and 
exposed overnight to X-ray film.

CSLM. Bacterial cells were harvested, washed with 0.1 M Tris-HCI-0.01 M 
EDTA buffer (pH 8.0), fixed in 77% ethanol ((TC), and stained with acridine 
orange. The stained preparations were visualized with a Bio-Rad model MRC- 
600 confocal scanning laser microscope (CSLM) interfaced with a Zeiss Axiovert 
microscope, as well as a Merdian model ULTIMA ACAS 570 CSLM; X100 
immersion objectives were used. Images were reproduced by using a New



2622 VENKATESWARAN ET AL. Appi_ Environ. Microhioi-

FIG. 1. Growth of D. mdiodumns in liquid minimal media (Table 1. compo
sition I) containing different carbon sources at a concentration of 2 mg/ml. An 
optical density at 600 nm (OD^n) of L0 was equivalent to ~1 x 108 CFU/ml. 
Celis were pregrown on solid minimal (fructose) medium before they were 
inoculated into liquid minimal medium.

Codonics model NP1600 Postscript printer. Acridine orange-stained double
stranded nucleic add forms a complex that has an absorption maximum at 
wavelengths between 450 and 490 nm; this complex fluoresces green and is used 
to localize DNA with a 520-nm barrier filter. An acridine orange-stained single
stranded nucleic add complex has an absorption maximum at wavelengths be
tween 510 and 560 nm; this complex fluoresces red and is used to localize RNA 
with a 590-nm barrier filter (12).

Nudcic add manipulation. Total nudeic add and DNA were prepared and 
electrophoresis was performed as described previously (7-10,29).

RESULTS

Development of a minimal medium suitable for analysis of 
D. radiodurans growth. In the only previous description of a D. 
radiodurans minimal medium that was used to assess growth, 
Shapiro et al. described a synthetic medium that contained 
veiy high concentrations (30 to 600 |ig/ml each) of 17 amino 
acids, which resulted in a medium containing more than 5 mg 
of amino acids per ml (28). In addition, this minimal medium 
included a large variety of minerals and vitamins that we have 
shown to be unnecessary for D. radiodurans growth. The ex
cessive concentrations of nonessential nutrients made this me
dium neither minimal nor useful for our growth studies. In fact, 
D. radiodurans can grow in this medium in the absence of 
typical Embden-Meyerhof-Parnas (EMP) pathway substrates 
(e.g^ fructose, glucose, and maltose). We, therefore, tried to 
develop a synthetic medium that is truly minimal, highly char
acterized, and suitable for testing the metabolic capabilities of 
D. radiodurans, as guided by our analysis of the genomic se
quence.

To develop a synthetic minimal medium, we systematically 
tested many combinations of different amounts of carbohy
drates, amino acids, salts, and vitamins in both liquid media 
and solid media (prepared with Noble agar). By a process of 
elimination, we identified minimal nutrient constituents and 
the concentrations of these nutrients necessary for luxuriant 
growth (Table 1). The synthetic medium which we developed 
for D. radiodurans is distinct from the media described by other 
workers (25, 28) in that it is much simpler and growth of D. 
radiodurans in the medium is completely dependent on a 
nonamino carbon source (e.g., fructose) (Fig. 1). In addition to 
a metabolizable carbon source, growth of D. radiodurans is 
dependent on exogenous amino acids and a vitamin; sulfur- 
rich amino acids together with nicotinic acid were particularly 
effective at supporting growth. However, we found that there 

was not a specific amino acid combination that was necessary 
since many different combinations of amino acids supported 
growth. A factor that strongly influenced the extent of growth 
was the total amino acid concentration in the growth medium 
(Fig. 2), not the composition of the amino acid pool. We found 
that carbon sources supported luxuriant to slow growth in the 
following order fructose > pyruvate > lactate > glucose > 
oxaloacetate > acetate > glycerol (Fig. 1). There are numer
ous examples of free-living bacteria that exhibit absolute spec
ificity for sugar metabolism (e.g., Arthrobacter strains can 
utilize fructose but not glucose [30]). Surprisingly, the tricar
boxylic acid cycle intermediates fumarate, citrate, malate, and 
succinate did not support growth (Fig. 1).

Sensitivity of D. radiodurans grown in synthetic medium to 
chronic irradiation and acute irradiation. To investigate the 
effect of the nutritional state of D. radiodurans on the extreme 
radiation phenotype of this organism, cells were exposed to 
continuous gamma irradiation in a 137Cs irradiator (6,000 
rads/h) under different growth conditions. Control cultures 
were incubated in the absence of irradiation at the same tem
perature. When cells were grown on rich medium (TGY), 
growth was not affected by continuous exposure to 6,000 rads/h 
compared to growth on TGY in the absence of irradiation. By 
contrast, growth on the synthetic medium (Table 1, composi
tion I) was eliminated by chronic exposure to 6,000 rads/h. To 
determine if chronic irradiation under minimal conditions was 
bactericidal or bacteriostatic, a series of inoculated minimal 
medium plates were exposed to 0.1,0.2,03,0.4, or 03 Mrad in 
the irradiator. Following exposure, the plates were incubated 
in the absence of irradiation in order to monitor survival. We 
found that a dose of 0.3 Mrad was lethal to cells; this contrasts 
with the ability of D. radiodurans to survive 1.7 Mrads of acute 
irradiation without lethality if cells are allowed to grow and 
recover in rich medium (7-10). We also examined cell viability 
and the DNA repair capabilities of chronically irradiated D. 
radiodurans cells incubated in either liquid TGY or minimal 
medium (Fig. 3). Following incubation in the 137Cs irradiator, 
cells were collected at intervals for up to 96 h. Some of the cells 
were plated to examine survival (Fig. 3A), and the remainder 
were frozen until total DNA was prepared and examined to 
determine whether degradation occurred (Fig. 3B). Rapid deg
radation of DNA occurred in cells incubated in minimal me-

[amino adds] (pg/ml)

FIG. 2. Relationship between amino add concentration and growth of D. 
mdiodumns in liquid minimal medium. The nutrient conditions were the condi
tions described in Table 1 except for the amino add composition. Fructose was 
the carbon source. The amino add composition was as follows: glutamine, 25%; 
cysteine, 18%; and a mixture containing tyrosine, tryptophan, and phenylalanine 
and buffered with 5% glycine, 10%. Cultures were inoculated with 5 x 10s 
CFU/ml by using cells that were pregrown on solid minimal (fructose) medium 
(Table 1). Optical densities at 600 nm (ODmo) were determined 96 h after 
inoculation.



Voi_ 66, 2000 DETERMINANTS OF RADIATION RESISTANCE IN D. RADIODURANS 2623

FIG. 3. Effect of nutrient conditions on the viability and DNA content of D. 
radiodurans exposed to chronic gamma irradiation in liquid culture. Cells were 
irradiated at a rate of 6,000 rads/h (144,000 rads/day) at 23°C. Both irradiated 
and control cultures were diluted to a concentration 5 X 106 CFU/ml at the start 
of the experiment. (A) Survival curves. Symbols: ■, control, TGY, no irradiation; 
□, TGY, gamma irradiation; •, control, minimal (fructose) medium (Table 1, 
composition I), no irradiation; O, minimal (fructose) medium (Table 1, compo
sition I), gamma irradiation. (B) Total DNA was prepared from cells obtained at 
each of the time points shown in panel A Each lane contained DNA from ~3 x 
106 cells, as determined by hemocytometer counting (7). TGY+y, cells that were 
grown in TGY and received gamma irradiation; Min+y, cells that were grown in 
minimal (fructose) medium (Table 1, composition I) and received gamma irra
diation; TGY and Min, controls incubated in the absence of irradiation. Lanes 
X/H contained lambda phage DNA cut with HindW.. DNA sizes (in kilobases) 
arc indicated on the left. The gel migration positions of DNA and rRNA are 
indicated on the right Gel electrophoresis was performed with a 0.66% agarose 
gel for 17 h at 45 V.

dium, whereas there was little evidence of DNA degradation in 
cells incubated in TGY. Some DNA degradation and a loss of 
viability in cells incubated in TGY were observed with the 48- 
and 96-h samples, and we believe that this was due to depletion 
of metabolizable nutrients and the inevitable accumulation of 
DNA damage in slowly replicating or nonreplicating cells. In 
contrast, the viability of cells that were incubated in minimal 
medium and irradiated decreased very substantially almost 
immediately. After 24 h of irradiation (144,000 rads) (Fig. 3B), 
the DNA was highly degraded, and all of the cells were dead by 
96 h (576,000 rads) (Fig. 3).
To rule out the possibility that cells grown in minimal me

dium (Table 1, composition I) were inherently sensitive to

FIG. 4. Effect of growth substrate and recovery substrate on survival of I), 
radiodurans following acute gamma irradiation. Cells were grown to the early 
stationary phase and irradiated on ice at a rate of 1.33 Mrads/h. Symbols: □, cells 
pregrown in liquid TGY, irradiated, and plated onto solid TGY; ▲, cells 
pregrown in liquid TGY, irradiated, and plated onto solid minimal (fructose) 
medium (Table 1, composition I); O, cells pregrown in liquid minimal (fructose) 
medium, irradiated, and plated onto solid TGY; ♦, cells pregrown in liquid 
minimal (fructose) medium, irradiated, and plated onto solid minimal (fructose) 
medium.

irradiation and the possibility that certain nutrition-dependent 
repair factors were not present in our synthetic medium, TGY- 
and minimal medium-grown D. radiodurans cells were tested to 
determine their ability to survive during extremely high doses 
of acute gamma irradiation. Figure 4 shows that irrespective of 
the preirradiation growth medium or the postirradiation re
covery substrate, the levels of resistance of D. radiodurans were 
very similar up to a dose of 1.2 Mrads; at doses greater than 1.2 
Mrads, minimal medium-grown cells exhibited enhanced sen
sitivity.
The minimal nutrient conditions required to support growth 

at a dose of 6,000 rads/h were determined by increasing the 
concentrations of the nutrients shown in Table 1. When cells 
were exposed to continuous irradiation, growth was restored 
only when high concentrations of amino acids were provided 
together with an EMP or Entner-Doudoroff carbon substrate 
(Table 1 and Fig. 1). Increasing the concentration of the car
bon source or the concentrations of the non-amino acid sup
plements to values greater than the values shown in Table 1 
had no effect on resistance. Similarly, in the absence of a 
carbon source, high concentrations of amino acids alone did 
not support growth in the irradiator. Table 1 (composition II) 
shows the minimal medium nutrients and the concentrations of 
these nutrients that supported luxuriant D. radiodurans growth 
at a dose of 6,000 rads/h.

Physiologic genomic analysis of D. radiodurans. In the 
course of our annotation of the D. radiodurans genome (33), 
we found that most of the metabolic pathway genes that were 
key to our analysis were present. For example, the EMP and 
Entner-Doudoroff pathways were found to be intact, and D. 
radiodurans could grow on fructose, glucose, maltose, and 
mannose, as expected. However, we found three examples in 
which the primary biosynthetic pathways of amino acids were 
incomplete (Table 2). Furthermore, we found that D. radio
durans cannot utilize ammonia as a nitrogen source and that 
growth of this organism is entirely dependent on exogenous 
amino acids. We, therefore, carefully examined the genomic 
sequence for defects that could affect nitrogen assimilation.
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TABLE 2. Effectiveness of carbon sources as precursors for 
D. radiodurans growth"

Carbon and 
energy source Growth'’ Biosynthetic 

pathway^
Genome 

data^ Defect

Pyruvate + + + Alanine
Valine
Leucine

Complete 
Complete 
Complete

Oxaloactatc + + Isoleucine 
Threonine 
Lysine 
Methionine 
Aspartic acid

Complete 
Complete 
Incomplete 
Complete 
Complete

dapABDF absent

Phosphoglycerate + Serine 
Glycine 
Cysteine

Incomplete 
Complete 
Incomplete

serCB absent

cysEJDN absent

“ Acetate and lactate arc effective growth substrates, while the tricarboxylic 
acid cycle intermediates malate, succinate, fumarate, and citrate, are ineffective.

b + + + , excellent growth; + +, good growth; +, poor growth.
‘‘The pathways are the entry points for biosynthesis for the amino acids 

indicated from the carbon and energy sources listed.
d For genomic comparisons, we used metabolic pathways present in E. coli. All 

of the genes necessary for histidine biosynthesis were present.

Generally, the key step in assimilating inorganic nitrogen into 
amino acids is the synthesis of glutamine and glutamate from 
ammonia catalyzed by glutamine synthetase (glnA). In D. ra
diodurans RI there are two copies of glnA’, glnA-1 (chromo
somal position, 2049790) is disrupted by a frameshift mutation, 
while glnA-2 (chromosomal position, 447280) appears to be 
intact. The glutamate synthase subunit genes (gltB and gltD} 
also appear to be functional (chromosomal position of operon, 

181526); GltB/D integrates carbon metabolism and nitrogen 
metabolism by synthesizing glutamine from glutamate. Never
theless, we found that strain RI could not use 2-oxoglutarate as 
a growth substrate in minimal medium supplemented with a 
variety of inorganic nitrogen sources (e.g., ammonium sulfate), 
suggesting that there may be a defect in assimilation of am
monia in the glutamine synthetase-glutamate synthase cycle.

Correlation between amino acid-limited growth and relA 
activity. RelA and SpoT are responsible for integrating carbon 
metabolism and nitrogen metabolism (5), and when regulation 
of these gene products is defective, the genes can have pleio- 
tropic effects on cells that can include dependence on exoge
nous amino acids for growth and suppression of cellular RNA 
levels (5). We, therefore, examined rel function in D. radio
durans at both a genomic informatic level and an experimental 
level.
We found that D. radiodurans rel encodes a predicted pro

tein that is most similar (58% identity) (1) to the RelA/SpoT 
protein [(p)ppGpp synthetase/3'-pyrophosphohydrolase] of 
Bacillus subtilis (32). We tested the functional integrity of the 
putative rel locus in D. radiodurans by monitoring the synthesis 
of ppGpp and pppGpp under amino acid deprivation condi
tions (Fig. 5A). Cells were shifted from TGY or minimal 
medium to labeled phosphate medium (PFLM) containing a 
single carbon and energy source with or without serine hydrox- 
amate (Fig. 5B and C). Under these conditions, ppGpp and 
pppGpp were rapidly synthesized and expressed at levels com
parable to the levels observed in E. coli (Fig. 5). These data 
support the hypothesis that rel function is normal in D. radio
durans and is induced under amino-acid-limiting conditions.

