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Oxidative stress occurs when the generation of reactive oxygen species (ROS) exceeds the capacity of the
cell’s endogenous systems to neutralize them. Our analyses of the cellular damage and oxidative stress
responses of the archaeon Halobacterium salinarum exposed to ionizing radiation (IR) revealed a critical role
played by nonenzymatic antioxidant processes in the resistance of H. salinarum to IR. ROS-scavenging enzymes
were essential for resistance to chemical oxidants, yet those enzymes were not necessary for H. salinarum’s
resistance to IR. We found that protein-free cell extracts from H. salinarum provided a high level of protection
for protein activity against IR in vitro but did not protect DNA significantly. Compared with cell extracts of
radiation-sensitive bacteria, H. salinarum extracts were enriched in manganese, amino acids, and peptides,
supporting an essential role in ROS scavenging for those small molecules in vivo. With regard to chemical
oxidants, we showed that the damage caused by gamma irradiation was mechanistically different than that
produced by hydrogen peroxide or by the superoxide-generating redox-cycling drug paraquat. The data
presented support the idea that IR resistance is most likely achieved by a “metabolic route,” with a combi-
nation of tightly coordinated physiological processes.

Oxidative stress occurs when the level of reactive oxygen
species (ROS) produced in cells by aerobic metabolic activity
or environmental challenges overwhelms antioxidant defense
mechanisms and damage accumulates (58). ROS include mol-
ecules such as hydrogen peroxide (H2O2), superoxide (O2

��),
and hydroxyl radicals (HO�), all of which can be derived from
molecular oxygen in metabolically active cells (58). Damage
from ROS has also been implicated in a variety of human
conditions, including the neurological diseases Alzheimer’s
and Parkinson’s (7), aging, and a wide range of cancers (9, 55,
57). In response to the danger of ROS, organisms have evolved
numerous defense and repair mechanisms, including con-
served detoxification enzymes (e.g., superoxide dismutases
[SOD] and catalases), free radical scavenger systems, and
mechanisms to repair DNA damage (28, 30, 58). Among the
environmental factors and external sources of toxic oxidants
that can increase the production of ROS are starvation, des-
iccation, heat shock, antibiotics, sunlight, and exposure to ion-
izing radiation (IR) (14, 30, 67).

Ionizing radiation is of particular interest because most of its
deleterious effects are the result of HO�, O2

��, and H2O2

produced directly via the radiolysis of water, imparting severe
oxidative stress to all of the cell’s components (54, 63). DNA is
associated with water molecules, and the proximity of HO�

production results in clusters of damage, including strand
breaks and oxidative base and sugar damage (27, 47). The most
consequential damage by O2

�� and H2O2 in cells is to proteins

that contain exposed iron-sulfur or heme groups (29), resulting
in carbonylation of protein residues, formation of protein
cross-linkages, oxidation of the protein backbone, and ulti-
mately, protein fragmentation and inactivation (29, 57). In
proteins containing exposed Fe2� groups, O2

�� and H2O2 can
cause the release of ferrous ion and the formation of HO� via
electron transfer from ferrous iron to H2O2, the so-called Fen-
ton reaction (28, 29). The ability of an organism to prevent
specific and nonspecific ROS-mediated cellular damage is
therefore key to its survival.

Studies of Deinococcus radiodurans and other radiation-re-
sistant bacteria have demonstrated a strong correlation be-
tween high intracellular Mn/Fe concentration ratios and a high
level of IR resistance (14, 20, 34). The evidence points to a
major role in D. radiodurans for ROS-scavenging orthophos-
phate and metabolite complexes of Mn2� that specifically pro-
tect proteins from oxidative damage during irradiation (12). A
high level of intracellular salts together with a high intracellu-
lar Mn/Fe ratio have been implicated in combating ROS in the
archaeon Halobacterium salinarum (34). The ability of cells to
protect their proteins from oxidation by scavenging IR-induced
ROS has been proposed as the key mechanism for survival of
IR-resistant microorganisms (12).

H. salinarum is an extreme halophile that experiences a
number of oxidative stressors in its natural environment, such
as high UV radiation and desiccation/rehydration cycles (15).
This microorganism grows optimally at 4.3 M salt and coun-
terbalances the high external osmotic pressure by accumulat-
ing up to 4 M intracellular KCl (24). Its extreme resistance to
IR and desiccation makes this organism a good model system
to investigate the diversity of mechanisms in response to oxi-
dative stress (35, 64).
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Here, we characterize the cellular damage and stress re-
sponses of H. salinarum exposed to chemical oxidants and to
IR. ROS-scavenging enzymes were essential for the survival of
H. salinarum exposed to H2O2 or O2

��, but those enzymes
were not necessary for the survival of H. salinarum following
gamma irradiation. Protein-free cell extracts of H. salinarum
provided a high level of radioprotection to protein activity but
not to DNA in vitro, whereas extracts from radiation-sensitive
bacteria did not provide protection to irradiated proteins or
DNA. H. salinarum cell extracts were enriched in classes of
small molecules that included Mn and peptides also found in
high abundance in the protein-free extract of D. radiodurans
(12), indicating an essential role of those molecules in ROS
scavenging. This study contributes novel findings on the critical
role played by nonenzymatic antioxidant systems in IR resis-
tance in H. salinarum, showing that IR resistance is most likely
achieved by a “metabolic route” with a combination of tightly
coordinated physiological processes.

MATERIALS AND METHODS

Culturing and growth conditions. Halobacterium salinarum NRC-1 (ATCC
700922) �ura3 and mutant cultures were grown in standard GN101 medium (250
g/liter NaCl, 20 g/liter MgSO4 � 7H2O, 2 g/liter KCl, 3 g/liter Na citrate, 10 g/liter
Oxoid-brand peptone), pH 7.2, with the addition of 1 ml/liter trace element
solution (31.5 mg/liter FeSO4 � 7H2O, 4.4 mg/liter ZnSO4 � 7H2O, 3.3 mg/liter
MnSO4 � 7H2O, 0.1 mg/liter CuSO4 � 5H2O) and supplemented with a final
concentration of 50 mg/liter uracil (Sigma, St. Louis, MO). Escherichia coli and
Pseudomonas putida were grown in LB (10 g/liter tryptone, 5 g/liter yeast extract,
10 g/liter NaCl, pH 7.0) and TGY (10 g/liter Bacto-tryptone, 5 g/liter yeast
extract, 1 g/liter glucose, pH 7.0) medium, respectively. Cultures were grown at
37°C for E. coli and P. putida and at 42°C for H. salinarum, with shaking at 220
rpm in a Gyromax 737 shaker (Amerex Instruments, Lafayette, CA). ROS
detoxification mutants with �sod1/2, �perA, �msrA, �VNG0018H, and
�VNG0798H mutations have been previously described (32).

