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The actinobacterium Kineococcus radiotolerans is highly resistant to ionizing radiation, desiccation, and
oxidative stress, though the underlying biochemical mechanisms are unknown. The purpose of this study was
to explore a possible linkage between the uptake of transition metals and extreme resistance to ionizing
radiation and oxidative stress. The effects of six different divalent cationic metals on growth were examined in
the absence of ionizing radiation. None of the metals tested were stimulatory, though cobalt was inhibitory to
growth. In contrast, copper supplementation dramatically increased colony formation during chronic irradi-
ation. K. radiotolerans exhibited specific uptake and intracellular accumulation of copper, compared to only a
weak response to both iron and manganese supplementation. Copper accumulation sensitized cells to hydrogen
peroxide. Acute-irradiation-induced DNA damage levels were similar in the copper-loaded culture and the
age-synchronized no-copper control culture, though low-molecular-weight DNA was more persistent during
postirradiation recovery in the Cu-loaded culture. Still, the estimated times for genome restoration differed by
only 2 h between treatments. While we cannot discount the possibility that copper fulfills an unexpectedly
important biochemical role in a low-radioactivity environment, K. radiotolerans has a high capacity for intra-
cellular copper sequestration and presumably efficiently coordinated oxidative stress defenses and detoxifica-

tion systems, which confers cross-protection from the damaging effects of ionizing radiation.

Environmental and endogenous sources of reactive oxygen
species contribute to the damage of cellular components (20,
23), and a cell’s ability to efficiently and effectively repair this
damage is an important determinant of survival. All bacteria
are equipped with defense mechanisms for coping with DNA
damage and oxidative stress; however, species of the genera
Deinococcus (1), Arthrobacter (19), Rubrobacter (18), Kineococ-
cus (38), and Chroococcidiopsis (6), among others, are remark-
able for their abilities to withstand and survive tremendous
cellular insults. Compared to the majority of bacterial species,
which generally have relatively low thresholds for stress and
tolerances for cellular damage, the extreme-resistant bacteria
can survive high doses of ionizing radiation, prolonged desic-
cation, exposure to strong oxidants, and other DNA-damaging
agents. Three primary models have been proposed to explain
the extreme resistance phenotype: (i) conventional enzymatic
defenses operating at extraordinary efficiency, (ii) the involve-
ment of novel repair functions, and (iii) a highly condensed,
multigenomic nucleoid (5, 10, 32, 52). While no single hypoth-
esis explains in full the underlying genetic complexity of the
extreme resistance phenotype (e.g., reference 49), the prefer-
ential utilization of manganese is thus far the only biochemical
strategy shown to be broadly conserved among a diverse, but
not comprehensive, collection of extreme-resistant bacteria
(13, 14, 22). This finding is important because manganese,
unlike iron, does not catalyze hydroxyl radical formation
through Fenton/Haber-Weiss chemistry and may also mitigate
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protein oxidation by scavenging oxygen radicals (14). Elemen-
tal ratios of Mn/Fe have been proposed as a potentially useful
indicator of a cell’s susceptibility to oxidative stress (13, 22).
While Mn-accumulating bacteria accrue levels of DNA dam-
age comparable to those for Fe-accumulating bacteria for a
given dose of y-radiation (13), Mn appears to quench second-
ary chemical reactions that produce reactive oxygen species,
thus promoting the effectiveness of enzymatic repair and cell
survival.

Kineococcus radiotolerans was isolated within a shielded cell
work area containing highly radioactive nuclear waste at the
Savannah River Site in Aiken, SC (38). K. radiotolerans is an
orange-pigmented, aerobic, nonsporulating actinomycete be-
longing to the Kineosporiaceae family. While only three species
of the genus Kineococcus have been described (30, 38, 50),
each containing only a single cultivated representative, Kine-
ococcus-like organisms have been detected on masonry and
lime wall paintings (45), in terrestrial soils (39, 48), in a variety
of plant samples (28), in marine sediments (30), in the Mc-
Murdo Dry Valleys of Antarctica (16), and in hot deserts (21).
K. radiotolerans is exceptionally tolerant of environmental
stresses, withstanding the damage caused by prolonged desic-
cation and +y-radiation (38). The physiological determinants
and molecular mechanisms that minimize and repair cellular
damage in K. radiotolerans have not been studied, and it re-
mains unclear whether this bacterium preferentially incorpo-
rates Mn as a means of minimizing the formation of damaging
oxygen radicals and speeding recovery and survival following
environmental assaults. In this study, we examined K. radiotol-
erans for preferential utilization of different divalent cationic
transition metals for a possible role in radiation resistance and
antioxidative defense.
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FIG. 1. Flow diagram illustrating the experiments conducted to
determine the effect of transition metals on the growth of K. radiotol-
erans during gamma irradiation.