Consistent with induction of rel functions, we found that 
cells grown in minimal medium (Table 1, composition I) con
tained substantially reduced levels of cellular RNA, as deter-

FIG. 5. (A) Production of pp(p)Gpp in D. nadioduruns and E coli. 32P-labeIed ppGpp and ppGpp were detected by polyethyleneimine-cellulose chromatography 
(see Materials and Methods). Stationary-phase cells grown in either TGY or minimal medium (Table 1) were suspended in PFLM (see Materials and Methods) with 
or without the amino acid analogue serine hydroxamate. Lanes 1 and 2, D. radiodurans cells obtained from minimal (fructose) medium (Table 1, composition I) and 
incubated in PFLM containing serine hydroxamate (equivalent to lanes 4 and 5 in panel B); lanes 3 and 4, D. radiodurans cells obtained from minimal (fructose) medium 
(Table 1) and incubated in PFLM containing the 16 amino acids listed in Table 1 (final amino add concentration, 50 |ig/ml); lane 5, D. radiodurans cells obtained from 
TGY and incubated in PFLM containing serine hydroxamate; lane 6, E. coli (relA deleted) incubated in PFLM containing serine hydroxamate (control); lane 7, E. coli 
wild type incubated in PFLM containing serine hydroxamate (control). (B) Formation of ppGpp and pppGpp in D. radiodurans. Cells were treated as described above 
in the presence of serine hydroxamate. Lane 1, control, no cells; lanes 2 and 3, cells grown in TGY; lanes 4 and 5, cells grown in minimal (fructose) medium (Table 
1). (C) Formation of ppGpp and pppGpp in D. radiodurans grown in minimal medium. Cells were treated as described above. Lane 1, cells treated in the absence of 
serine hydroxamate; lane 2 cells treated in the presence of serine hydroxamate.

GTP

ppGpp

PPPGpp

origin

GTP

PPGpp

PPpGpp 

origin
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If this occurs, these cells are not able to generate the levels of 
precursors required for cell division, as well as DNA repair, 
and, consequently, the cells become overwhelmed by accumu
lated genetic damage. However, there is no direct evidence 
that correlates relA function and radiation sensitivity in D. 
radiodurans grown in minimal medium.

Our analysis of the minimal nutrient requirements for 
growth at a dose of 6,000 rads/h showed that in addition to a 
carbon source that is effectively metabolized by D. radiodurans, 
cells need to have a rich source of amino acids. In order to 
bioremediate radioactive DOE waste sites with genetically en
gineered D. radiodurans designed for growth on aromatic com
pounds (15), biostimulation with amino acids will probably be 
necessary. While further genetic engineering could correct de
fects in D. radiodurans amino acid-biosynthetic pathways, the 
concept of including a rich source of amino acids in bioreme
diating protocols is reasonable given the abundance of inex
pensive, amino acid-rich by-products of the dairy industry.
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Understanding biological systems and the roles of their constitu
ents is facilitated by the ability to make quantitative, sensitive, and 
comprehensive measurements of how their proteome changes, 
e.g„ in response to environmental perturbations. To this end, we 
have developed a high-throughput methodology to characterize 
an organism's dynamic proteome based on the combination of 
global enzymatic digestion, high-resolution liquid chromato
graphic separations, and analysis by Fourier transform ion cyclo
tron resonance mass spectrometry. The peptides produced serve as 
accurate mass tags for the proteins and have been used to identify 
with high confidence >61% of the predicted proteome for the 
ionizing radiation-resistant bacterium Deinococcus radiodurans. 
This fraction represents the broadest proteome coverage for any 
organism to date and includes 715 proteins previously annotated 
as either hypothetical or conserved hypothetical.

The era of whole-genOme DNA sequencing has yielded a 
nearly completed human genome (1) and many complete 
and initially annotated genomes for lower organisms, with 

several hundred more anticipated over the next few years. 
Effective exploitation of this information requires technologies 
that provide more comprehensive, higher-throughput, and quan
titative analyses of proteomes (i.e., the array of proteins ex
pressed by a cell, tissue, or organism at a given time).

To address this need, we have developed a method for 
identifying peptides based on accurate mass tags (AMTs) for 
each protein expressed by a given organism. This approach 
provides greater sensitivity and dynamic range than previously 
achievable, more comprehensive coverage of expressed proteins, 
a basis for precise quantitation, and greater throughput for 
measurements of proteomes, because protein identification 
using AMTs circumvents the need for routine tandem MS 
(MS/MS).

Our initial study has focused on the extremely radiation
resistant bacterium Deinococcus radiodurans, but the general 
approach can be used for any organism whose genome has been 
sequenced. Two independent annotations are available for the 
sequenced genome of D. radiodurans (2, 3). This organism has 
been the target of genetic manipulation for a decade, a candidate 
for bioremediation of radioactive waste sites, and a subject for 
the study of DNA repair pathways (3,4). D. radiodurans has an 
extraordinary ability to tolerate both acute and chronic exposure 
to high levels of ionizing radiation. Exponentially growing 
cultures of the Gram-positive, nonmotile, red-pigmented, non- 
pathogenic bacterium are able to withstand 50-100 times more 
ionizing radiation than Escherichia coli (5,6). D. radiodurans can 
survive 5,000-15,000 Gy of acute ionizing radiation with no loss 
of viability (depending on the culture conditions) (7), can grow 
continuously under 60 Gy/hr (8), and has the ability to reduce 
contaminant metals and radionuclides including Cr, Tc, and U 
to less soluble species (9). Its resistance to radiation and to other 
nNA-riamaging conditions (e.g., UV light, hydrogen peroxide) 

and desiccation (10) is likely because of its efficient DNA 
damage repair (6, 11). It has been suggested that the multiple 
copies of the D. radiodurans genome (4-10 genome equivalents) 
(11) may be organized to facilitate recombinational repair 
processes (3, 12). However, the set of predicted genes for D. 
radiodurans appears conventional and does not reveal the basis 
for its extreme radiation resistance (3). The number of annotated 
DNA repair enzymes (2, 3) is less than reported for E. coli.

Most likely the DNA damage-resistance phenotype is deter
mined collectively by a complex array of interacting proteins (3) 
as well as by many more subtle structural peculiarities of proteins 
and DNA. Neither of these resistance motifs is readily inferred 
from the D. radiodurans sequence, underscoring the potential 
importance of global studies to obtain a better understanding 
of the interactions involved, such as determining protein expres
sion patterns under stressed and nonstressed conditions (i.e., 
proteome-wide analyses).

Experimental Protocol
Cell Culture. All cell cultures were inoculated with 10 ml of starter 
culture in either defined (13) or rich media incubated overnight 
to confluence. The specific culture conditions are as follows: 
Defined medium mid-logarithm (log) phase: cells were cultured 
at 32°C; ODmo 0.3-0.4. Defined medium late-log phase: cells 
were cultured at 32°C; OD^oo 0.6. Defined medium stationary 
phase: cells were cultured at 32°C; ODmo 0.9. Tryptone/glucose/ 
yeast (TGY) medium mid-log phase: cells were cultured at 32°C; 
OD600 03-0.4. TGY medium late-log phase: cells were cultured 
at 32°C; ODwo 0.6. TGY medium stationary phase: cells were 
cultured at 32°C; OD«x) 0.9. For specific stress conditions, all 
cells were grown to mid-log phase (OD^o 03-0.4) at 32°C in 
TGY media before stress unless otherwise noted. Heat shock: 
incubation temperature was raised to 42°C and further incubated 
for 1 hr before harvest Cold shock: incubation temperature was 
lowered to 0°C and further incubated for 1 hr before harvest. 
Hydrogen peroxide: H2O2 was added to a final concentration of 
60 pM and further incubated for 2 hr before harvest. One-week 
starvation: poststationary phase (OD^oo 0.9) D. radiodurans 
culture was incubated at 32°C for 1 wk without the addition of 
fresh medium. Four-week starvation: poststationary phase 
(ODfioo 0.9) D. radiodurans culture was incubated at 32°C for 4 
wk without the addition of fresh medium. Chemical shock: 
0.05% (vol/vol) trichloroethylene or xylene was added to the 
culture and incubated for 2 hr before harvest Alkaline shock: the
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Abbreviations: LC liquid chromatography; FT1CR. Fourier transform ion cyclotron reso
nance: PMT. potential mass tag; AMT. accurate mass tag; MS/MS. tandem MS; TCA 
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pH of culture was raised from 6.5 to 8.5 with 1 N NaOH and 
incubated for 1 hr before harvest. For experiments with irradi
ated cells, D. radiodurans was cultured to stationary phase in rich 
media, diluted, and irradiated without change in broth on ice at 
10 kGy/hr (“Co Gammacell irradiation unit, J. L. Sheperd and 
Associates (San Fernando, CA) Shepard, Model JL 109]. After 
irradiation, cells were transferred to fresh media to recover 
before aliquots were taken at 10 time intervals: 0,0.5,1,3,5,7, 
9, 12, 24, and 36 hr. Cells were harvested by centrifugation at 
10,000 x g at 4°C, washed three times with PBS, aliquoted, and 
quick frozen for storage at -80°C.

Cell Lysis and Tryptic Digestion. Cell lysis was achieved by bead 
beating using three 90-sec cycles at 4,500 rpm in a Biospec 
(Bartlesville, OK) Minibeadbeater, with a 5-min cool down on 
ice between cycles. Lysates were immediately placed on ice to 
inhibit proteolysis. Protein concentration was determined by the 
BCA assay kit (Pierce). Before liquid chromatography (LC) MS 
analysis, the protein samples were denatured and reduced by the 
addition of guanidine hydrochloride (GdmHCI) (6 M) and DTT 
(1 mM) and boiled for 5 min. On reducing the Gdn-HCI 
concentration to below 2 M with 100 mM NH4HCO3 and 5 mM 
EDTA (pH 8.4), protein samples were digested by using bovine 
pancreas sequencing grade modified trypsin (Promega) (tryp
sin/protein, 1:50, wt/wt) at 37°C for 16 hr. Protein lysates were 
ultracentrifiiged for 30 min at 356,000 X g, and clear supernatant 
was dialyzed against 50 mM Tris*HCI at 4°C with 500 molecular 
weight cutoff cellulose ester membrane. Lysates were subse
quently aliquoted and quick frozen in nitrogen and stored in 
-80°C freezer until analyzed.

Capillary LC Separations. The capillary LC system consisted of a 
pair of syringe pumps (100-ml ISCO model 100DM) and con
troller (series D ISCO) and an in-house manufactured mixer, 
capillary column selector, and sample loop for manual injections. 
Separations were achieved with 5,000 psi reversed-phase packed 
capillaries (150 ptm i.d. X 360 gm o.d.; Polymicro Technologies, 
Phoenix) (14) by using two mobile-phase solvents consisting of 
0.2% acetic acid and 0.05% trifluoroacetic acid (TFA) in water 
(A) and 0.1% TFA in 90% acetonitrile/10% water (B). The 
mobile-phase selection valve was switched from position A to B 
10 min after injection, creating an exponential gradient as mobile 
phase B displaced A in the mixer. Flow through the capillary 
HPLC column was -»1.8 gl/min when equilibrated to 100% 
mobile-phase A.

Initial Mass Tag Development Eluant from the HPLC was infused 
into a conventional ion trap MS (LCQ, ThermoFinnigan, San 
Jose, CA) operating in a data-dependent MS/MS mode over a 
series of segmented m/z ranges and also with prior fractionation 
by using ion exchange chromatography. For each cycle, the three 
most abundant ions from MS analysis were selected for MS/MS 
analysis by using a collision energy setting of 35%. Dynamic 
exclusion was used to discriminate against previously analyzed 
ions. The collision induced dissociation spectra from the con
ventional ion trap mass spectrometer were analyzed using se- 
quest (15) and the genome sequence of D. radiodurans. Pre
liminary identifications were based on a minimum 
crosscorrelation score of 2, and these peptides were used as 
potential mass tags (PMTs) for validation by Fourier transform 
ion cyclotron resonance (FTICR) measurements. These analyses 
identified large numbers of polypeptide PMTs, of which —70% 
were then validated as AMTs based on the detection of a species 
having the predicted mass for the PMT to <1 ppm at the 
corresponding elution time in the LC-FTICR analysis. The 
methodology for PMT generation is described in detail else
where (16).

Validation of Mass Tags. The 11.4-tesla FTICR mass spectrometer 
developed at our laboratory uses an electrospray ionization 
(ESI) interface to an electrodynamic ion funnel assembly cou
pled to a radio frequency quadrupole for collisional ion focusing 
and highly efficient ion accumulation and transport to the 
cylindrical FTICR cell for analysis (17). Mass spectra were 
acquired with "10s resolution. To obtain the desired <l-ppm 
mass measurement accuracy (MMA), a program that uses the 
multiple charge states (e.g., 2+, 3+) produced by ESI for many 
protonated polypeptides (18) is applied, followed by the use of 
“lock masses” (i.e., confidently known species that serve as 
effective internal calibrants) for each spectrum derived from 
commonly occurring polypeptides that are identified with high 
confidence from one capillary LC MS/MS analysis (for each 
organism) obtained by using FTICR with accurate mass mea
surements (16). Our calculations show "50% of the peptides 
predicted from in silico tryptic digestion of D. radiodurans have 
unique masses at MMA si ppm, and these peptides can be used 
to identify 99.5% of the predicted proteins potentially expressed 
by the organism. The fraction of peptides useful as AMTs is 
actually greater than 50% due to our use of elution time data, 
which serves to distinguish previously identified peptides having 
otherwise indistinguishable masses.