Chemical oxidant treatments. Cells were grown in the appropriate medium to
early log phase (optical density at 600 nm [OD600] � 0.4) and treated either with
25 or 30 mM H2O2 (Sigma, St. Louis, MO) or with 4 or 10 mM paraquat (methyl
viologen; Sigma, St. Louis, MO), final concentrations, for 2 h at 42°C with
shaking at 220 rpm in a Gyromax 737 shaker. Cells were collected by centrifu-
gation and washed once in the appropriate medium. Cells for survival plating and
pulsed-field gel electrophoresis (PFGE) analyses were processed immediately;
cells for DNA or protein oxidation analyses were stored at �80°C until further
processing.

Gamma irradiation. Cells grown in the appropriate growth medium to early
log phase (OD600 � 0.40) were irradiated using a 60Co gamma source (dose
rate � 3.5 kGy/hr; Uniformed Services University of the Health Sciences, Be-
thesda, MD) to a final dose of 0, 2.5, or 5 kGy. All samples, regardless of the
volume of the starting culture, were irradiated in a volume of 1 ml after con-
centration by centrifugation (8,000 � g for 5 min), resuspension in 1 ml of the
appropriate growth medium in a 1.5-ml microcentrifuge tube, and storage on ice
until irradiation. Cells for survival plating and PFGE analyses were kept on ice
until processing; cells for DNA or protein oxidation analyses were stored at
�80°C until further processing.

Survival assays. Following treatment, H. salinarum cells were serially diluted
in basal salt solution (BSS; 250 g/liter NaCl, 20 g/liter MgSO4 � 7H2O, 2 g/liter
KCl, 3 g/liter Na citrate) and plated on GN101 medium supplemented with 50
mg/liter uracil. The plates were incubated at 42°C for 5 to 7 days. Survival was
calculated as the number of viable cells following treatment divided by the
number of viable untreated cells and graphed with standard error bars.

Genomic DNA extraction and GC-MS analysis. DNA extractions and gas
chromatography-mass spectrometry (GC-MS) with isotope dilution were carried
out in triplicate as previously described (34). Briefly, H. salinarum cells were
lysed with proteinase K (0.13 mg/ml) (Invitrogen, Carlsbad, CA) in the presence
of 2 mM deferoxamine (Desferal; Sigma, St. Louis, MO), the DNA was ethanol
precipitated (49), and the resulting DNA pellets were stored under 70% ethanol
at �20°C. The quality and quantity of the DNA resuspended in water was
determined through absorption spectrophotometry between 200 and 350 nm.
Fifty-microgram aliquots of DNA were dried under vacuum and supplemented

with an aliquot of [13C,15N2]2,6-diamino-4-hydroxy-5-formamidopyrimidine as
an internal standard (Cambridge Isotope Laboratories, Cambridge, MA). These
were hydrolyzed for 1 h with 2 �g formamidopyrimidine glycosylase (Fpg) and
then analyzed by GC-MS as previously described (46).

Pulsed-field gel electrophoresis. PFGE was performed as described previously
(33), in triplicate. Following treatment, cells were pelleted by centrifugation at
8,000 � g for 5 min and resuspended in room temperature BSS prior to being
embedded into InCert agarose plugs (0.8% final concentration prepared in 3:1
BSS-H2O; Bio-Rad, Hercules, CA) at a final cell concentration of 1 � 109

cells/ml. Plugs were lysed in proteinase K solution (0.25 M EDTA [pH 8], 1%
N-lauryl sarkosine, and 0.5 mg/ml proteinase K) at 54°C for 1 to 2 days. Plug
washes consisted of two washes for 1 h in 20 ml 1� Tris-EDTA (TE) buffer at
room temperature, two washes for 1 h in 20 ml 0.5� TE buffer at room tem-
perature, and four washes for 24 h in 0.5� TE buffer at 4°C. Plugs were incu-
bated in Pefabloc (Roche, Indianapolis, IN) solution (10 mM Tris-HCl, 1 mM
EDTA, pH 7.0, 1 mM Pefabloc) overnight at 37°C, washed as described above,
and stored in 5 ml 0.5� TE buffer at 4°C. Plugs were digested with XbaI (New
England BioLabs, Ipswich, MA) for 16 h at 37°C; following equilibration in 2
mM Tris-HCl, 5 mM EDTA, pH 8.0 for 20 min at 4°C, plugs were analyzed using
a CHEF DR-III electrophoresis system (Bio-Rad, Hercules, CA) with 1% PFGE
certified agarose (Bio-Rad, Hercules, CA) gels and 0.2 5� Tris-borate-EDTA in
both the running and gel buffers. The run conditions were 6 V/cm, 10- to 60-s
switching times, and a 120° included angle for 24 h at 14°C.