MATERIALS AND METHODS

Culture conditions and chemicals. Kineococcus radiotolerans (BAA-149) was
obtained from the American Type Culture Collection (ATCC; Manassas, VA).
Cultures were grown on TGY medium (1.0% tryptone, 0.1% glucose, 0.5% yeast
extract) at 28°C and shaken at 150 rpm for liquid cultures. Frozen stocks were
prepared using the Microbank bacterial preservation system (Pro-Lab Diagnos-
tics, ON, Canada) and were stored at —80°C. Solutions (50 mM) of various
divalent cationic metals were prepared in deionized water and filter sterilized.
The metal salts included ferrous ammonium sulfate, manganese chloride, zinc
sulfate, cupric sulfate, cobalt sulfate, and sodium molybdate (Sigma-Aldrich, St.
Louis, MO).

Gamma irradiation. Liquid cultures were grown to mid-exponential phase in
TGY medium or TGY medium spiked with 100 pM of Fe?>*, Mn?*, Zn**, Co*,
Cu?*, or Mo?*. Aliquots (25 pl) of each treatment were spread plated on TGY
plating medium with or without metal supplementation (100 pM). Plates were
exposed to 60 Gy/h (1 Gy = 100 rads) of ionizing radiation for 4 days at a
constant temperature of 30°C, and colony outgrowth was counted at 4 days
(CFU). Nonirradiated control plates were incubated in the laboratory at 30°C,
and CFU were counted after 4 days. A flow diagram illustrating this experimental
design is provided in Fig. 1. Our use of CFU is strictly defined by the total
number of counted colonies per plate. Because of the inherent clumped growth
of K. radiotolerans and the great variation in size and shape among these clumps,
CFU cannot be used to reliably approximate cell numbers.

K radiotolerans cultures were exposed to acute irradiation followed by pulsed-
field gel electrophoresis (PFGE) to determine the effect of copper on DNA
damage and the cell’s ability to repair the genome. Briefly, acute-irradiation
experiments were performed by first harvesting liquid cultures (25 ml) at mid-
exponential phase by centrifugation (5,000 X g, 5 min, 4°C). Cell pellets were
washed in ice-cold 1X phosphate-buffered saline (PBS; pH 7.3) and suspended
in 10 ml 1X PBS to stall further growth and development. Culture suspensions
were irradiated at a constant temperature (30°C) to achieve a total dose of 4,000
Gy. Corresponding nonirradiated control cultures were also incubated at 30°C.
After exposure, cell concentrates were diluted into fresh TGY medium (n = 3)
and allowed to recover at 28°C with shaking (150 rpm) for 6 h.

DNA damage repair. DNA damage and repair were evaluated by PFGE, using
a procedure modified from Kieser et al. (26). Briefly, cell pellets (1 ml) were
collected by centrifugation and suspended in 50 wl of TE-25 sucrose buffer. The
cell suspensions were combined with equal volumes of molten (55°C) 4% pulsed-
field certified agarose and loaded into plug molds (Bio-Rad, Hercules, CA).
Solidified plugs were incubated in TE-25 buffer and lysozyme (2 mg/ml) at 37°C
for 2 h and then transferred to NDS buffer with proteinase K (1 mg/ml) and

COPPER-ENHANCED GROWTH OF K. RADIOTOLERANS 1377

incubated at 37°C overnight. Plugs were washed three times in TE (10 mM
Tris-HCI [pH 7.4], 1 mM EDTA [pH 8.0]) for 1 h each and stored at 4°C in 0.5
M EDTA prior to electrophoresis. Samples were analyzed in a 1% pulsed-field
certified agarose gel and 0.5X Tris-borate-EDTA running buffer by using the
Chef-DR III variable-angle system (Bio-Rad) and the following electrophoresis
conditions: 6 V/cm, a 120° angle, an initial switch time of 70 s, and a final switch
time of 130 s for 24 h at 14°C. Gels were stained for 30 min with ethidium
bromide in 0.5X Tris-borate-EDTA and documented under UV illumination by
using an Alphalmager 3400 (Alpha Innotech).

Oxidative stress. Cultures of K. radiotolerans were grown to mid-exponential
phase in TGY medium amended with a divalent cationic metal (100 wM) as
described above. Cells were harvested (1.0 ml) by centrifugation, washed in an
equal volume of ice-cold 1X PBS (pH 7.3), and suspended in an equal volume of
4% H,0,. Cell suspensions were incubated in the dark for 10 min and then
inoculated into fresh TGY medium (with no metals) and incubated at 28°C with
shaking (150 rpm) for 48 h. Recovery and growth were evaluated by protein
quantification using a DC protein assay kit (Bio-Rad, Hercules, CA).