Results
Strategy for AMT-Based Measurements. The approach utilizes in
strumentation that combines high-pressure reversed-phase cap
illary LC with high magnetic Held FTICR-MS (16, 19-21) and 
MS/MS. In our initial strategy, proteins extracted from cells 
grown under a variety of culture conditions are digested to yield 
a complex mixture of polypeptides that are analyzed to create a 
set of AMTs that serve as biomarkers for their parent proteins 
(16, 22). Our approach for defining AMTs provides high con
fidence for protein identification because of their initial identi
fication by using MS/MS with standard database searching/ 
identification (15) combined with validation by using high MMA 
and elution time (16). Although conventional capillary LC- 
MS/MS was used for most of the initial identifications, MS/MS 
with FTICR instrumentation was used in a limited number of 
cases to identify peptides present in concentrations too low to be 
analyzed effectively by conventional MS. The AMT-based pro
tein identification allows subsequent high-throughput proteome 
measurements because only the distinctive masses and LC 
elution time are needed (16).

The D. radiodurans strain RI genome consists of two chro
mosomes, one megaplasmid and one plasmid (3). Our analysis 
used the 3,116 protein-encoding ORFs predicted by the TIGR 
annotation (ftp://ftp.tigr.org/pub/data/d_radiodurans/ 
GDR.pep) (2) (we exclude from this analysis 71 ORFs predicted 
to contain frame shifts). The proteomic measurements provide 
a physical validation that predicted ORFs actually encode a 
protein. A two-dimensional visualization of a portion of one 
analysis (Fig. 1) illustrates the ability to identify proteins from 
the peptides detected for D. radiodurans [grown in a defined 
minimal medium (13) and harvested at mid-log phase].

Overall Analysis Yields Identification of Over 60% of the Predicted 
Proteome. The 200 LC-MS/MS analyses of peptides from col
lective culture conditions yielded PMT identifications for 9,159 
peptides having a sequest score >2. Our measurements verified 
with high-confidence 6,997AMTs, corresponding to 1,910 ORFs 
from D. radiodurans, representing 61% of the predicted ORFs 
(Table 1), the broadest proteome coverage for an organism 
achieved to date. Because the method uses two distinct MS 
measurements, matching accurate mass with MS/MS measure
ments, the use of the FTICR in these analyses lends higher 
confidence to those peptides identified compared to those 
detected (16). In a functional category breakdown (Table 2),
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Fig. 1. Two-dimensional display of a capillary LC-FTICR analysis in which >50.000 putative polypeptides were detected from a tryptic digest of D. radiodurans 
proteins harvested in mid-log phase (ODgoo 03-0.4; 30*Q. inset shows portions of displays for peptides from D. radiodurans harvested in mid-log (Left), late-log 
(Center), and poststationary (Right) phases (spot size reflects relative abundance). Each individual spot corresponds to a peptide that can be identified along with 
the parent protein using AMTs. Spot identifications: 1: DR1314 (hypothetical protein); 2: DR1790 (homolog of yellow/royal jelly protein of insects); 3: DR1314 
(hypothetical protein); 4: DR0309 (elongation factor Tu); 5: DR2577 (S-layer protein); 6: DR0989 (membrane protein); and 7: DR1124 (S-layer protein).

coverages for categories associated with housekeeping functions 
were significantly higher than hypothetical proteins. In a single 
FIICR analysis, the masses for "“1,500 AMTs are typically 
detected corresponding to *°700 ORFs (depending on the 
culture condition) and 15-20% of the D. mdiodumns proteome.

FTICR-Based Proteomics Can Provide Sensitive and Dynamic Range for 
Broad Proteome Coverage. One major challenge for proteomics is 
the large variation in the relative abundances of proteins (>5 
orders of magnitude). A recognized disadvantage of conven
tional proteomic studies by using two-dimensional polyacryl
amide gel electrophoresis separations coupled with protein 
identification by MS analysis is that, in general, only higher- 
abundance proteins are detected (23, 24). We have previously 
shown that *’20 zmol (*<12,000 molecules) of protein can be 
detected during an FTICR analysis (25). In this work, capillary 
LC-F11CR measurements provided an overall dynamic range of 
lO^-lO5 (16). The further expansion of the dynamic range of 
measurements by using a new DREAMS technology (26) offers 
the potential to detect proteins at less than one copy per cell 
given practical cell populations (10s cells per analysis). For more 
abundant proteins, broad coverage of peptide fragments was 
achieved; ribosomal proteins were identified with an average of 
9 AMTs. Similarly, DNA polymerase I, considered to be the 

Table 1. D. radiodurans proteome coverage

Category Size Predict ORFs ObsORFs % coverage
Total 3.29 Mbp 3,116 1,910 61
Chromosome 1 2.65 Mbp 2.633 1,586 60
Chromosome 2 412 kbp 369 34 63
Mega plasmid 177 kbp 145 76 52
Small plasmid 46 kbp 40 4 35

most abundant polymerase in prokaryotic cells (27), is predicted 
to be present in about 400 copies per cell in E. coli and was 
identified with six AMTs providing 20% coverage of the protein.

Another method for estimating protein abundance in a cell

Table 2. D. radiodurans proteome coverage by TIGR assigned - 
functional category

Category Total* Seq cov* St dev* Obss %Cat’
Amino add biosynthesis 80 21.5 15.1 70 88
Cofactor biosynthesis, etc 61 16.1 9.7 41 67
Cell envelope 77 17.7 19 62 81
Cellular processes 89 21.9 21.5 64 72
Central metabolism 154 14.7 10.5 111 72
DNA metabolism 81 13.2 10.1 55 68
Energy metabolism 199 24.7 20 152 76
Fatty add metabolism 53 23.8 16.2 40 75
Conserved hypothetical 499 16.6 13.1 276 55
Phage related/transposon 47 11.7 3.7 9 19
Protein fate 86 22.2 20.6 65 76
Protein synthesis 114 38.8 24.2 100 88
Nudeic add synthesis 53 19.2 14.7 42 79
Regulatory functions 126 15.5 10.8 76 60
Transcription 28 18.5 11.8 22 79
Transport proteins 191 16.5 15.5 138 72
Unknown function 176 15.4 12.4 107 61
Hypothetical 1,002 18.7 14.2 479 48
"Number of ORFs assigned to each category by TIGR.
Percentage of protein sequence represented by AMTs averaged over all 
proteins in a single category.

Standard deviation of sequence coverage for the entire category.
sNumber of ORFs detected in each category.
^Percentage of ORFs identified for each category.
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Rg. 3. Change in relative abundance of (•) RecA and (♦) DNA-directed RNA 
polymerase in cells after exposure to 17.5 kGy of ionizing radiation obtained 
be analysis of a mixture of cells grown on unlabeled media and the 1SN-Iabeled 
reference proteome (control, nonirradiated cells). Cells were prepared at 0,3, 
7, 9, and 12 hr after exposure.

dieted from DR0100 [putative single-stranded DNA-binding 
protein (SSB)] (2) that is reported to contain three frame shifts, 
supporting the existence of at least some functional SSB protein. 
AMTs were also identified for DR1624 (RNA helicase), DR2477 
(3-hydroxyacyl-CoA dehydrogenase), and DRC0020 (putative 
modification methylase). AMTs were detected in all three 
reading frames of ORF DR2477, suggesting either that D. 
radiodurans is able to mediate the required two frame shifts or 
that there is a mistake in the genome sequence. Detected 
peptides corresponding to ORFs and frames in which they are 
coded are published as supporting information on the PNAS web 
site.

Stress Response, DNA Damage Repair, and Recognition Proteins and 
RecA. It is predicted that D. radiodurans encodes a spectrum of 
148 stress response proteins (four are predicted to contain 
authentic frame shifts) (3). We identified 74 proteins predicted 
from the annotated genome with an average of six AMTs per 
protein corresponding to 24% overall sequence coverage. Two 
classes of annotated proteins shown to play roles in the detox
ification processes are catalase (DR 1998 and DRA0259) and 
superoxide dismutase (SOD) (DR1279, DR1546, and 
DRA0202). We confirmed the presence of both predicted 
catalases with 48 (DR1998) and 37 (DRA0259) AMTs covering 
«>80% and ~50% of their sequences, respectively. Of the SOD 
proteins, we identified DR 1279 with 14 AMTs, corresponding 
to 87% coverage, whereas DR1546 and DRA0202 were identi
fied with two and three AMTs, respectively. Of the predicted 75 
proteins with potential DNA repair activities (23), we identified 
39 with an average of three AMTs per protein corresponding to 
12% coverage of the amino acid sequence. RecA is central to 
homologous recombinational repair of irradiation-induced dou
ble-strand breaks in D. radiodurans chromosomal and plasmid 
DNA (6, 7,11,31). Five different RecA AMTs (covering 34% 
of the sequence) were identified primarily in cells recovering 
from exposure to ionizing radiation.

Stable isotope labeling allows the quantitation of changes in 
protein expression levels. The protein expression pattern of D. 
radiodurans recovering from a dose of 17.5 kGy of ionizing 
radiation (growing on ,4N media) was compared with the protein 
expression pattern from control cells (growing on 1SN media) 
(Fig. 3)- Initial studies indicate that the expression of RecA as 
well as DNA-directed RNA polymerase I is significantly induced 
during recovery from 17.5 kGy irradiation, consistent with 
previous observations (32).

Discussion
Comprehensive proteome analyses can be achieved with greater 
confidence by using AMTs for protein identifications because of 
the combined use of sequence-related information and accurate 
mass measurement Although a catalog of proteins from a 
particular organism is useful for gene verification, the analysis of 
protein expression patterns under various culture conditions can 
be used to infer function, deduce metabolic pathways, identify 
regulatory networks, etc.

When D. radiodurans is exposed to ionizing radiation, a 
dose-dependent delay of cellular replication suggests the exis
tence of a DNA damage checkpoint (33). During this delay, 
several phases of cellular detoxification are hypothesized (34), 
but details remain unclear. One detoxification process in D. 
radiodurans involves removal of the activated oxygen species by 
catalase and SOD. Although the biochemical function of these 
two enzymes is known (35), their role in radiation resistance is 
unclear. Basal levels of catalase in exponentially growing cul
tures of D. radiodurans have been shown to be over 100-fold 
greater than forE. coli (10,35). Genetic inactivation of members 
of either protein group render D. radiodurans cells more sensi
tive to ionizing radiation at doses that exceed 16,000 Gy (36), 
whereas mutations in DR1279 result in a greater sensitivity to 
ionizing radiation compared with mutations in DR1998. We 
confirmed the presence of both catalases under most culture 
conditions, suggesting constitutive expression. Of the SOD 
proteins, we identified DR1279 under many culture conditions 
but detected DR1546 and DRA0202 proteins in only a few 
culture conditions and in relatively low abundance. Thus, 
DR1279 apparently dominates SOD function and also appears to 
be constitutively expressed.

Additional detoxification processes in D. radiodurans export 
substantial portions of its DNA as large or small oligonucleotides 
from the cell after irradiation (37), presumably to prevent 
reincorporation into the genome. Homologs of UvrA (including 
UvrAl) are believed to play a role in these processes because 
they have been linked to ABC transporter proteins (2), and 
UvrA serves as the site of attachment for nucleotide excision 
repair proteins to the cell membrane in E. coli (2, 38). The 
dramatic DNA damage resistance of D. radiodurans has been 
attributed to exceedingly efficient DNA repair mechanisms, 
although such mechanisms remain poorly understood (3,34). We 
observed most of the predicted proteins associated with nucle
otide excision repair (including the UvrAl, UvrB, UvrC, Mfd, 
and PolA) in both stressed and unstressed cultures, which may 
indicate that these processes are continuously removing dam
aged nucleotides from the cell. UV DNA damage endonuclease 
and DNA helicase II (UvrD) were not detected, suggesting that 
these proteins may be expressed only at low basal levels. The 
detoxification process originally ascribed to the activity of the 
MutT Nudix protein .family has been refuted by Xu et al., who 
found low levels of MutT activity for proteins putatively iden
tified with MutT domains (39), consistent with the present 
observation of the MutT Nudix protein family predominantly in 
unstressed cells.

Although D. radiodurans can express a suite of stress response 
proteins, expression patterns have initially revealed few corre
lations between expression and stress response. One exception is 
for the hypothetical protein DR0070, which is observed only 
after alkaline treatment (Fig. 2). Closer examination of this ORF 
reveals a limited similarity to alkaline protease of Bacillus subtilis 
(39), surrounding the catalytic serine residue, and illustrates the 
use of such data to verify or suggest protein function.

One protein that has been closely linked with the DNA repair 
ability of D. radiodurans is RecA. RecA is detected predomi
nantly in cells recovering from ionizing radiation and also at low 
levels in nonstressed cells, suggesting a low level of constitutive 
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expression, contrary to previously published work. Previous 
studies using conventional PAGE with a RecA immunoprobe 
were not sufficiently sensitive to detect these low levels of RecA 
in D. radiodurans grown under nonstress conditions (32). Besides 
RecA, few proteins typically associated with presynaptic or 
postsynaptic recombination events were detected.