Protein oxidation assays. Protein oxidation was assessed in triplicate using an
OxiSelect protein carbonyl enzyme-linked immunosorbent assay (ELISA) kit
(Cell Biolabs, San Diego, CA) and the manufacturer’s protocol. Briefly, cell
pellets were resuspended in 1 ml cold 1 M salt buffer (50 mM potassium phos-
phate, pH 7.0, 1 M NaCl, 1% 2-mercaptoethanol) and sonicated for 30 s,
followed by 30 s on ice, repeated three times. Cell lysates were then fractionated
by centrifugation (12,000 � g, 30 min, 4°C), and the soluble proteins in the
supernatant were stored at �20°C. Protein concentration was determined with a
Bio-Rad Bradford assay (Hercules, CA) using the manufacturer’s protocol. Cell
lysates were diluted to 10 �g/ml of protein in 1� PBS, and 1 �g of protein was
added to each well in a 96-well protein binding plate. Protein carbonyl-bovine
serum albumin (BSA) standards were prepared with concentrations ranging
from 0 �g/ml to 7.5 �g/ml, and 1 �g of each was added to the wells of the plate
and incubated at 4°C overnight. Three washes with 250 �l of 1� PBS were
performed, followed by incubation with 4 �g of DNPH (2,4-dinitrophenylhydra-
zine) for 45 min at room temperature. Five washes with 250 �l of 1� PBS-
ethanol (1:1, vol/vol) and two washes with 250 �l 1� PBS were performed,
followed by incubation with blocking buffer for 2 h at room temperature with
shaking. Immunodetection was performed using primary (anti-DNP [2,4-dinitro-
phenol]) and secondary (horseradish peroxidase-conjugated) antibodies pro-
vided by the manufacturer. The absorbance of each well was read with a Power
Wave 200 microplate spectrophotometer (BioTek Instruments, Winooski, VT)
at 450 nm. A standard curve was constructed and used to determine the protein
carbonylation levels of the oxidant-treated samples.

Preparation of protein-free UFs. Protein-free ultrafiltrates (UFs) were pre-
pared for H. salinarum (UFHs), E. coli (UFEc), and P. putida (UFPp). Harvested
cells were washed twice with BSS for H. salinarum and with 100 mM Tris-HCl
(pH 7.4) for E. coli and P. putida. Amounts of 15 g of wet weight cells were
resuspended in distilled and deionized water (ddH2O) and passed through a
French press at 900 lb/in2, and the cell extracts were then centrifuged at 12,000 �
g (60 min and 4°C). The protein concentration of the supernatants was deter-
mined with a Bio-Rad Bradford assay (Hercules, CA) and adjusted to 17 mg/ml
with ddH2O. The supernatant was further centrifuged at 190,000 � g (44 h and
4°C) and then subjected to filtration using 3-kDa centrifugal devices (Amicon
Ultracel-3 filters; Millipore, Billerca, MA). The resulting UFs were boiled for 30
min and concentrated 5 times in a speed vacuum concentrator (Heto vacuum
centrifuge; ATR, Laurel, MD). Samples were aliquoted and stored at �20°C.

DNA protection assay. pUC19 plasmid DNA (New England BioLabs, Ipswich,
MA) was added at a final concentration of 40 ng/�l to UFs diluted 1:5 and to KCl
salt solutions at final concentrations of 0.8 and 3.8 M KCl. DNA in 25 mM
phosphate buffer, pH 7.0, served as control. These in vitro solutions were irra-
diated using a 60Co gamma source (dose rate � 3.5 kGy/hr; Uniformed Services
University of the Health Sciences, Bethesda, MD) at the following doses: 0, 0.25,
0.5, 1, 2, 4, 6, 8, 10, 12, and 15 kGy. The resulting DNA fragments were
electrophoresed on a 0.9% agarose–Tris-borate-EDTA (TBE) gel and visualized
using ethidium bromide staining.

Enzyme protection assay. The restriction enzyme DdeI was added at a final
concentration of 1 unit/�l to UFs diluted 1:5, to 25 mM phosphate buffer (PiB),
pH 7.0, and to a solution of 0.8 M KCl, final concentration. The solutions were
irradiated using a 60Co gamma source (dose rate � 3.5 kGy/hr; Uniformed

1654 ROBINSON ET AL. J. BACTERIOL.



Services University of the Health Sciences, Bethesda, MD) at the following
doses: 0, 0.5, 1, 2, 4, 6, 8, 10, 12, and 15 kGy. Samples were kept on ice until
digestion of 1 �g of pUC19 DNA using 1 U of enzyme from each irradiated
solution at 37°C for 1 h. The resulting pUC19 DNA fragments were separated by
electrophoresis on 1% agarose–TBE gels and visualized with ethidium bromide
staining.

Determination of amino acid concentration. Free and total amino acid con-
centrations in the UFs of H. salinarum, E. coli, and P. putida were determined by
using a ninhydrin assay (10). Briefly, tryptophan standard solutions were pre-
pared at concentrations of from 0 to 200 nmol tryptophan. Ninhydrin reagent
(Sigma-Aldrich, St. Louis, MO) was added to the UFs and to the standards and
boiled for 20 min. Isopropanol was added to 30% final concentration, and the
absorbance was read at 570 nm. A standard curve was constructed based on
tryptophan standards to determine the free amino acid concentrations in the
UFs. Determination of the total amino acid concentration was performed with
an acid hydrolysis as described in reference 60 before assaying the free amine
concentration with the ninhydrin assay. In short, the UFs were diluted 1:10 in
ddH2O and an equal amount of 10.5 N HCl was added. The mixture was flushed
with nitrogen, sealed in a glass ampoule, and incubated at 110°C for 24 h.
Ninhydrin reagent (Sigma-Aldrich, St. Louis, MO) was added to the resulting
digestions, and amino acid concentrations were measured as described above.

ICP-MS and ion chromatography. The Mn, Fe, and PO4 concentrations in H.
salinarum, E. coli, and P. putida UFs and cells (Mn and Fe) were determined
using induced coupled plasma (ICP)-MS (Mn and Fe) and ion chromatography
(PO4) at the Division of Environmental Health Engineering, Johns Hopkins
University School of Public Health. For ICP-MS analysis, 50 �l of UF was
transferred to a precleaned 15-ml polystyrene tube and diluted to a final volume
of 1.5 ml with 1% HNO3 plus 0.5% 1 N HCl. Cells were prepared by adding 1.5
ml of concentrated HNO3 to a pellet of 1012 cells, vortexing, and diluting 50 �l
of the digest into 4.95 ml of H2O, yielding a 1% final concentration of HNO3.
Internal standards (Mn or Fe) were added to each sample to monitor for sample
matrix effects of the plasma. Analysis was performed with an Agilent 7500ce
induced coupled plasma-mass spectrometer (Agilent Technologies, Santa Rosa,
CA). A standard calibration curve was generated from multielement standards
(Elements, Inc., Shasta Lake, CA) at the following concentrations: 0, 1, 5, 10, 50,
100, 500, and 1,000 �g/liter. The reported sample concentrations of Mn and Fe
were blank and dilution corrected. Standard Reference Material 1643e (trace
elements in water; National Institute of Standards and Technology, Gaithers-
burg, MD) was used to test the accuracy of sample preparation and was prepared
in the same manner as the samples. For ion chromatography analysis, 25 �l of
UF was transferred into a precleaned Dionex IC vial (Dionex Corp., Sunnyvale,
CA), MilliQ water was added up to a 1.5-ml final volume, and the sample was
vortexed to ensure thorough mixing. Analysis was performed using a Dionex
DX600 ion chromatograph (Dionex Corp., Sunnyvale, CA). A standard calibra-
tion curve was generated from a multianion solution (Elements, Inc., Shasta
Lake, CA) containing the anion of interest (PO4). The concentrations of the
calibration curve were as follows: 0, 1, 2, 4, 6, 12, 16, and 20 �g/ml. Samples were
run on an IonPac AS14A anion exchange column (4- by 250-mm; Dionex Corp.,
Sunnyvale, CA) and AS14A guard column (3- by 150-mm; Dionex Corp., Sunny-
vale, CA) using 1.08 mM Na2CO3 and 1.02 mM NaHCO3 as the eluent. Samples
were suppressed using an ASRS 4-mm suppressor (Dionex Corp., Sunnyvale,
CA) with a current of 100 mA. Samples were eluted for 30 min to ensure
complete anion exchange. Anion retention times (�5%) were determined based
upon the certificate of analysis for the column. The sample concentrations of
PO4 were reported as the average of the two replicates after blank and dilution
correction.

LC-MS analysis. The nucleoside and nucleotide composition of the UFs was
determined by LC-MS. Twenty microliters of ultrafiltrates was injected onto an
Agilent prep C18 column (LiChrosphere 125-mm by 4-mm, 5-mm bead size
RP-18; Agilent, Santa Clara, CA) at 45°C and subjected to a 0.9-ml/min isocratic
elution with 0.1 M triethanolamine acetate, pH 6.5, using an Agilent 1100
high-performance liquid chromatograph (HPLC) (Agilent 1100 LC-MS system;
Agilent, Santa Clara, CA). UV peaks were detected based on their UV absor-
bance at 254 and 270 nm. For the MS analysis, the flow from the HPLC (0.9
ml/min) was pumped into the MS electrospray chamber with the addition of 0.1
ml/min of 1% formic acid in methanol. The MS was set up for optimal nucleo-
tide/nucleoside ionization by using a fragmentor voltage of 350 V and a capillary
voltage of 4,000 V. At these settings, doubly charged ions were minimized and
the total ion abundance of the singly charged parent was at a maximum. Stan-
dards (uracil, inosine, uridine, adenosine, cytidine, thymidine, guanidine, 2�-
deoxyadenosine, 2�-deoxycytidine, 2�-deoxyguanosine, 2�-deoxyuridine, and 2�-
deoxythymidine) purchased from Sigma (Sigma, St. Louis, MO) were run under
the same conditions for each UF analysis. Peak areas of the UV spectra were

used to calculate base and nucleoside concentrations with standard curves for
each standard.

RESULTS

Cellular lesions following oxidative stress. The cellular ef-
fects of oxidative stress from exposure to chemical oxidants
and to IR were determined for H. salinarum cells exposed to
H2O2, paraquat (an O2

�� generator), and 60Co gamma radia-
tion. Oxidative damage to DNA and proteins was measured at
doses that yielded 80% survival of the cells (32, 64). Hydrogen
peroxide and IR were applied directly to H. salinarum cells,
whereas O2

�� radicals were produced indirectly via exposure to
paraquat (25). DNA double-strand breaks (DSBs) were visu-
alized using PFGE; extensive DNA fragmentation was ob-
served when H. salinarum cells were exposed to 2.5 kGy IR but
not in cells exposed to H2O2 or O2

��, even at doses higher than
those yielding 80% survival (Fig. 1A). The modified DNA
base 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua)
was quantified using GC-MS with isotope dilution as a mea-
sure of the oxidation level of the DNA (34). Consistent with
the PFGE results, the number of FapyGua lesions accumu-
lated per 106 DNA bases was significantly higher in cells ex-
posed to IR than in cells exposed to H2O2 or O2

�� (Fig. 1B).
We also measured the level of 8-hydroxyguanine in cells using
the same method. No statistically significant increase was ob-
served in the level of this product by any treatment used in this
work (data not shown). Thus, for H. salinarum cells treated
with H2O2 or O2

��, cell killing was not explained by the levels
of DNA damage. Protein oxidation was determined by immu-
nodetection of carbonyl groups in H. salinarum protein extracts
(57); we found a significantly higher level of protein oxidation
in H. salinarum cells exposed to IR than in cells exposed to
H2O2 or O2

�� (Fig. 1C), although the pattern of oxidized
proteins visualized by immunoblotting was comparable for the
three treatments (data not shown).

Survival and cellular oxidation in ROS detoxification mu-
tants. In-frame knockout mutants for major oxygen detoxifi-
cation enzymes were previously tested for their survival follow-
ing exposure to H2O2 and O2

�� and to IR (Fig. 2A). The
survival of the superoxide dismutase 1 and 2 double mutant,
the �sod1/2 strain, was decreased by three orders of magnitude
compared to the survival of the control �ura3 strain under
O2

�� but not H2O2 stress. In contrast, less than 0.001% survi-
vors were found for the peroxidase mutant, the �perA strain
(VNG6294G), and the putative Dyp-type peroxidase mutant,
the �VNG0798H strain, with H2O2 but not with O2

��. The
strain with a mutation of MsrA, a methionine sulfoxide reduc-
tase involved in the removal of methionine sulfoxide residues,
did not show any loss in survival compared to the survival of
the control strain for either treatment. Remarkably, all the
mutants tested showed the same rate of survival as the control
strain, H. salinarum �ura3, when exposed to 2.5 or 5 kGy of IR
(Fig. 2A).