Although this is the first study, to our knowledge, to demon
strate such comprehensive (>61%) proteome coverage, an 
additional significance of our approach lies in the breadth of 
proteomic studies now enabled. The present results provide a 
large set of AMT “protein biomarkers” for quantitative expres
sion studies that can be conducted with greater sensitivity and 
higher throughput due to elimination of the need for MS/MS 
measurements. Such studies use cells grown on stable-isotope- 
labeled media whose proteins (and their peptide AMTs) serve 
as internal standards to establish relative expression levels (40, 
41). Several studies have now demonstrated that precision of 

better than 10-20% is achievable (41-43), a significant improve
ment over conventional proteomics approaches or gene expres
sion arrays. The observation that both RNA polymerase I and 
RecA were induced after exposure to ionizing radiation (Fig. 3), 
although not surprising, illustrates that the use of AMTs for 
quantitation also provides the rapid throughput that will be 
necessary to extract biological insights from global proteomic 
studies.
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Deinococcus radiodurans RI (DEIRA) is a bacterium best known for its 
extreme resistance to the lethal effects of ionizing radiation, but the 
molecular mechanisms underlying this phenotype remain poorly 
understood. To define the repertoire of DBRA genes responding to 
acute irradiation (15 kGy), tianscriptome dynamics were examined in 
cells representing early, middle, and late phases of recovery by using 
DNA microarrays covering —94% of its predicted genes. At least at 
one time point during DBRA recovery, 832 genes (28% of the 
genome) were induced and 451 genes (15%) were repressed 2-fold or 
more. The expression patterns of the majority of the induced genes 
resemble the previously characterized expression profile of recA after 
irradiation. DBRA recA, which is central to genomic restoration after 
irradiation, is substantially up-regulated on DNA damage (early 
phase) and down-regulated before the onset of exponential growth 
(late phase). Many other genes were expressed later in recovery, 
displaying a growth-related pattern of induction. Genes induced in 
the early phase of recovery included those involved in DNA replica
tion, repair, and recombination, cell wall metabolism, cellular trans
port, and many encoding uncharacterized proteins. Collectively, the 
microarray data suggest that DEIRA cells efficiently coordinate their 
recovery by a complex network, within which both DNA repair and 
metabolic functions play critical roles. Components of this network 
include a predicted distinct ATP-dependent DNA ligase and metabolic 
pathway switching that could prevent additional genomic damage 
elicited by metabolism-induced free radicals.

The Gram-positive aerobic bacterium Deinococcus radiodurans 
RI (DEIRA) has an extraordinary resistance to -y-radiation and 
a wide range of other DNA-damaging conditions, including desic

cation and oxidizing agents (1,2). Ionizing radiation induces DNA 
double-stranded breaks (DSBs) that are the most lethal form of 
DNA damage (3). After acute exposures to 10 kGy, early stationary 
phase (ESP) DEIRA can reassemble its 3.285-Mbp genome, which 
consists of four haploid genomic copies per cell (4), from hundreds 
of DNA DSB fragments without lethality or induced mutagenesis 
(5, 6). Also remarkable is DEIRA’s ability to grow at 60 Gy/h 
without any discernable effect on its growth rate (7). Because most 
organisms, generally, can tolerate so few DSBs (8), radiation- 
induced DSBs and their repair have been difficult to study. In 
DEIRA, however, there are so many DSBs in fully viable irradiated 
cells after high-dose irradiation that the steps in DSB repair can be 
monitored directly in mass culture (5,9-11). This characteristic has 
been exploited and used to examine the timing of DNA recombi
nation (5,10,12) after high-dose irradiation and has revealed the 
sequential action of RecA-independent and -dependent pathways 
during repair (11).

Comparative genomic and experimental analyses support the 
view that DEIRA’s extreme radiation resistance phenotype is 
complex, likely determined collectively by an assortment of pro
tection and DNA repair systems. Remarkably, the number of genes 
identified in DEIRA that are known to be involved in DNA repair 
is less than the number reported for Escherichia coli (13), and most 
of the DNA repair genes identified in DEIRA have functional 

homologs in other prokaryotic species (13, 14). These findings 
suggest that the organism’s extreme resistance phenotype may be 
attributable to still unknown genes and pathways. Despite these 
efforts, the molecular mechanisms underlying its resistance remain 
poorly understood. Thus, a systematic genome-wide examination of 
the genes and pathways involved in cell recovery would be useful for 
a further understanding of how DEIRA responds to and recovers 
from irradiation. Here we report the analysis of genomic expression 
within cells recovering from 15 kGy by using whole-genome DNA 
microarrays. We find that the hallmark components of DEIRA’s 
recovery encompass differential regulation of systems involved in 
information storage and processing, metabolism, and many unchar
acterized genes that respond to high-dose irradiation.

Materials and Methods
Cell Growth, Irradiation, and Mutant Construction. DEIRA strain RI 
was grown at 32°C in liquid nutrient-rich medium TGY (1% 
tryptone/0.1% glucose/0.5% yeast extract) or on TGY solid me
dium (7). In liquid culture, cell density was determined at 600 nm 
by a Beckman Coulter spectrophotometer. For high-dose irradia
tion exposure, 150 ml of an early stationary phase (ESP) DEIRA 
culture [ODfioo = 1.0, "*1  X 108 colony-forming units (cfu)/ml] was 
divided in halt Half of the culture (75 ml) was irradiated on ice to 
a total dose of 15 kGy (Model 109 “Cobalt gamma cell irradiation 
unit, J. L. Shepherd and Associates, San Fernando, CA). The 
nonirradiated control culture was incubated on ice for the same 
length of time (—98 min) as the culture being irradiated, followed 
by harvesting through brief (—1 min) centrifugation ("•3,500 X g, 
«'2°C). Control cells were washed and then frozen in RNAlater 
solution (Ambion, Austin, TX) that had been maintained on ice and 
then stored at -80°C. After exposure to 15 kGy, the irradiated cell 
culture (75 ml) was diluted 20-fold by using fresh TGY medium (at 
a final volume of 15 liters) and incubated at 32°C in an orbital 
shaker. At the indicated recovery time points (0,05,15,3,5,9,12, 
16, and 24 h), —1 X 109 cells were harvested, washed, and frozen 
in RNAlater solution. Cell viability and cell numbers were deter
mined by plate assay and hemocytometer count, respectively, as 
described (5). Three independent cell cultures and irradiation 
treatments of the same kind were performed and served as 
biological replicates for gene expression experiments, as well as for 
determining irradiation resistance profiles. To confirm the pre
dicted involvement of one uncharacterized DEIRA gene impli
cated in postirradiation recovery (DR0070), a mutant was gener
ated using previously developed DEIRA disruption protocols (15).
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Nucleic Acid Extraction, Microarray Fabrication, and Data Analysis. 
Protocols for DEIRA genomic DNA and total cellular RNA 
extraction and manipulation were as published (7, 11, 16, 18). 
Microarray construction was based on the genomic sequence 
data and annotation provided by the Institute for Genomic 
Research (Rockville, MD), where a total of 3,187 putative ORFs 
were assigned to the DEIRA genome (14). For PCR, gene
specific primers were selected using the primegens software 
(ref. 17; http://compbio.oml.gov/structure/primegens). Gener
ally, a full or nearly full sequence of a gene was selected as a 
probe on microarrays if it was <75% similar to all other genes. 
For genes having higher than 75% similarity to another gene, a 
maximum internal region showing <75% was selected as a 
probe. For genes where no primers could be obtained under the 
cutoff value of 75% similarity, a cutoff value of 85% was used. 
In total, 3,046 pairs of gene-specific primers were designed and 
then synthesized by MWG Biotec (High Point, NC).

Each gene was amplified four times in a 96-well plate. The 
amplified PCR products (400 pJ) were pooled together and purified 
as described (18). The purified PCR products were visualized by gel 
electrophoresis in the presence of ethidium bromide, and their 
respective sizes were verified by comparison to the expected 
product length, yielding a collection of 2,976 distinct ORFs. Mi
croarray fabrication, hybridization, probe labeling, image acquisi
tion, and processing were carried out as described (18,19). Because 
nonirradiated ESP DEIRA cells inoculated into fresh medium yield 
a fully grown culture in the time taken by the 15 kGy-induced 
growth lag, our expression analyses compared total RNA derived 
from recovering DEIRA with total RNA from nonirradiated 
control cells. The ratios of the irradiated samples to the nonirra
diated control were normalized using the Pooled-Common-Error 
model provided by the statistical analysis software arraystat v.2.0 
(Imaging Research, St. Catherine’s, ON, Canada). The outliers, 
represented by the data points that were not consistently repro
ducible and had a disproportionately large effect on the statistical 
result, were removed. A standard t test was performed so that a 
two-tailed probability of a mean deviating from 1.0 could be 
calculated and used to determine the significance for each data 
point. Identification of groups of genes exhibiting similar expression 
patterns was performed using the pairwise average-linkage hierar
chical clustering algorithm (20) provided in cluster software 
(http://ranastanford.edu/). The results of hierarchical clustering 
were visualized using treeview software (http://rana.stan- 
ford.edu/). The complete microarray data set for the recovery time 
course can be found in table A at www.esd.oml.gov/facilities/ 
genomics/TableApdf; Supporting Text, Figs. 5-9, and Tables 1-4 
are published as supporting information on the PNAS web site, 
www.pnas.org (all of the supporting information can also be found 
at the Oak Ridge National Laboratory’s Environmental Sciences 
Division web site, www.esd.ornl.gov/facilities/genomics/ 
functionaLgenomics.html).

Results
Cell Growth, Inhibition, and Recovery. After a dose of 15 kGy, 
DEIRA recovery typically progresses through three phases (5,9,10, 
21): (0 early phase (0-3 h), where cell growth is inhibited and recA 
is induced, but there is little evidence of DNA repair; (u) mid phase 
(3-9 h), where growth inhibition and recA expression continue, but 
with progressive DNA repair; and (ur) late phase (9-24 h), where 
ncA is repressed and cell growth is restored. Consistent with these 
reports (5,6,9-11), after the exposure of DEIRA to 15 kGy, -150 
DSBs per haploid genome were inflicted (data not shown). As 
expected, after the 9-h lag in growth, cells grew exponentially and 
reached stationary phase 15 h later (Fig. 5). To separate potentially 
damage-induced genes from cell-growth-related genes, we focused 
on the gene expression changes that occurred during the early and 
mid phases of recovery.

Quality of Microarray Hybridization Data. Because microarray hy
bridization exhibits inherent high variability, experimental rep
lications are essential for obtaining reliable results (22). In this 
study, samples were taken at nine time intervals over a period of 
24 h. At each time point, three replicated samples were obtained. 
Each microarray slide contained two duplicate sets of gene 
fragments, and the RNA obtained from each sample was hy
bridized with two microarrays by using fluorescent-dye reversal. 
Thus, 12 data points were available for each time point and 
enabled the use of statistical tests to determine significant 
changes in gene expression. Only those genes with statistically 
significant differences were further analyzed.

Three additional methods were used to test the robustness of 
the microarray hybridization data: (i) correlation of gene ex
pression with predicted operon organization, (u) real-time quan
titative PCR, and (iii) confirmation of the involvement of an 
uncharacterized induced gene in postirradiation recovery.

Operons are the principal form of gene coregulation in 
prokaryotes, so the expression patterns of genes within an 
operon are expected to be strongly correlated. Consistently, our 
analysis of435 genes within 141 predicted operons showed highly 
significant correlation of their expression patterns compared 
with genes in “random operons” (see Supporting Text and Fig. 6). 
An example of expression patterns for genes located in one 
predicted operon is shown in Fig. 6A. Further supporting coregu
lation of functionally linked genes in DEIRA we found that 
dispersed genes encoding different subunits of several distinct 
enzymatic complexes are also similarly regulated (Fig. 6B).

Seven genes that were up-regulated immediately on exposure 
to irradiation were evaluated by real-time quantitative PCR. 
Except for a single gene, DR0007, the expression patterns of all 
other genes were similar (r = 0.729) to those detected by 
microarray hybridization (Tables 1 and 2).

The uncharacterized gene DR0070 encodes a hypothetical 
protein (199 aa in length) that is unique to DEIRA and that was 
highly expressed after radiation (Table 3). To confirm that this 
gene is involved in radiation resistance, DR0070 was disrupted. 
The radiation resistance of a mutant (MD891) with a confirmed 
homozygous disruption for DR0070 was compared with wild
type DEIRA (Fig. 7). Although MD891 shows no metabolic or 
growth deficiencies in the presence or absence of chronic 
y-radiation (60 Gy/h), it is substantially more sensitive to acute 
irradiation than wild-type DEIRA (Fig. 7/1).

General Patterns of Expression in Response to Irradiation. For genes 
with statistically significant expression ratios showing at least a 
2-fold change, we found that 832 genes (28% of the genome) were 
induced and 451 genes (15%) were repressed at least at one time 
point during DEIRA recovery. Fig. 1/1 specifically shows differen
tial regulation in the early and mid phases of recovery and illustrates 
that this time interval is an active period of coordinated gene 
expression, despite a highly fragmented genome. Within this large 
pool of significantly expressed genes, we operationally identified a 
subgroup that consists of genes with substantially greater expression 
levels and likely includes key players in the irradiation response. 
Table 3 lists genes and operons with rec/l-Iike expression patterns; 
DEIRA recA is critical to genomic restoration after irradiation 
(9-12), and its induction is considered a dominant marker for the 
onset of homologous recombination (ref. 21; Fig. 2). Table 4 lists 
the irradiation-response patterns of genes involved in replication, 
repair, and recombination functions in DEIRA

A comparison of the percentage of responding genes for each 
of the four genomic partitions of DEIRA [DR-Main (2.65 Mbp), 
DRA (412 kbp), DRB (177 kbp), and DRC (46 kbp); ref. 14] 
unexpectedly showed that the majority of DRC genes were 
dramatically up-regulated during the mid and late phases of 
recovery, in marked contrast to the three other genomic parti
tions (Fig. IB). Specifically, of the 41 DRC genes, 38 had 
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the predicted 2'-5' RNA ligase (LigT) and the recA gene; both 
genes have similar expression profiles (Fig. 6). Furthermore, this 
gene organization is shared by Thermotoga mar'Ubna. Because RNA 
is also heavily damaged on irradiation, it is possible that the 2'-5' 
RNA ligase is involved in the degradation of specific structures 
formed in damaged RNA (37). Alternatively, it could have an 
unrecognized function in DNA repair, perhaps in functional asso
ciation with RecA, as suggested by colocalization of these genes 
within the same operon.