The levels of DNA and protein oxidation were assessed in
the ROS detoxification mutants exposed to H2O2, O2

��, and
IR, using GC-MS to quantify FapyGua lesions and immuno-
detection to quantify carbonyl residues (Fig. 2B and C). We
did not find a significant correlation between the level of DNA
and protein oxidation and the level of survival for the ROS
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detoxification mutants we tested. The number of FapyGua
lesions was similar in cells treated with H2O2 and O2

��,
whereas we found large differences (�3 logs) in survival be-
tween the two treatments, in particular for the mutants with
�sod1/2, �perA, �VNG0018H (a catalase), and �VNG0798H
mutations (Fig. 2A and B). A similar level of DNA oxidation
was found for the �VNG0018H and �VNG0798H mutants
treated with H2O2, but the survival of the �VNG0798H mutant
decreased by more than 99.9% when treated with H2O2, while
the survival of the �VNG0018H mutant only decreased by
	60% compared to that of the control �ura3 strain. Likewise,
the levels of DNA oxidation in the �sod1/2 and �VNG0798H
mutants or the �VNG0018H mutant were comparable, but the
survival of the mutants exposed to H2O2 or O2

�� was very
different. Notably, the level of protein oxidation was higher in
all the mutants exposed to H2O2, and yet, we did not find a
correlation between protein oxidation and survival for these
chemical oxidants (Fig. 2A and C). For example, an increase in
protein oxidation in the �sod1/2 mutant exposed to H2O2

relative to the level in this mutant exposed to O2
�� did not

result in decreased survival of this mutant under H2O2 treat-
ment.

The levels of oxidatively induced damage to DNA and pro-
tein in cells exposed to IR showed a different picture. Compa-

rable yields of FapyGua and carbonyl residues were found in
the mutants and the control strain (�ura3), which displayed
similar levels of survival with exposure to 2.5 kGy and 5.0 kGy
(Fig. 2A). An exception was the �perA mutant, which accumu-
lated high levels of oxidative damage even without treatment.
This strain grew very slowly under any condition tested and
showed high levels of background oxidative stress.

Protection against IR by nonenzymatic processes. While
ROS detoxification enzymes are required for the survival of H.
salinarum cells treated with chemical oxidants, we showed that
the same enzymes were dispensable for survival following IR.
To further investigate the molecular basis of IR protection in
H. salinarum, we prepared an ultrafiltered, protein-free cell
extract of H. salinarum (the IR dose at which 10% of the cells
survive [D10] is 5.0 kGy) (64) and tested its ability to protect
DNA and enzyme activity from IR in vitro. Ultrafiltrates (UFs)
(ultrafiltered, protein-free cell extracts) from two radiation-
sensitive bacteria, E. coli (D10 � 0.7 kGy) and P. putida (D10 �
0.25 KGy) (14), were prepared and used in those assays for
comparison with H. salinarum UF. Plasmid DNA was irradi-
ated at increasing doses of IR in phosphate buffer (PiB), in
UFs (diluted 1:5) prepared from H. salinarum (UFHs), E. coli
(UFEc), and P. putida (UFPp), in 0.8 M KCl, which corresponds
to the salt concentration in the 1:5-diluted UFHs, or in 3.8 M

FIG. 1. Quantification of cellular lesions in H. salinarum �ura3 cells exposed to H2O2, paraquat, and IR. (A) DNA DSBs were visualized by
PFGE; samples were taken before (untreated) and following treatments with H2O2, paraquat, and IR and then embedded in InCert agarose plugs
at a final density of 1� 109 cells/ml; the plugs were digested with XbaI prior to gel electrophoresis. The first lanes are molecular size ladders.
(B) The level of modified base FapyGua was measured using GC-MS with isotope dilution; the numbers of FapyGua lesions per 106 DNA bases
were background subtracted. (C) Protein carbonyl residues were quantified by immunodetection; the nmol of carbonyl residues per mg of proteins
was background subtracted. All data shown are the average results of at least three replicates; the uncertainties are standard errors.
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KCl, which is the intracellular concentration of KCl in H.
salinarum (44, 48) (Fig. 3). Following IR, the damage to the
supercoiled (SC) plasmid was analyzed by agarose gel electro-
phoresis as described previously (34). The plasmid DNA dam-
age assay is extremely sensitive to HO� generated by IR, where
one single-strand break (SSB) in an SC plasmid molecule
yields an open circular (OC) form that is readily distinguished
from the SC form (Fig. 3). In this assay, the SC form was
progressively broken into an OC form, then into a linear form
(L), and finally completely degraded as the IR doses increased
(Fig. 3, 25 mM PiB). While the high salt (0.8 M KCl) provided
some protection to the plasmid DNA, up to 0.5 kGy, compared
to the protection provided by the phosphate buffer (PiB), the
UFs from H. salinarum and the two bacteria protected the
plasmid to 2 kGy (Fig. 3). However, we did not find a signifi-
cant difference in the protection afforded by H. salinarum UF
compared to the protection conferred by the UFs of E. coli and
P. putida, which are IR sensitive.

We next tested the ability of the UFs to protect the activity
of a purified enzyme irradiated in aqueous solution, the re-
striction enzyme DdeI. The residual activity of the enzyme was
measured after IR by restriction digest of plasmid DNA and
analysis of the fragments by agarose gel electrophoresis (Fig.
4). We demonstrated extensive protection of the irradiated

enzyme using H. salinarum UF, up to 12 kGy, but the UFs of
E. coli and P. putida were much less protective (Fig. 4).

Composition of the protein-free cell extracts. Orthophos-
phate-Mn complexes have been found to play a major role in vivo
and in vitro in resistance to oxidative stress, radiation resistance,
and the scavenging of ROS (13, 39). To determine a potential role
of orthophosphate complexes with Mn in the radioprotection by
H. salinarum UF, we measured the concentrations of Mn, Fe, and
phosphate in the UFs of H. salinarum, E. coli, and P. putida, using
ICP-MS and ion chromatography (Table 1). Compared to the
UFs of E. coli and P. putida, the H. salinarum UF was highly
enriched in Mn (	100 times) and also enriched in orthophos-
phate (Pi) (4 times). Whole-cell analysis showed that H. salinarum
accumulated 10 times more Mn than E. coli and P. putida (Table
1). Analysis of the Mn concentration during the preparation of
the UFs revealed that 30% of the Mn was retained in the UF of
H. salinarum, whereas only 2% was carried through the UFs of E.
coli and P. putida.

We also found that total amino acids and peptides were
significantly overrepresented in UFHs compared to their levels
in UFEc and UFPp (Fig. 5A). The amounts of nucleotides,
nucleosides, and bases in the UFs were measured using LC-
MS. Uracil and uridine were the most abundant species de-
tected in all the UFs, and inosine, guanosine, and deoxyuridine

FIG. 2. Survival and quantification of cellular lesions of H. salinarum �ura3 and mutant strains exposed to H2O2, paraquat, and IR. (A) Survival
was calculated as the average ratio (N/No) of surviving CFU from treated (N) compared to untreated (No) cultures. (B) Modified base FapyGua
was quantified using GC-MS with isotope dilution. (C) Protein carbonyl residues were quantified by immunodetection. All data shown are the
average results of at least three replicates; the uncertainties are standard errors.
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were only present in the H. salinarum UF. Relative to their
levels in UFEc and UFPp, we did not find any large increase of
nucleobases or nucleosides in UFHs (Fig. 5B).

DISCUSSION

The molecular response of H. salinarum cells exposed to IR
was dramatically different from the response of cells exposed
to chemical oxidants, as determined by DNA and protein dam-
age assays. This is the first time that such a detailed analysis of

DNA and protein lesions has been carried out, comparing
oxidative stress from chemicals and from IR. At doses that
yielded similar levels of survival, we found a significantly higher
level of cellular damage in H. salinarum cells exposed to IR
than to H2O2 and O2

��, underlining cellular targets for the
toxicity of IR that are different from those damaged by chem-
ical oxidants. In this work, O2

�� was generated by exposure of
the cells to paraquat (N,N�-dimethyl-4,4�-bipyridinium dichlo-
ride), which produces O2

�� from molecular oxygen by redox

FIG. 3. Protection of DNA integrity. Plasmid pUC19 DNA was irradiated up to 15 kGy in 25 mM PiB, in 0.8 and 3.8 M KCl, and in protein-free
UFs of H. salinarum, E. coli, and P. putida (diluted 1:5). DNA topology was analyzed by agarose gel electrophoresis. The first lanes are molecular
size ladders. L, linear; SC, supercoiled; OC, open circular plasmid.

FIG. 4. Protection of enzyme activity. The restriction enzyme DdeI was irradiated up to 15 kGy in 25 mM PiB, protein-free UFs of H. salinarum,
E. coli, and P. putida (diluted 1:5), and 0.8 M KCl. Residual restriction enzyme activity was assayed by the digestion of pUC19 plasmid DNA;
fragments were analyzed by agarose gel electrophoresis. The first lanes are molecular size ladders.
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cycling (5, 19). This reaction occurs principally in the cell
membrane, where a localized production of O2

�� directly in-
terferes with energy transduction systems, thereby disrupting
the cell’s redox homeostasis (5, 61). It is also known that O2

��

generation by paraquat redox cycling results in the depletion of
intracellular reducing equivalents, such as NADPH (5, 23, 25,
59). The highly localized production of O2

�� by paraquat and
the O2

��-mediated insults to the cells represent primary toxic
events leading to the disruption of specific energy metabolism
pathways and, ultimately, cell death. In concurrence, it has
been reported that the exposure of E. coli cells to paraquat
selectively caused the oxidation of the 
-subunit of F0F1-AT-
Pase, resulting in early depletion of ATP levels and loss of
membrane potential (6, 61). While paraquat damage is local-
ized to a subcellular compartment, H2O2 is readily diffusible
throughout the cell. Exogenous H2O2 rapidly diffuses across
the cellular membrane, and in the presence of transition metal
ions, oxidizes methionine and cysteine residues and attacks
[4Fe-4S] clusters of labile dehydratases by direct oxidation of
their solvent-exposed clusters (30). A Fenton-like reaction pro-
duces a catalytically inactive cluster, resulting in enzyme inac-
tivation, pathway failure, and the proliferation of ROS via the
release of Fe2� (29, 31). In E. coli, H2O2 has been found to
preferentially target dehydratases, such as aconitase and fuma-
rase (tricarboxylic acid [TCA] cycle), and isopropylmalate
isomerase (leucine biosynthesis), interfering directly with es-
sential metabolic pathways in the cell (8, 21, 31, 62). Measure-
ment of the level of protein carbonylation in E. coli also re-
vealed that exposure to H2O2 resulted in specific oxidation of
elongation factor G (protein synthesis), heat shock protein
DNA K (chaperone function), enolase (glucose catabolism),
and ATPase subunits (6, 61). The data presented herein sup-
port the conclusion that the exposure of H. salinarum to para-
quat-generated O2

�� and exogenously administered H2O2 af-
fects specific cellular pathways and processes that cause cell
death before extensive and generalized cellular damage occurs.
In contrast, high levels of DNA and protein damage in H.
salinarum cells exposed to IR support a mechanism of oxida-
tion that is more generalized, targeting all cellular compart-
ments and macromolecules.

The management of oxidative stress in microorganisms is
attributed to specific enzymatic detoxification systems, includ-
ing superoxide dismutases (SOD), catalases, and peroxidases,
and antioxidants, such as glutathione (58). In cells exposed to
chemical oxidants, such as H2O2 and O2

��, those enzymes were
found to be essential for survival (30). We show here that the
deletion of SODs, catalases, and peroxidases renders H. sali-
narum highly sensitive to H2O2 and O2

�� but not IR. These

results are substantiated by the results of our functional
genomic studies of H. salinarum exposed to IR, H2O2, and
O2

��, where we found an increase in mRNA levels for SODs,
catalases, and peroxidases with chemical oxidant stressors but
not with IR (32, 64). In previous work on D. radiodurans
exposed to high doses of IR, SOD and catalase mutants
showed almost no increase in IR sensitivity compared to that
of the wild type (14, 37). These findings support a key role for
nonenzymatic antioxidant processes in the survival of H. sali-
narum exposed to IR and underline a common mechanism for
radiation resistance in Bacteria and Archaea.