Generally, our expression data support the hypothesis that 
irradiated DEIRA strongly suppresses oxidative stress, perhaps as 
a mechanism to prevent additional loss of genome integrity. No
tably, during the early and mid phases, when biosynthetic and 
energy demands are expected to be high, DEIRA represses its TCA 
cycle, particularly the O£ radical-generating step (i.e., sdhB; Fig. 
34; ref. 38). Furthermore, DEIRA appears to minimize its biosyn
thetic energy demands by inducing transporters of exogenous 
peptides and other secondary metabolites on which radiation 
resistance is highly dependent (7), and correspondingly shows 
increased expression of extra- and intracellular proteases and 
nucleases (Table 3). This helps explain the observation that de novo 
biosynthesis of amino acids, nucleotides, and coenzymes remains 
unchanged or is even down-regulated, at least within the early and 
mid phases (Figs. 2 and 8). In contrast, the glyoxylate bypass is 
strongly induced (Fig. 34) and could provide some biosynthetic 
intermediates needed for recovery without generating free radicals. 
The gene for predicted transaconitate methylase (DR0422) is one 
of the most strongly induced in the early phase of recovery. 
Transaconitate is not a normal metabolite in most bacteria and is 
an attenuator of aconitase, a key enzyme of the TCA cycle (39). It 
seems possible that transaconitate is produced as a result of 
irradiation, and induction of DR0422 (Table 4) might be required 
for transaconitate detoxification. During the late phase, the TCA 
cycle was slowly induced, and genes involved in scavenging free 
radicals (e.g., sodA and katA) were correspondingly induced.

DEIRA has orthologs of 11 of 26 genes that comprise the SOS 
regulon in E coli (40), and 7 of these genes respond to irradiation 
in DEIRA However, it is notable that DEIRA does not have a 
homolog of the error-prone DNA polymerase umuC, a central gene 
of the SOS response in many bacteria (13). In agreement with 
recent reports (41), our expression data show that lexA (DRA0344) 
and the second lexA paralog (DRA0074) are not significantly 
induced after irradiation (Table 4). Taken together, these data 

suggest that a specific damage-response regulon is likely to exist in 
DEIRA but that it is distinct from the classical E coli-type SOS 
response in regard to the genes involved and the mode of regulation. 
The observed weak activation of the lexA paralogs (1.8-fold at 15-3 
h) suggests that lexA might regulate other transcriptional regulators 
involved in the damage response or could selectively regulate a 
small subset of damage-response genes. Notwithstanding these 
possibilities, we searched for candidate transcriptional regulators 
that could play a major role in the response to DNA damage. 
Among >80 transcriptional regulators predicted to exist in 
DEIRA we see significant induction of only a few corresponding 
genes (Fig. 9), with the largest induction ratio numbers observed for 
DRC0012, DR0171, DR2574, and DR2482. The induction of the 
DRC0012 regulator might be fortuitous, because it is encoded on 
the small plasmid DRC and belongs to the CsdG/RcsA family, 
whose members have not been identified as stress-response regu
lators. DR2482 contains a DNA-binding domain similar to those of 
5^4-like sigma factors (42) and, therefore, might function as a 
DNA-damage-specific sigma subunit of RNA polymerase. DR2574 
belongs to die Xre family of transcriptional regulators, some of 
which were found to regulate stress response in bacteria (43, 44). 
Finally, DR0171 belongs to a specific DEIRA family of transcrip
tional regulators and has been shown to be involved directly in 
y-radiation resistance (13,45,46). Therefore, we consider DR0171 
and DR2574, which displayed nsc4-like expression patterns, to be 
two primary candidates for regulating the DNA irradiation re
sponse in DEIRA

The present analysis of the transcriptome dynamics of DEIRA 
in response to acute irradiation revealed the complexity that 
could be expected of such a unique recovery process and, 
importantly, led to the identification of numerous previously 
unsuspected candidates for experimental analysis of genes and 
mechanisms that underlie the exceptional radiation resistance of 
this bacterium.
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Deinococcus geothermalis is an extremely radiation-resistant thermophilic bacterium closely related to the 
mesophile Deinococcus radiodurans, which is being engineered for in situ bioremediation of radioactive wastes. 
We report that D. geothermalis is transformable with plasmids designed for D. radiodurans and have generated 
a Hg(II)-resistant D. geothermalis strain capable of reducing Hg(II) at elevated temperatures and in the 
presence of 50 Gy/h. Additionally, D. geothermalis is capable of reducing Fe(III)-nitrilotriacetic acid, U(VI), and 
Cr(VI). These characteristics support the prospective development of this thermophilic radiophile for biore
mediation of radioactive mixed waste environments with temperatures as high as 55°C.

Fn*  The bacterium Deinococcus geothermalis (13) is remarkable 
not only for its extreme resistance to ionizing radiation but also 
for its ability to grow at temperatures as high as 55°C (13) and 
in the presence of chronic irradiation (8). The organism was 
isolated by Ferreira et al. (13) from hot springs together with 
Deinococcus murrayi. Both bacteria are moderately thermo- 

AQ: A philic and belong to the bacterial family Deinococcaceae (4, 
7, 22), currently comprised of seven distinct nonpathogenic 
radiation-resistant species, of which Deinococcus radiodurans 
strain RI is the best characterized (4). Advances in genetic 
engineering for D. radiodurans (9-12, 29) were a stimulus for 
its genome sequencing (17, 33), annotation (22), and pro- 
teomic (18) and transcrip tome (19) analyses. The other, deino- 
coccal species have been reported as nontransformable or have 
not yet been tested for transformability by chromosomal or 
plasmid DNA and have been left unexplored by recombinant 
DNA technologies. Other genetic approaches including conju
gation and protoplast fusion have not been successful in the 
Deinococcaceae (16).

A present genetic engineering goal for D. radiodurans is its 
development for bioremediation of U.S. Department of En
ergy (DOE) mixed radioactive environmental waste sites left 
over from nuclear weapons production during the Cold War 
(21,25,27,28). These sites contain immense volumes of waste 
(3 X 106 m3) that include radionuclides, heavy metals, and 
toxic organic compounds and have contaminated 40 million 
cubic meters of soil and 4 trillion liters of groundwater since 
1946 (1, 21, 25, 27, 28). While there has been significant 
progress in engineering D. radiodurans for remediation of ra
dioactive DOE waste environments (5, 8, 15), prospective 
treatment of contaminated sites with engineered D. radio
durans will be limited to temperatures below 37°C, its maxi
mum growth temperature. However, there is a need to develop 
bioremediating bacteria that are resistant to both radiation and 

high temperatures because of the existence of thermally insu
lated contaminated environments where temperatures are el
evated by the decay of long-lived radionuclides (e.g., I37Cs and 
^Sr) (1). For example, soil columns beneath at least 67 radio
active leaking tanks at DOE’s Hanford Site in south-central 
Washington State have been contaminated and have recorded 
temperatures as high as 70°C at depths of greater than 18 m 
(1). Since D. geothermalis and D. murrayi are both radiation 
resistant and thermophilic, they have become desirable targets 
for genetic development of bioremediating strains similar to 
those developed for D. radiodurans (5, 8, 15) but capable of 
survival and growth at higher temperatures. Given the need to 
develop bioremediating bacteria for treatment of radioactive 
high-temperature waste environments, D. geothermalis and 
D. murrayi were tested for their transformability with the au
tonomously replicating Escherichia coli-D. radiodurans shuttle AQ: b 
plasmid pMD66 (9), which expresses kanamycin (KAN) and 
tetracycline (TET) resistance in D. radiodurans and addition
ally expresses ampicillin resistance in E. coli.

pMD66 and its numerous derivatives (9-12) have been used 
successfully to functionally express cloned genes in D. radio
durans growing under chronic irradiation. Examples include 
the mer operon of E. coli (5), which encodes Hg(II) resis
tance and reduction, and the Pseudomonas operon todClC2BA 
(15), which encodes partial degradation of toluene. The pres
ent work shows that D. geothermalis is capable of expressing 
Hg(II)-reducing functions cloned in pMD66 at elevated tem
peratures and under chronic radiation and, like D. radiodurans 
(14), is naturally capable of reducing a variety of other metal 
contaminants present in DOE waste sites.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and transformation. D. radiodurans RI 
(33), D. geothermalis DSM11300, and D. murrayi DSM11303 were grown in TGY 
broth (1% Bacto Tiyptone, 0.1% glucose, 05% Bacto Yeast Extract) (Difco) or 
minimal medium (MM) (see Table 2) (32). Liquid cultures were inoculated at 
~5 X 106 cells/ml. For solid medium, Bacto Agar (Difco) or Noble agar (Difco) 
was added to TGY or MM, respectively, to 15% (wt/vol). D. mdiodumns was 
grown at 32°C, and D. geothermalis and D. murrayi were grown at 37*C  or at 
higher temperatures as indicated. E. coli was grown in Luria-Bertani medium at
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37®C (9). pMD66 (9) (purified from E. coli) encodes ampicillin resistance (Apr), 
Kmr, and Tct' in E. coli and Km' and Tel' in D. radiodurans. When pMD66 is 
prepared from E. coli, the plasmid transforms D. radiodurans with low efficiency 
(—50 transformants/p.g) (9). However, when the same plasmid is purified from 
D. radiodurans, it transforms wild-type D. radiodurans with efficiencies as high as 
106 transformants/jig (9). Plasmid transformation-restriction in D. radiodurans 
(9), therefore, distinguishes between the sources of plasmids. When purified 
from E. coli, the plasmid is called pMD66, and when purified from D. radio
durans, it is called pMD68 (9). The situation for a derivative (pMD300) of 
pMD66 encoding chloramphenicol resistance (Gnr) is analogous (10). pMD300 
purified from E. coli encodes Cm' in E. coli and D. radiodurans and when purified 
from D. radiodurans is called pMD308 (10). Expression of heterologous genes 
and antibiotic resistance markers cloned into pMD66-type vectors is driven by 
two different deinococcal constitutive promoters (PI and P2) (e.g., see Fig. 2A) 
that are active on autonomous plasmids in D. radiodurans or when integrated 
into D. radiodurans chromosomes (11, 12). pMD66-type plasmids contain a 
deinococcal origin of replication (dORl); an E. coli origin of replication (eORI); 
and resistance genes including aphA (encoding Km'), bla (encoding Ap*), and/or 
the mer operon (encoding mercury resistance) (3,5).

The selective drug concentrations for deinococci were 8 pg of KAN per ml, 2.5 
pg of TET per ml, and 3 pg of chloramphenicol per ml. For E. coli, antibiotics 
were added to Luria-Bertani medium as follows: KAN (50 pg/ml), TET (25 
pg/rnl), and chloramphenicol (30 pg/ml). Transformation of deinococci was by a 
CaClz-dependent technique described previously for D. radiodurans (16) but 
with the following modifications. Exponential cultures of deinococci were resus
pended at 10s cells per mJ in TGY broth-O.l M CaClj-glyccrol (20:8:3, vol/vol/ 
vol). For transformation, 100 pl of the cell suspension and 5 pl of water con
taining various amounts of transforming DNA were added. The cell mixture was 
held on ice for 15 min and then incubated at 32°C for 30 min with gentle 
agitation. TGY (0.9 ml) was then added, and the mixture was incubated at 32°C 
(for D. radiodurans) or 37°C (for D. geothermalis) for 16 h with aeration before 
being plated on drug-selected agar.

Irradiation. Growth of cells in the presence of chronic irradiation, 50 Gy/h 
(t37Cs Gammacell 40 irradiation unit [Atomic Energy of Canada Limited]), was 
carried out as described previously (5, 8, 15). For high-level acute irradiation 
exposures, eariy-stationaiy-phase deinococcal cultures (optical density at 600 nm 
[OD^] of 0.9 corresponds to -108 CFU/ml) were irradiated without change of 
broth on ice at 10 kGy/h (“Co Gammacell irradiation unit [J. L. Shepard and 
Associates; Model 109]). For the deinococcal species under investigation, three 
independent cell cultures and irradiation treatmenu of the same kind were 
performed. Following exposure to the indicated doses, cell suspensions were 
appropriately diluted and assayed for viability by plate assay on rich (TGY) 
medium (9). Viability data were used to construct survival curves with standard 
deviations according to conventional formaU (9, 24). The effect of chronic ex
posure to gamma radiation and Hg(II) on the growth of engineered D. geother- 

AQ: C malis was determined using TGY agar plates with and without 30 pM merbromin 
[Hg(II)] (5). Plates were spotted with —10s cells and following plate inoculation 
were placed into the l37Cs irradiator (50 Gy/h) for incubation at 50°C for 5 days.

DNA isolation and manipulation. Isolation of plasmid DNA and total DNA 
from E. coli, D. radiodurans, and D. geothermalis; use of enzymatic reagents; gel 
electrophoresis; plasmid rescue in E. coli; radiolabeling of DNA; hybridization; 
washing of blots; and autoradiography were performed as previously described 

Fl (9-12). For Fig. IB, D. geothermalis (wild-type) and D.geothermalis/pMD66 total 
DNA preparations were digested with EcoRl. The blot was double hybridized 
with a 1.5-kb Xbal genomic recA (D. radiodurans) probe and a 15-kb EcoRI- 
BpulOL probe of pBR322 that is specific to pMD66.

Mercury volatilization assay. Cells were pregrown to an ODgoo of 0.5 in the 
presence of 20 pM merbromin [Hg(II)] as described previously (5). Cells of each 
strain were harvested, washed twice in fresh medium lacking Hg(Il), and con
centrated to an ODwi of 2.0 in fresh medium, followed by the inoculation of 107 
cells of each into 200 pl of medium containing 30 pM merbromin contained in 
300-pl wells of a microplate, respectively. The plates were covered with a sheet 

of X-ray film, held together with a weight, and incubated in the dark at 32 or 
40°C Following exposure for 14 h. the films were developed.

Metal reduction by D. geothermalis. The native metal reduction capabilities of 
D. radiodurans have been examined previously (14). The protocols for examining 
metal reduction by D. geothermalis are essentially identical to those used for 
D. radiodurans (6, 14, 30, 31) but at higher temperatures. The ability of D. geo
thermalis to reduce Fe(lll) (as Fe-nitrilotriacetic acid [NTA]) was examined in 
cultures containing 10 mM lactate in basal medium at 45°C For the experiment 
with Cr(Vl) and U(VI), cultures were incubated in TGY at 40”C.