We report an increase in H. salinarum oxidative lesions in
DNA and proteins in vivo at increasing IR doses. Previous
studies showed that IR-resistant organisms had significantly
lower levels of protein damage than IR-sensitive microorgan-
isms for the same IR doses, whereas the DNA was equally
damaged (13, 34, 36), suggesting that, in H. salinarum, proteins
were protected from extensive damage by IR, allowing for
DNA repair and survival. This is supported by our in vitro data,
where we showed radioprotection of protein activity by H.
salinarum UF, while the DNA was not significantly protected.
The results from our studies with H. salinarum (34) and those
of others with D. radiodurans (12, 13, 36) demonstrate that the
radiation resistance of an organism stems from its ability to
protect its proteins from extensive oxidative damage.

The results of whole-cell analysis showed that H. salinarum
has a Mn/Fe concentration ratio (0.19) that is of the same
order of magnitude as the cellular Mn/Fe ratio of D. radio-
durans (0.24) and much higher than those of radiation-sensi-
tive bacteria (0.0072 for E. coli and �0.0001 for P. putida) (14,
34). Here, we showed that H. salinarum UF was highly en-
riched in Mn and that 30% of the cellular Mn was retained in
the UF. Although Mn2� is most commonly associated with a
role as a catalytic cofactor of proteins, a significant fraction of
the total Mn content of H. salinarum appears not to be bound
to proteins and is presumably present as small Mn2� com-
plexes. A strong mechanistic link has been demonstrated be-

FIG. 5. Total and free amino acids (aa) (A) and nucleosides (Ns)
and nucleobases (Nb) (B) measured in the protein-free UFs of H.
salinarum, E. coli, and P. putida.

TABLE 1. Ultrafiltrate and whole-cell concentrations
of Mn, Fe, and PO4

Organism

Concn in:

Ultrafiltrate Whole cells

Mn
(�M)

Fe
(�M)

PO4
(mM)

Mn
(ng/109 cells)

Fe
(ng/109 cells)

H. salinarum 87 8.9 22 155 818
E. coli 0.6 3.5 5.9 14 645
P. putida 0.9 6.1 4.5 18 1045
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tween high Mn/Fe concentration ratios and radiation resis-
tance in both Bacteria and Archaea (14, 34), and IR-resistant
bacteria have been shown to accumulate low-molecular-weight
Mn2� complexes (12). Antioxidant properties of Mn have been
demonstrated in vitro by the scavenging of HO� and O2

�� by
Mn2�, Mn-PO4 complexes, and Mn associated with metabolic
intermediates, such as lactate and malate (1–3, 17, 18, 56). In
particular, Mn2� and orthophosphate, which do not signifi-
cantly scavenge HO�, can form complexes that catalytically
remove O2

�� in vitro via a disproportionation mechanism (1,
2). Whereas HO� generated during IR reacts indiscriminately
with all of the cell’s macromolecules, the most severe damage
by O2

�� and H2O2 is to proteins that contain iron-sulfur
groups, cysteine residues, and other sites where iron-catalyzed
oxidation takes place (29). Those proteins are at high risk for
inactivation unless ROS are catalytically removed by Mn-or-
thophosphate complexes, preventing site-specific oxidative
protein damage (11, 14). Measurements of Mn speciation in
yeast using 1H and 31P electron-nuclear double resonance
(ENDOR) provided evidence for a major in vivo role of or-
thophosphate-Mn2� complexes in the resistance to oxidative
stress of this organism (39). Recent work with D. radiodurans
also demonstrated a critical role for Mn2� complexes, in the
scavenging of ROS, in the extreme radiation resistance of this
organism (11, 14). In this work, the high level of protection of
protein against IR afforded by H. salinarum UF combined with
the high Mn and orthophosphate concentrations in the UF—
and in the cells of the organism—clearly demonstrate that the
scavenging of IR-produced ROS by Mn complexes is also key
for H. salinarum protein protection and its survival of exposure
to IR.

The increased accumulation of amino acids and small pep-
tides (�3,000 Da, 	20 amino acids in length) in H. salinarum
UF compared to their accumulation in the UFs of E. coli and
P. putida also suggest a ROS-scavenging activity of those small
molecules, resulting in protection of the cell’s macromolecules
against IR. The antioxidant properties of free amino acids and
small peptides have also been reported in various protein hy-
drolysates (40, 43, 52, 65). In mackerel protein hydrolysate,
peptides of 1,400 Da in size had the strongest in vitro antiox-
idant activity (65), and a potent antioxidant peptide isolated
from algae was shown to scavenge HO�, O2

��, peroxyl radicals,
and other free radicals in vitro (52). The amino acid composi-
tion, structure, and solvent accessibility of the amino acids for
this 11-residue polypeptide were essential for its antioxidant
activity, with the most reactive amino acids being those with
nucleophilic sulfur-containing side chains, aromatic side
chains, or imidazole-containing side chains (16, 52). In addi-
tion to Mn2�, phosphate, and small peptides, D. radiodurans
also accumulates large amounts of uridine, adenosine, and
uracil, and in vitro experiments to analyze protein protection
against IR have confirmed the ROS-scavenging properties of
uridine in the presence of Mn and phosphate (12). The UF
of H. salinarum was not enriched in nucleosides or bases,
illustrating that organisms can adopt diverse strategies for
scavenging ROS. Cyanobacteria, fungi, microalgae, and small
invertebrates were found to accumulate mycosporines and
mycosporine-like amino acids as defense against oxidative
stress (41, 66); spores of Bacillus subtilis have high intracellular
levels of both Mn2� and dipicolinic acid (50, 51), making those

spores highly resistant to IR, and radiation-resistant cyanobac-
teria accumulate nonreducing disaccharides, such as trehalose,
together with Mn2� (4, 53).

The results from this work clearly show that large amounts
of Mn, orthophosphate, and other small ROS-scavenging mol-
ecules represent a metabolic route to achieve a high level of
resistance to IR in H. salinarum. This is a nonenzymatic route
that is not inducible—preconditioning of H. salinarum with a
low IR dose did not increase resistance (35)—and represents a
first line of response to neutralizing the high levels of ROS
produced by IR. This immediate response does not require a
role for detoxification enzymes, and indeed, we showed that,
within 30 min of IR exposure, the mRNA levels for SODs,
catalases, and peroxidases did not increase, in contrast to the
results of H2O2 and O2

�� exposure (32, 64). The high levels of
survival of the detoxification enzyme mutants also showed that
those nonenzymatic antioxidant defenses were sufficient to
eliminate most of the deleterious ROS from IR exposure in H.
salinarum and promote cell survival.