RESULTS

Transformation of D. geothermalis and D. murrayi. Plasmid 
transformation of D. geothermalis by using pMD66/68 was suc
cessful (Table 1), with stable introduction proven by hybrid
ization with a pMD66 probe (Fig. 1A). D. geothermalis was also 
transformable with the Cmr-encoding D. radiodurans plasmid 
pMD300/308 (data not shown). While the transformation 
efficiencies were much lower for D. geothermalis than for 
D. radiodurans, irrespective of the source of plasmid (Table 1), 
this was not a problem because the transforming DNA could 
be prepared and used in bulk. Electroporation as an alterna
tive method of transformation was previously shown not to be 
effective for D. radiodurans (M. J. Daly, unpublished data), 
where the low electroporation efficiencies were attributed to 
the unusually thick cell wall structures of deinococci. Figure 
IB shows the assessment of the copy number of pMD66 in 
D. geothermalis relative to the chromosomal content by com
paring the hybridization of two similarly sized nonhomologous 
probes to total DNA prepared from D. geothermalis/pMD66. 
The recA probe (1.5 kb, derived from D. radiodurans) is a 
reporter of chromosome copy number, and the pMD66 probe 
(13 kb, derived from pBR322) is specific to the plasmid. The 
hybridization signal for the recA probe was determined by 
densitometry to be about one-third of the intensity arising from 
the pMD66 probe, suggesting that pMD66 exists in multiple 
copies in D. geothermalis.

Stability of D. geothermalis/pMD66. Deinococcal sequences 
in pMD66/68 are derived exclusively from D. radiodurans 
strain SARK (9, 16), which has no detectable homology to 
D. radiodurans strain RI or D. geothermalis (Fig. 1A). To test 
whether pMD66 is uniformly retained and repaired in D. geo
thermalis following acute irradiation, D. geothermalis/pMD66 
was assessed for survival following various exposures to ioniz
ing radiation and recovery on TGY, or on TGY supplemented 
with KAN as a marker for the presence of pMD66 (Fig. IC). 
The survival of D. geothermalis/pMD66 plated on TGY-KAN 
was indistinguishable from that found for wild-type D. geother
malis on TGY. Plasmid rescue in E. coli from total DNA 
purified from a culture of D. geothermalis/pMD66 following 
recovery from 12 kGy showed that, of 1,000 Kmr E. coli colo
nies rescued, 100% were also Tetr and Apr, supporting the idea

FIG. 1- Transformation of D. geothermalis with pMD66 and resistance of pMD66-transformed D. geothermalis to acute gamma radiation. (A) D. 
geothermalis/pMD66. Total DNA from the indicated strains was uncut or digested with Pstl before electrophoresis, blotting, and probing of the blot 
with a whole-plasmid radiolabeled pMD66 probe. Abbreviations: DEI RA, D. radiodurans; DEIGEO, D. geothermalis. (B) The copy number of 
pMD66 in D. geothermalis/pMD66 is about threefold higher than its chromosomal copy number. (C) Survival of D. geothermalis/pMD66 following 
acute gamma radiation. Symbols: open squares, D. geothermalis plated on TGY at 37°C; solid triangles, D. geothermalis/pMD66 plated on TGY- 
KAN at 37°C; solid diamonds, D. radiodurans plated on TGY at 32°C.
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TABLE 1. Transformation of pMD66/68 into D. geothermalis, D. radiodurans and E. coli
No. of transformants/jig of DNA for recipient": 

D. geothermalis D. radiodurans E. coli

Plasmid source*
pMD66 (purified from E. coli) 1 x 10* ± 2 x 10* 1 x 102 z 8 x 10’ 9x 104 + 3 x 103
pMD68 (purified from D. radiodurans) 5 x 10' ± 2 x 10* 8 x 10s = 1.5 x 104 4 X 105 ± 2.1 x 104

AQ: F pMD66 (purified from D. geothermalis) 5 X 102 ± 29 x 10' 4 x 105 z 7 x 103 4 x 102 ± 25 x 10'
" Km' transformants per microgram of plasmid purified from the indicated strains.
6pMD66, pMD68, and pMD66-D. geothermalis have identical restriction maps (Fig. I A).

that irradiation-induced mutations and deletions are rare in 
D. geothermalis, as is the case in D. radiodurans (9, 11). These 
results show that pMD66 is retained in D. geothermalis without 
alteration following high-dose irradiation and recovery and is 
repaired with similar efficiency to its chromosomes.

Construction and characterization of Hg(II)-resistant 
D. geothermalis. The complete E. coli Hg(II) resistance (mer) 
operon (4.2 kb, encoding six proteins) (3, 5) has previously 
been functionally expressed in D. radiodurans by using a 

F2 pMD66 derivative, pMD727 (5) (Fig. 2A). In D. radiodurans, 
all six mer genes are necessaiy for reduction of Hg(II) to 
Hg(0). pMD727 was successfully transformed into D. geother
malis (Fig. 2B), yielding strain MD865. This construction placed 
the mer genes under the control of a constitutive D. radio
durans promoter (P2, Fig. 2A), and Southern analysis with a 
radiolabeled probe containing a 1.5-kb EcoRl-BglU. fragment 
from the mer operon showed no significant homology with the 
D. geothermalis genome (Fig. 2B). Reduction of Hg(II) to 
volatile elemental Hg(0) by D. geothermalis strain MD865 was 
examined by testing for mercury volatilization, which causes 
film darkening (5, 26). Following 14 h of incubation with 
Hg(II) in a microplate at 32 or 40°C, covered by X-ray film, 
wild-type D. geothermalis showed modest Hg(0) volatilization. 
However, strain MD865 (D. geothermalis/mer+) showed sub
stantial Hg(0) volatilization based on film darkening compared 
to wild-type D. geothermalis at 32 or 40°C (Fig. 2C). MD865 
also was resistant to 50 p.M Hg(II) during growth at 50°C (Fig. 
2D) and displayed luxuriant growth at 50°C in the presence of 
50 Gy/h on solid medium containing 30 p.M merbromin (data 
not shown). Wild-type D. geothermalis did not grow in medium 
containing 30 p.M merbromin in the presence or absence of 
chronic radiation.

Reduction of metals. D. geothermalis reduced Fe(III)-NTA 
in the presence of lactate at 30°C (data not shown) and in the 

F3 presence of lactate or pyruvate at 45°C (Fig. 3A). At 40°C D. 
geothermalis rapidly reduced Cr(VI) in TGY cultures under 
both aerobic and anaerobic conditions (Fig. 3B). AQDS (an- 
thraquinone-2,6-disulfonate) is a quinone-containing organic 
compound that can be utilized as an electron acceptor for 
respiration and growth by a variety of dissimilatoiy metal

reducing bacteria (20). As an electron acceptor, AQDS is re
duced to the corresponding dihydroquinone (AH2DS) (20). 
Reduction of U(VI) by D. geothermalis at 40°C occurred only 
in the presence of AQDS (Fig. 3C). These results are very sim
ilar to the reduction capabilities reported for D. radiodurans at 
lower temperatures (14).

Growth characteristics of D. geothermalis. D. geothermalis 
was tested for its amino acid utilization and growth on various 
Embden-Meyerhof-Pamas substrates. Table 2 shows that, in T2 
the absence of irradiation, growth of D. geothermalis is inde
pendent of any amino acids and the bacterium can utilize 
ammonium sulfate and grow on tricarboxylic acid cycle inter
mediates. In the presence of chronic irradiation, growth of 
D. geothermalis is less dependent than that of D. radiodurans on 
Cys and His, or other exogenously provided amino acids (data 
not shown). Therefore, the metabolism of D. geothermalis ap
pears substantially more robust than that in D. radiodurans. ■

DISCUSSION

D. geothermalis is transformable with autonomous plasmids 
originally constructed for D. radiodurans. Thus, experimental 
advances in the genetic management of D. radiodurans over 
the last decade (5,8,24) could facilitate rapid development of 
D. geothermalis for fundamental and practical objectives. D. 
geothermalis is a thermophile (13) with substrate utilization
growth characteristics that are distinct from those of D. radio
durans (Table 2). Under nonirradiating conditions, D. geother
malis is not dependent on exogenous amino acids for growth 
and can utilize ammonium sulfate. These characteristics endow 
the species with the ability to grow in nutritionally restricted 
environments that do not support the growth of D. radiodurans 
(32). D. geothermalis is also able to grow over a broad temper
ature range extending to 55°C (13) and displays superior 
growth in the presence of chronic irradiation (50 Gy/h) in 
nutritionally restricted medium, compared to D. radiodurans. 
While these characteristics support the idea that D. geotherma
lis may be a more robust candidate than D. radiodurans for 
treatment of radioactive environmental waste environments

FIG. 2. Construction and characterization of Hg(II)-resistant-reducing  D. geothermalis. (A) pMD727 (5) was transformed into D. geothermalis, 
LQ: E giving strain MD865. (B) Southern blot hybridization of EcoRI-digested total DNA from D. geothermalis (wild type, mer negative) and MD865 (D. 

geothermalislmer+) with a radiolabeled mer probe. pMD727 contains a unique EcoRI (E) site. Molecular size standards: X/HindUI, as in Fig. 1A 
and B. Wild-type strain abbreviations are as in Fig. 1. (C) Hg(0) volatilization assays at 32 and 40°C for D. geothermalis, D. radiodurans, MD865 
and MD735 (D. radiodurans/mer+), and TGY (growth medium, no cells). (D) Growth curves for MD865 and MD735 in TGY plus 50 p,M 
merbromin (Hg(II)] at 50°C.
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FIG. 3. Metalloreduction by wild-type D. geothermalis. (A) Fe(III)-NTA reduction coupled to oxidation of organic substrates at 45°C in the 
absence of oxygen. (B) Cr(VI) reduction in aerobic or anaerobic conditions as measured by loss of Cr(VI) from solution at 40°C. (C) Reduction 
of LJ(VI) in the presence or absence of AQDS as measured by loss of U(VI) at 40°C.
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TABLE 2. Growth characteristics of D. radiodurans and 
D. geothermalis grown in mm"

Substrate** Growth of strain6

D. radiodurans D. geothermalis

Fructose + C,H,L,A,T,P + + + + + +
Fructose + Cys + + + + + +
Fructose -aa + NH4+SO42- — + + +
Fructose -NAD + Cys — + + +
a-Ketoglutarate — + +
Succinate — + +
Fumarate — + +
Oxaloacetate — + +
Malate — +

0 Deinococcal cells were grown in deinococcal MM (32) at 32°C. Deinococcal 
MM contained the indicated Entbden-Meyerhof-Pamas substrate (2 mg/ml), 
NAD (1 p.g/ml), cysteine (C^s) at 50 |xg/ml, phosphate buffer (20 mM, pH 7.5), 
CaCl2 (0-18 mM), and MgSO4 (0.8 mM), and Mn1+ (5.4 p.M MnCl2) was added 

as the only transition metal cation.
* Growth on substrate: +++, good; + +, moderate; +, poor; -, absent.
‘’Abbreviations: Fructose + C,H,LA,T,P, fructose plus Cys, His, Lys, Asp, 

Trp, and Pro, each at 50 pig/ml. + Cys, only cysteine added at 50 p.g/ml. -aa, no 
amino adds added. + NH4+SO42“, ammonium sulfate added to a final concen
tration of 15 mM. -NAD, no NAD added.

(32), until now there has been no genetic system available to 
exploit this species.

Our data show that plasmid-based transformation systems 
developed for D. radiodurans (Fig. 1 and 2) can be used to 
functionally express cloned genes in D. geothermalis at temper
atures as high as 50°C (Fig. 2) and in the presence of chronic 
irradiation. Plasmids introduced into D. geothermalis are also 
efficiently expressed following exposure to high-level acute ir
radiation (Fig. IC), without any apparent plasmid loss or mu
tagenesis. The differential hybridization results with a chromo
some- and a plasmid-derived probe in MD865 (D. geothermalis! 
pMD66) (Fig. IB) support the idea that pMD66 exists in 
multiple copies in D. geothermalis. The survival of D. geother- 
malis/pMD66 plated on TGY-KAN was indistinguishable from 
that found for wild-type D. geothermalis on TGY. As in D. 
radiodurans, this suggests that multiple identical plasmid cop
ies serve as a substrate for efficient repair by homologous 
recombination (10). Therefore, these studies establish D. geo
thermalis and D. radiodurans as the only two extremely radia
tion-resistant vegetative bacteria that are currently amenable 
to genetic engineering.

The presence of pMD66 in D. geothermalis as a covalently 
closed circle was confirmed by plasmid rescue in E. coli (Table 
1) (12), and restriction enzyme mapping and Southern analysis 
confirmed its predicted structure and stability in D. geotherma
lis (Fig. 1A). When total DNA containing pMD66 was purified 
from D. geothermalis and transformed back into wild-type 
D. geothermalis, there was only a small increase in the number 
of transformants over that with pMD66 purified from E. coli. 
In contrast, there was a large increase in transformation fre
quency observed in D. radiodurans with pMD66 purified from 
D. radiodurans or D. geothermalis over that with pMD66 puri
fied from E. coli (Table 1). Therefore, the plasmid transfor
mation capabilities of D. geothermalis appear to be significantly 
less for D. radiodurans. While the reasons for this difference 
are unclear, the fact that pMD66 purified from D. geothermalis 
could be used to transform D. radiodurans at high efficiency, 
but not D. geothermalis, suggests that transport of DNA into
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D. geothermalis is inefficient. Wild-type D. murrayi is naturally 
resistant to KAN and, therefore, was not tested for transform
ability with pMD66/68. However, D. murrayi is sensitive to 
chloramphenicol and could be a suitable host for plasmids 
encoding Cmr, but we found it to be nontransformable with 
high concentrations of pMD300/308 (10) purified from E. coli 
or D. radiodurans and did not investigate this species further.

To demonstrate the utility of D. geothermalis for bioreme
diation purposes, we introduced the highly characterized 
Hg(II) resistance operon (mer) of E. coli (3) into D. geother
malis on an autonomously replicating D. radiodurans plasmid 
(Fig. 2A). Ionic Hg(II) is a prevalent contaminant of radioac
tive DOE waste sites, where the highest concentration level in 
contaminated areas has been reported as 10 p.M (28). When 
present in D. radiodurans, the mer operon confers Hg(II) re
sistance and endows cells with the ability to reduce highly toxic 
Hg(II) to much less toxic elemental Hg(0) (5). Similarly, we 
show that strain MD865 (D. geothermalis/mer+) is (i) resistant 
to the bactericidal effects of ionic Hg(II) at concentrations (50 
|xM; Fig. 2D) well above the highest concentration reported 
for Hg(II)-contaminated DOE waste sites, (ii) able to reduce 
toxic Hg(II) to much less toxic elemental and volatile Hg(0) 
(Fig. 2C), and (iii) able to functionally express the mer operon 
in highly irradiating environments (50 Gy/h) at temperatures 
as high as 50°C. It is notable that the mesophilic E. coli Mer 
proteins (3) were functional in D. geothermalis growing at 50°C. 
While mechanisms underlying thermophilicity appear to be 
complex and currently are not well characterized (23), there is 
some precedent for the interchangeability of genes from me
sophiles and thermophiles. For example, the aspartate amino
transferase gene (aspATSs) of the hyperthermophile Sulfolo- 
bus solfataricus has been functionally expressed at mesophilic 
temperatures in E. coli (2). We believe that numerous other 
metal resistance functions from other bacteria, specific for oth
er metals, could be cloned into D. geothermalis by this ap
proach.

It was recently shown that under strict anaerobic conditions AQ: d 
D. radiodurans can reduce Fe(III)-NTA coupled to the oxida
tion of lactate to CO2 and acetate (14). D. radiodurans could 
also reduce U(VI) or Tc(VII) in the presence of AQDS and 
could directly reduce Cr(VI) in both anaerobic and aerobic 
conditions (14). The enzymatic reduction of multivalent metals 
and radionuclides can have a major impact on their solubility 
and, hence, mobility in the environment. Such changes in sol
ubility make microbial metal reduction a suitable process for 
immobilizing metals and radionuclides within contaminated 
environments in situ (8, 25). Localized contaminated sedi
ments and soils at DOE sites can have temperature levels that 
exceed those that can be tolerated by D. radiodurans. We show 
that the D. geothermalis suite of metal-reducing capabilities ap
pears to be vety similar to that reported in detail for D. radio
durans (14) but functional at higher temperatures (Fig. 3).

We are not aware of expression of any cloned genes in 
D. geothermalis previous to this report. Our demonstration that 
plasmids developed for D. radiodurans are functional in D. geo
thermalis strongly supports the idea that bioremediating gene 
constructs developed for D. radiodurans could be transferred 
to D. geothermalis. This could yield metabolically proficient, 
extremely radiation-resistant, and thermophilic bacteria suit-
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able for the treatment of high-temperature mixed radioactive 
wastes.
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The bacterium Deinococcus radiodurans is extremely resistant to ionizing 

radiation. We propose that the extreme resistance phenotype of D. radiodurans is 

based mostly on DNA protection rather than efficient repair of double-stranded 

breaks (DSBs). The DNA protection is facilitated by very high intracellular 

manganese and low iron concentrations, which could quench radiation-induced 

oxidative stress and prevent Fenton-type reactions that generate DNA-damaging 

hydroxyl radicals produced during irradiation. We report that in the absence of 

repair, a given dose of ionizing radiation induces substantially fewer DSBs in D. 

radiodurans than in the more radiation-sensitive species Escherichia coli and 

Shewanella oneidensis, which contain relatively low Mn but high cellular Fe 

concentrations. We find that among the most radiation resistant bacterial groups 

reported that do not form resistant endospores, deinococci, enterococci, and 

lactobacilli share metabolic and physiologic traits including Mn accumulation, Fe- 

independence, resistance to Fe chelators, and luxuriant growth under chronic y- 

radiation.
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Deinococcus radiodurans is a non-pathogenic, free-living, obligate aerobic 

bacterium that typically grows in rich medium as clusters of two cells (diplococci) in the 

early stages of growth, and as four cells (tetracocci) in the late stages (I). In addition to 

being radiation resistant, the organism can withstand exposures to desiccation (2) and 

hydrogen peroxide (H2O2) (3). The irradiation dose yielding 37% survival (D37) of 

logarithmically growing D. radiodurans is about 55-fold greater than E. coli (4). 

Irradiation-induced DSBs will lead to cell death if they are not repaired, and to deletions 

and other genetic rearrangements if rejoined by non-homologous repair processes. D. 

radiodurans maintains 4-8 haploid copies of its genome per cell (5), and the repair of 

chromosomal DSBs is known to be mediated by rec^-independent (single-stranded 

annealing) (6) and recA -dependent (7) homologous recombination (8), but no error- 

prone SOS response is observed in D. radiodurans (9). Yet, the identity of the genetic 

systems underlying those repair processes in D. radiodurans remains unknown in spite 

of detailed global cellular analyses including whole genome sequencing and annotation, 

and transcriptome profiling of cells recovering from high-dose irradiation (9). The lack 

of a clearly identifiable unique DNA repair system in D. radiodurans has given rise to 

three competing views of the mechanisms responsible for its extraordinary survival; (i) 

there are novel repair functions encoded among hypothetical genes predicted by 

genomic annotation (9,10); or (ii) D. radiodurans uses conventional DNA repair 

pathways, but with much greater efficiency than other bacteria (9,10); or (iii) DNA 

repair in D. radiodurans is facilitated by its ringlike chromosomal structures (11). These 

hypotheses emphasize DNA repair, with little consideration given to the possibility that 

highly robust mechanisms of DNA protection may be key to the extreme resistance 

phenotype.

One repair model for D. radiodurans (11) attributes the extreme resistance 

phenotype to a mechanism that involves the fusion of ringlike nucleoids, in adjacent cell 

compartments of tetracocci or diplococci, that have undergone error-free end-joining of 
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irradiation-induced DSBs. We have developed a defined minimal medium (DMM) (12) 

for D. radiodurans and have reported morphological differences between cells grown in 

DMM versus cells grown in undefined rich medium (TGY) (12). In DMM, D. 

radiodurans grows predominantly as diplococci, even in the late stages of growth (12). 

To better resolve the morphology and ultrastructure of wild-type D. radiodurans grown 

in DMM or TGY, we examined cells by transmission electron microscopy (TEM) to 

determine the prevalence of ringlike nucleoids (Fig. 1), and also tested cells for their 

resistance to gamma-radiation (Fig. 2). The radiation resistance of late-log phase (LLP) 

D. radiodurans cultures grown in TGY (Fig. 2), that contained cells that lacked ringlike 

nucleoids (Fig. 1 A), was slightly greater than the resistance of early-stationary phase 

(ESP) D. radiodurans cultures grown in DMM (Fig. 2), that contained cells with 

ringlike nucleoids (Fig. IC, E). The occurrence of ringlike nucleoids in D. radiodurans 

cultures was dependent on growth phase. ESP D. radiodurans cultures contained 

ringlike nucleoids (Fig. IB, C, D, E), but LLP cultures did not (Fig. 1 A). The slightly 

greater resistance of cells grown in TGY compared to DMM at doses > 10 kGy has 

been reported previously (12) and is believed to be the result of cell grouping. Whereas 

four cells of a tetracoccus need to be killed to eliminate a colony-forming unit (CFU), 

only two cells of a diplococcus need to be killed. The rod-shaped Deinococcus grandis 

grows as single cells (13) and displays very similar resistance to irradiation in either 

TGY or DMM medium (Fig. 2), and ESP cells rarely displayed nuclear structures that 

could be described as ringlike (Fig. 1F,G). So far, neither comparative genomic (9) or 

experimental analyses (6-9,11) unequivocally support any molecular model that 

explains the extreme radioresistance of Deinococcaceae.

While studying the relationship between growth conditions and nucleoid structure, 

we determined that the optimal growth of D. radiodurans in DMM was absolutely 

dependent on the addition of Mn(II) (Fig. 3A). We further examined the dependence of 

D. radiodurans growth on Fe, Co, Mo, and Cd (Fig. 3B), and found that its growth in
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DMM is not dependent on any of these transition metals. Growth of obligate aerobic 

bacteria in Fe-deficient medium is unusual, and to further examine the extent of Fe- 

independence of D. radiodurans we tested its growth in DMM (prepared with Mn, but 

without Fe) that contained the Fe chelators 2,2’-dipyridyl (Dp, Fe(II)-chelator) and 

deferoxamine mesylate (Ds, Fe(IIl)-chelator). D. radiodurans growth was similar in Fe- 

deficient DMM in the absence or presence of 100 |1M Dp plus 100 jiM Ds (Fig. 3C). 

Survival of D. radiodurans following irradiation of cells pre-grown in the presence of 

iron chelators was the same as cells pre-grown without iron chelators (Fig. 2). However, 

recovery of D. radiodurans irradiated to 9 kGy was accelerated in liquid DMM that 

contained these two Fe chelators (100 gM, each) (Fig. 3C). Other bacteria with high Mn 

and low Fe requirements include Lactobacillus plantarum and Borrelia burgdorferi (14, 

15). Lactobacilli are facultative anaerobes and frequently isolated as surviving 

contaminants from irradiated (5 kGy) meat (16), and the spirochete B. burgdorferi is an 

extracellular pathogen adapted to host iron limitation (14). Bacteria that can grow in Fe- 

deficient media appear to have an absolute requirement for Mn (15), and D. 

radiodurans fits this paradigm.

59Fe and 54Mn were used to assay intracellular Fe and Mn accumulation in D. 

radiodurans relative to the dissimilatory metal-reducing bacterium S. oneidensis MR-1, 

an organism that contains an abundance of heme-containing c-type cytochromes (17) 

(Fig. 3D). S. oneidensis accumulated less than 5 x 102 atoms/cell of 54Mn while D. 

radiodurans accumulated 1.08 x 105 atoms/cell (~2.74 mM, assuming an average cell 

volume of 6.5 x 10‘2|im3 (Fig. IE, 3D)); high Mn(II) concentrations in D. radiodurans 

have also been reported using neutron activation analysis (18). In contrast, D. 

radiodurans accumulated only 2.7 x 103 atoms/cell of 59Fe while the value was 10-fold 

more for 5. oneidensis (Fig. 3D); 7 x 105 Fe and 3.8 x 104 Mn atoms per cell have been 

reported in E. coli using this assay (14). The intracellular Mn/Fe accumulation ratio for 

D. radiodurans is 40; for E. coli is 0.05 (14); and for S. oneidensis is 0.02. Compared to
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D. radiodurans, L. plantarum and B. burgdorferi are reported to accumulate similar 

concentrations of 54Mn atoms (-105-l 06) on a per cell basis and 59Fe accumulation was 

also much lower in comparison (14, 15). The specific activity of the 59Fe used in our 

experiments allowed detection of about 102-l 03 atoms of 59Fe per cell. Since 59Fe 

accumulated to only just above background levels in D. radiodurans and its growth and 

recoveiy from irradiation in the presence of high concentrations of Fe-chelators (Fig. 

3C) was not detrimental, we conclude that this bacterium’s Fe requirement is very low. 

Intracellular concentrations of Mn were also determined using an inductively coupled 

plasma-mass spectrometry method (ICP-MS) (14) and found to be 1.25 (±0.04) nmol 

Mn/mg protein for D. radiodurans and <0.01 for S oneidensis. The value of 1.25 for D. 

radiodurans is similar to the value of 1.9 nmol Mn/mg protein previously reported for 

B. burgdorferi (14). Currently, little is known about transport of trace metals and other 

essential ions in D. radiodurans. We investigated whether 54Mn transport in D. 

radiodurans is energy-dependent by measuring 54Mn accumulation in cells in the 

presence of carbonyl cyanide w-chlorophenylhydrazone (CCCP), an uncoupler of 

energy dependent ion transport (14). CCCP inhibited 54Mn accumulation by >75% in D. 

radiodurans and 59Fe accumulation in S. oneidensis by > 97% (Fig. 3D). Similarly, 

CCCP blocked 54Mn accumulation in B. burgdorferi (14). Inhibition of Mn transport by 

CCCP is consistent with the important role of Mn in D. radiodurans and B. burgdorferi.

Upon exposure to ionizing radiation, most DNA damage (-80%) is reported to be 

caused by the action of hydroxyl ( OH) radicals, the remaining damage (-20%) is due to 

other mechanisms including direct physical interaction between y-photons and DNA 

(19,20). However, while the chemistry of oxidative DNA damage is largely understood, 

the impact of different physiological environments on the 80:20 ratio of irradiation- 

induced DNA damage is unknown. In the presence of water and O2, ionizing radiation is 

known to generate H2O2 by free radical chemistry arising from the radiolysis of water 

(19,20). Within cells, unbound Fe(II) ions are very dangerous because they catalyse
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Fenton-type reactions of H2O2 that form OH radicals, which cause DNA strand breaks 

and protein damage (20). Since H2O2 is relatively stable compared to the short-lived, 

reactive OH radical (20), irradiation-produced H2O2 is able to diffuse within cells, 

where Fe(II) released from proteins during irradiation can become the focus of 

additional OH formation. In contrast to Fe(II), Mn(II) does not participate in Fenton 

chemistry and confers a highly protective effect against free radicals (15).

In assessing the radiation resistance of bacterial cultures, failure to correct for cell

grouping can lead to exaggerated resistance values based on CFU counts. Because D. 

radiodurans does not grow as a monococcus (1), the D37 for a single-celled population 

cannot be determined experimentally. In TGY, actively growing cultures of D. 

radiodurans consist mostly of diplococci (1) (Fig. 1 A). The ratio of diplococci and 

tetracocci in an actively growing TGY culture (ODgoo 0.9) is about 75%:25% (Fig. 1 A). 