We previously showed that the high halide concentration in
the cytoplasm of H. salinarum was a major factor in protecting
its macromolecules against the oxidative effects of IR (34) and
resulted directly from its adaptation to a high-salt environ-
ment. H. salinarum is found in hypersaline pools, where it is
subjected to cycles of desiccation and rehydration (15), and
halophiles have been shown to survive extended periods of
time encased inside salt crystals (42). The adaptation of H.
salinarum to desiccation is another example of the link be-
tween IR resistance and desiccation that has been reported for
D. radiodurans and other dry-climate-adapted bacteria (20, 38,
45) and for some lower eukaryotes, such as rotifers and tardi-
grades (22, 26). It is still too early to conclude whether there is
a universal role for Mn in IR protection, but it is important to
recognize the extreme diversity of microorganisms and their
adaptation to a wide range of environmental conditions, and
therefore, the great potential for novel mechanisms for radio-
protection.
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44. Pérez-Fillol, M., and F. Rodríguez-Valera. 1986. Potassium ion accumulation
in cells of different halobacteria. Microbiologia 2:73–80.

45. Rainey, F. A., et al. 2005. Extensive diversity of ionizing-radiation-resistant
bacteria recovered from Sonoran desert soil and description of nine new
species of the genus Deinococcus obtained from a single soil sample. Appl.
Environ. Microbiol. 71:5225–5235.

46. Reddy, P., P. Jaruga, T. O’Connor, H. Rodriguez, and M. Dizdaroglu. 2004.
Overexpression and rapid purification of Escherichia coli formamidopyrimi-
dine-DNA glycosylase. Protein Expr. Purif. 34:126–133.

47. Riley, P. A. 1994. Free radicals in biology: oxidative stress and the effects of
ionizing radiation. Int. J. Radiat. Biol. 65:27–33.

48. Roberts, M. F. 2005. Organic compatible solutes of halotolerant and halo-
philic microorganisms. Saline Systems 4:1–5.

49. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY.

50. Setlow, B., S. Atluri, R. Kitchel, K. Koziol-Dube, and P. Setlow. 2006. Role
of dipicolinic acid in resistance and stability of spores of Bacillus subtilis with
or without DNA-protective alpha/beta-type small acid-soluble proteins. J.
Bacteriol. 188:3740–3747.

51. Setlow, P. 2006. Spores of Bacillus subtilis: their resistance to and killing by
radiation, heat and chemicals. J. Appl. Microbiol. 101:514–525.

52. Sheih, I. C., T. K. Wu, and T. J. Fang. 2009. Antioxidant properties of a new
antioxidative peptide from algae protein waste hydrolysate in different oxi-
dation systems. Bioresource Technol. 100:3419–3425.

53. Shirkey, B., et al. 2003. Genomic DNA of Nostoc commune (Cyanobacteria)
becomes covalently modified during long-term (decades) desiccation but is
protected from oxidative damage and degradation. Nucleic Acids Res. 31:
2995–3005.

54. Stadtman, E. R. 1993. Oxidation of free amino acids and amino acid residues
in proteins by radiolysis and by metal-catalyzed reactions. Annu. Rev.
Biochem. 62:797–821.

55. Stadtman, E. R. 1992. Protein oxidation and aging. Science 257:1220–1224.
56. Stadtman, E. R., B. S. Berlett, and P. B. Chock. 1990. Manganese-dependent

disproportionation of hydrogen peroxide in bicarbonate buffer. Proc. Natl.
Acad. Sci. U. S. A. 87:384–388.

57. Stadtman, E. R., and R. L. Levine. 2003. Free radical-mediated oxidation of
free amino acids and amino acid residues in proteins. Amino Acids 25:207–
218.

58. Storz, G., and J. A. Imlay. 1999. Oxidative stress. Curr. Opin. Microbiol.
2:188–194.

59. Suntres, Z. E. 2002. Role of antioxidants in paraquat toxicity. Toxicology
180:65–77.

60. Svensson, E., A. Skoog, and J. P. Amend. 2004. Concentration and distribu-
tion of dissolved amino acids in a shallow hydrothermal vent system, Vulcano
Island (Italy). Organic Geochem. 35:1001–1014.

61. Tamarit, J., E. Cabiscol, J. Aguilar, and J. Ros. 1997. Differential inactiva-
tion of alcohol dehydrogenase isoenzymes in Zymomonas mobilis by oxygen.
J. Bacteriol. 179:1102–1104.

62. Varghese, S., Y. Tang, and J. A. Imlay. 2003. Contrasting sensitivities of
Escherichia coli aconitases A and B to oxidation and iron depletion. J.
Bacteriol. 185:221–230.

63. von Sonntag, C. 1987. The chemical basis of radiation biology. Taylor and
Francis, London, United Kingdom.

VOL. 193, 2011 RADIATION RESISTANCE IN HALOBACTERIUM 1661



64. Whitehead, K., et al. 2006. An integrated systems approach for understand-
ing cellular responses to gamma radiation. Mol. Syst. Biol. 2:47. doi:10.1038/
msb4100091.

65. Wu, H. C., H. M. Chen, and C. Y. Shiau. 2003. Free amino acids and peptides
as related to antioxidant properties in protein hydrolysates of mackerel
(Scomber austriasicus). Food Res. Int. 36:949–957.

66. Yakovleva, I., R. Bhagooli, A. Takemura, and M. Hidaka. 2004. Differential
susceptibility to oxidative stress of two scleractinian corals: antioxidant func-
tioning of mycosporine-glycine. Comp. Biochem. Physiol. B Biochem. Mol.
Biol. 139:721–730.

67. Zuber, P. 2009. Management of oxidative stress in Bacillus. Annu. Rev.
Microbiol. 63:575–597.

1662 ROBINSON ET AL. J. BACTERIOL.