For a TGY culture of D. radiodurans (OD6qo 0.9), the D37 value is -12 kGy (Fig. 2). 

The survival of individual cells within such a culture is statistically calculated to be 

-10% (Dio) (21). In TGY, the experimentally determined Dio values for wild-type E. 

coli (KI2) (1 cell/CFU) and S. oneidensis (MR-1) (1 cell/CFU) are -0.75 kGy and -0.1 

kGy (Fig. 2), respectively. Therefore, under the described growth conditions (Fig. 2), D. 

radiodurans is about 16-fold more radiation resistant than E. coli, and 120-fold more 

resistant than £ oneidensis.

To determine if the greater resistance of D. radiodurans could be attributed to 

DNA protection, the strains were cultured in TGY to ODooo 0.9 and irradiated on ice to 

doses extending to 50 kGy (Fig. 4A). The survival curves and cell-grouping for the 

cultures used in DNA preparation (Fig. 4A) were essentially the same as reported in Fig. 

2. We found that chromosomal DNA in E. coli and S. oneidensis was substantially more 

susceptible to in vivo irradiation damage than in D. radiodurans (Fig. 4A). Following 

acute irradiation, DNA repair in D. radiodurans occurs only at growth temperatures and 
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in the presence of fresh medium (22). Therefore, the relatively high molecular size of 

DNA in D. radiodurans cells irradiated on ice for 6 hours and without the addition of 

nutrients (Fig. 4A) is inferred to be the result of chemical protection of DNA. The 

number of genomic DSBs inflicted per Gy for D. radiodurans (3.3 Mbp) was 0.015 

DSB/Gy (3.3 Mbp/4.4 kbp/50 kGy (Fig. 4A)); forE. coli (4.6 Mbp) was 0.22 DSB/Gy 

(at 32 and 50 kGy); and for <5. oneidensis (5.1 Mbp) was 0.24 DSB/Gy (at 32 and 50 

kGy) (Fig. 4A). Since the number of DSBs suffered by a genome is a measure of 

irradiation-induced oxidative stress (20), DNA in D. radiodurans is about 15-fold more 

resistant to irradiation-induced damage than DNA in E. coli or S. oneidensis.

For D. radiodurans, the value of 0.015 DSB/Gy (Fig. 4A) is equivalent to the 220 

DSBs/haploid genome observed by TEM of DNA prepared from agarose-embedded D. 

radiodurans cells exposed to 17.5 kGy (i.e., 0.013 DSB/Gy) (23). Assuming a linear 

relationship between DSB damage and dose over the range 0-50 kGy, the estimated 

number of DSBs inflicted in D. radiodurans at 12. kGy (approximate Dio value adjusted 

for a monococcus in an ODgoo 0.9 culture) (21) is 180 DSBs/haploid genome, i.e., 0.015 

DSB/Gy. At the Dio dose for E. coli (-0.75 kGy, Fig. 2), a similar number of 

DSBs/chromosome (i.e., 164) are estimated compared to D. radiodurans, but the 

number of DSBs estimated in S. oneidensis at 0.1 kGy (Dio) is about 7-fold less (24 

DSBs/chromosome; i.e., 0.24 DSB/Gy). Since our estimates of DSB damage at Dio 

doses did not factor for any protection against free radicals conferred by enzymatic 

scavenging systems, the number of DSBs inflicted at Dio doses may be lower. For 

example, the presence of Mn(II)-dependent superoxide dismutase (SOD) in cells at the 

time of irradiation could provide protection at low temperatures (24). However, 

enzymatic protection systems likely become overwhelmed by progressive oxidative 

inactivation as levels of H2O2 and reactive oxygen species (ROS) increase during the 

course of irradiation (0-50 kGy). S. oneidensis (17) encodes Fe-dependent SOD, but not 

Mn-SOD, and thus may be predisposed to SOD-inactivation by OH radicals at
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relatively low irradiation doses, and have increased susceptibility to metabolism- 

induced ROS during recovery. In contrast, D. radiodurans and E. coli both encode Mn- 

SOD (9, 24).

As part of a global strategy to avoid cellular damage, D. radiodurans may avoid 

the production of OH radicals by limiting intracellular Fe(II)-dependent reduction of 

H2O2 produced by irradiation or metabolism. The high intracellular Mn(II) 

concentration in D. radiodurans may also serve as a potent quenching agent against 

ROS, as proposed for other Mn(II)-accumulating organisms (15). The protective effects 

of high Mn and low Fe concentrations (15, 20) could also help mitigate the lethal effects 

of desiccation/hydration-cycles (2) and exposure to H2O2 (3) since DNA damage caused 

by these conditions is similar to that generated by ionizing radiation (7, 19, 20). We 

believe it is significant that among the most radiation resistant non-spore forming 

bacterial groups reported, the phylogenetically distinct deinococci (9), and enterococci 

(25) and lactobacilli (16) share metabolic and physiologic traits including growth in 

environments deficient in Fe (14, 15, 26) (Fig. 3) and/or containing Dp and Ds (Fig. 

4B), Mn(II) acquisition (14, 15,27), desiccation resistance (2,28), and luxuriant growth 

under chronic ionizing radiation (0.05 kGy/hour) in the presence or absence of Dp plus 

Ds (Fig. 4B).

Genomic analyses show that the number of genes identified in D. radiodurans 

that are known to be involved in DNA repair is less than the number reported for E. coli 

(9), and polyploidy in itself is insufficient for radioresistance (9). The number of 

DSBs/haploid genome estimated in D. radiodurans [180] and E. coli [164] at their 

respective Dio isosurvival doses is similar (Table 1), and we suggest that the difference 

in DNA protection observed between these species is sufficient to explain most of the 

difference in dose to achieve the same 10% survival (Table 1). Efficient homologous 

recombination observed between the 4-8 identical genomes/cell in D. radiodurans (5, 7) 
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is consistent with the ability of irradiated cells to prevent mutation (7, 8), and 

aggregation of multiple identical genomes into condensed nuclei (Fig. 1) (1, 11) may 

facilitate such repair by simplifying the search for repair templates. However, we 

believe that previous emphasis on DNA repair as the dominant explanation (2,4, 6-10, 

22, 23) for the remarkable survival of D. radiodurans cultures at high irradiation doses 

has been overstated. Instead, we suggest that the extreme resistance of D. radiodurans is 

largely due to high levels of DNA protection in cells (Fig. 4A, Table 1), which give rise 

to extraordinary CFU-based survival curves, especially when grouped as tetracocci (1,7) 

(Fig.2). The high Mn and low Fe levels ofD. radiodurans (Fig. 3D) likely are the 

foundation of a synergistic set of intracellular protection systems including free radical 

scavengers such as the highly expressed Mn-SOD and catalase of D. radiodurans (9, 

24), a homolog of the DPS protein in E. coli (9), carotenoid pigments (24), and 

metabolic pathway switching following irradiation (9) that could help prevent additional 

genome damage elicited by free radicals induced by metabolism during recovery.
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Table 1. Summary of data.

Strains Genome 
size/Mbp

Mn/Fe 
accumulation 
ratio

Cell 
grouping/CFU 
at ODaoo 0.9

DSBs/haploid 
genome at 50 

■kGy (Fig. 4A)

Dio (adjusted 
for cell 
grouping) 
(Fig- 2)

DSBs 
/Gy

Estimated 
number of 
DSBs at 
Dio

D. radiodurans 3.3 40 Tetracoccus 
(25%): 
diplococcus 
(75%) (Fig. 1A)

750 12 kGy (21) 0.015 180

E. coli 4.6 0.05 1 10,952 0.75 kGy 0.22 164

S. oneidensis 5.1 0.02 1 12,143 0.1 kGy 0.24 24
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Fig. 1. Transmission electron microscopy (TEM). A, D. radiodurans (ATCC BAA-816) 

grown in TGY (1 % bactotryptone, 0.5% yeast extract, and 0.1% glucose), late-log phase 

(LLP). B, D. radiodurans grown in TGY, early-stationaiy phase (ESP). C, D. 

radiodurans grown in DMM (ESP). D, D. radiodurans., diplococcus, TGY, ESP. E, D. 

radiodurans, diplococcus, DMM, ESP. F & G, D. grandis (DSM 3963) grown in TGY 

(ESP). Abbreviations: TGY, rich medium; DMM, defined minimal medium; tet, 

tetracoccus; dip, diplococcus. Scale bars 0.5 pm. LLP for Deinococcus in TGY 

corresponds to -ODeoo 0.9 after incubation for -12 h at 32°C; ESP for Deinococcus in 

TGY corresponds to ODgoo L2 after incubation for -24 h at 32°C; in DMM, ESP for 

Deinococcus corresponds to - ODgoo 0.9 after -48 h. Additional images can be found at 

http.7/131.158.180.98/—vasilenko/. TEM, bacterial suspensions were rinsed in 0.1 M 

cacodylate buffer (pH 7.4), fixed in 2.5% gluteraldehyde in the same buffer, and post

fixed in 1% osmium tetraoxide. Fixed samples were embedded in Epon-Araldite resin, 

and 50-70 nm sections were stained with uranyl acetate followed by lead citrate.

Samples were examined with a Philips CM 100 electron microscope.

Fig. 2. Survival of strains exposed to acute doses of y-radiation. The indicated strains 

were inoculated into TGY or DMM (12) medium at 106 CFU/ml and grown to ODeoo 

0.9 in the presence or absence of Dp + Ds (50 pM each). Cells were then irradiated 

without change of broth on ice with 60Co at 8.3 kGy/hour (60Co Gammacell irradiation 

unit [J. L. Shepard and Associates, Model 109]). At the indicated doses, CFU counts 

were determined by plating appropriate culture dilutions on solid TGY. Values are from 

three independent trials, with standard deviations shown. CFU, colony-forming units. 

Open triangle, D. radiodurans (ATCC BAA-816), TGY (LLP, Fig. 1A); Solid triangle, 

D. radiodurans, DMM (ESP, Fig. IC, E); Solid circle, D. radiodurans, DMM +Dp + Ds 

(ESP); Open circle, D. grandis (DSM 3963), TGY (LLP); Solid diamond, D. grandis, 

DMM (ESP, Fig. IF, G); Open diamond, E. coli (KI2, strain MG 1655), TGY; Solid 

square, S. oneidensis (MR-1), TGY.
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Fig. 3. Role of transition metals in wild-type D. radiodurans. A, Growth dependence on 

Mn(II) in DMM. B, Dependence on transition metals. D. radiodurans was inoculated at 

106 CFU/ml into DMM (12) containing 2.5 pM Mn(II) (manganous chloride), Fe(II) 

(ferrous sulfate), Co(II) (cobalt chloride), Mo(II) (ammonium molybdate), or [Cd(Il) 

(cadmium sulphate) (2.5 pM) + Mn(ll) (2.5 pM)]. For each trial, three independent 

incubations were at 32°C for 67 h prior to measuring cell density at ODeoo, with 

standard deviations shown. Note, Cd(II) is a competitive inhibitor of Mn(II). Trace, 0.2 

pM each of Mo, Cu, Cr, Bo, Zn, & I. C, Comparison of growth of cells following 

irradiation (60Co, 9 kGy). Irradiated and control cells were inoculated (1/20 dilution) 

into DMM (2.5 pM Mn(II)) + /- 100 pM Dp and 100 pM Ds, at 32°C. Pre-irradiation 

growth conditions were as in Fig. 2. Growth was monitored at ODeoo- Values are from 

three independent trials, with standard deviations shown. D, D. radiodurans 

accumulated 54Mn, but not 59Fe, in an energy-dependent manner. When a column-value 

is low, see inset circle for designation and correspondence to key. Standard deviations 

are shown. 59Fe and 54Mn accumulation was as described by Posey and Gheradhini 

(2000) (14). Radiolabeled metal was added to cell suspensions of 6.3 x 107 and 1 x 109 

CFU/mL for D. radiodurans and S. oneidensis, respectively, at a final concentration of 

0.018 and 0.0057 pCi/ml, respectively, for 59Fe or 54Mn (Isotope Products Laboratories; 

59Fe 100 Ci/g; 54Mn 10 Ci/g). CCCP (100 pM) was added and cells were incubated at 

30°C for 1 h before adding either 59Fe or 54Mn. Cell density was determined by direct 

microscopic counting after staining with acridine orange to allow resolution of 

individual cells, whether they occurred singly, in pairs, or in tetrads.

Fig. 4. A, In vivo susceptibility of genomic DNA to irradiation induced DSBs. Cells 

were grown in TGY to ODgoo 0.9 and irradiated (60Co) on ice to the indicated doses 

(kGy). Total DNA was purified and analysed by agarose (0.8%) gel electrophoresis6. 

Molecular size standards are shown (kbp). The number of genomic DSBs per Gy was 

determined using agarose gels containing diluted DNA samples, and densitometry
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(Fluorimager 595, ImageQuant software). The integrated average molecular size of 

DNA fragments distributed within the indicated samples is shown. CFU survival 

frequencies for the cultures used for DNA preparation are given at the bottom of each 

lane. Djo values are shown in bold. B, Growth of bacteria on TGY plates under 

genotoxic conditions. I, TGY control; II, TGY + 0.05 kGy/hour (,37Cs); III, TGY + Dp 

+ Ds (each, 250 pM); IV, TGY + 0.05 kGy/hour + Dp + Ds (each, 250 |1M). Growth 

under chronic irradiation was tested in a ,37Cs Gammacell 40 irradiation unit [Atomic 

Energy of Canada Limited]) for 3 days at 22°C (29). Abbreviations: DR, D.

radiodurans (ATCC BAA-816); DG, D. grandis (DSM 3963); SO, S. oneidensis (MR- 

1); EF, Enterococcus faecium (ATCC 19434); LP, L. plantarum (ATCC 14917); EC, E. 

coli (K-12).
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