Analytical methods. Total intracellular metal contents were quantified by
inductively coupled plasma-mass spectroscopy (ICP-MS). Briefly, cells were har-
vested by centrifugation (10,000 X g, 5 min, 15°C) and sequentially washed three
times each in 50 mM EDTA-1X PBS (pH 7.5; 1X PBS = 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO,) and 25 mM EDTA-1x PBS in order to
remove weakly cell surface-adsorbed metal. Cells were then washed three times
in PBS, immediately frozen in liquid nitrogen, and stored at —80°C. The effec-
tiveness of the metal chelation wash steps was confirmed by spectrophotometry
(7). For intracellular metal analysis, cell pellets were digested at room temper-
ature in 0.1 ml American Chemical Society grade concentrated H,O, and 0.2 ml
concentrated optimum grade HNOj;. The samples were then diluted with 18.2
Mohm/cm deionized water and analyzed in standard mode on a Perkin Elmer-
Sciex Elan DRC Plus ICP-MS according to EPA method 6020a. External cali-
bration was performed using NIST traceable standards diluted in the same
matrix as the samples, and the calibration was verified against a standard with a
different lot number.

Electron microscopy. Intracellular accumulation and subcellular distribu-
tion of copper were evaluated by electron microscopy coupled with energy-
dispersive X-ray spectroscopy (EDS). Briefly, K. radiotolerans was grown to
mid-exponential phase in TGY medium amended with Cu?* (100 uM),
samples (1 ml) were sequentially washed in EDTA and PBS as described
above, and cell pellets were fixed overnight in 2.5% cacodylate-buffered (pH
7.2) glutaraldehyde at 4°C.

For scanning electron microscopy (SEM), cell pellets were washed in 0.1 M
cacodylate buffer and postfixed in 1% osmium tetroxide for 1 h at 4°C. Cells
were washed in 0.1 M cacodylate buffer and dehydrated in a graded series of
ethanol (50%, 70%, 80%, 90%, and 100%) for 10 min each and air dried for
2 h. Cells were mounted onto aluminum stubs, and images were collected in
a FEI Quanta 200 environmental SEM operated in the environmental SEM
mode. The X-ray elemental spectrum of the specimen was obtained using an
EDAX EDS system.

For transmission electron microscopy (TEM), cell pellets were processed as
described above, except postfixation in osmium tetroxide was omitted. Following
ethanol dehydration, pellets were treated with acetone twice at 5 min each and
then infiltrated with a 1:1 (vol/vol) mixture of acetone and Spurr’s low-viscosity
epoxy resin embedding media overnight on a rotator at room temperature.
Samples were infiltrated further with a 1:3 (vol/vol) mixture of acetone and
Spurr’s medium for 6 h on a rotator at room temperature, followed by an
overnight incubation in 100% Spurr’s medium at room temperature. As a final
step, cells were embedded in 100% Spurr’s and cured in at 60°C for 24 h.

Ultrathin sections (70 to 80 nm) were collected on Formvar coated gold grids,
left unstained, and examined under a JEOL JEM 2100F analytical TEM.

Electron microscopy was performed using a JEOL 2100F 200-kV field emis-
sion gun TEM equipped with an Oxford Instruments 30-mm? solid-state X-ray
detector. The images were acquired with a 2,000-by-2,000-pixel charge-coupled-
device camera. EDS spectra were collected with the Oxford INCA system at a
number of locations, with a live time of 100 seconds. The incoming X-ray count
rates were equivalent at all locations due to the ultramicrotomed specimen. An
unstained specimen was mounted on Au grids and placed in a Be holder to
eliminate spurious copper X rays. In addition, a thick top-hat non-beam-defining
aperture was used to reduce stray X rays and high energy electrons from the
upper column. No EDS peaks associated with the microscope column were
observed.
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FIG. 2. Effects of different transition metals on the growth of K
radiotolerans during chronic irradiation. Black bars indicate the growth
of the no-irradiation control cultures with and without metals. Dark
gray bars indicate cultures that were grown to exponential phase in
TGY medium and then streak plated onto metal-supplemented TGY
plates. White bars indicate cultures that were pregrown to exponential
phase in metal-supplemented liquid medium and then streak plated
onto non-metal-containing TGY plates. The horizontal baseline (light
gray panel) of 75 * 25 CFU was established from the no-metal,
irradiated control cultures. All plates were irradiated for 4 days at 60
Gy/h at a constant temperature of 30°C.

Colony Forming Units

RESULTS

Effect of metals on growth during chronic irradiation. The
growth response of K. radiotolerans was systematically evalu-
ated according to the exposure of transition metals and chronic
irradiation alone and to the combination of transition metals
and vy-radiation. Absolute normalization of cell titers between
treatments is impractical because K. radiotolerans cells propa-
gate as loosely clumped aggregates and clusters in TGY me-
dium; however, protein determinations and CFU counting
have proven to be reliably consistent methods of monitoring
growth (R* = 0.82).

Growth experiments were conducted with liquid culture to
evaluate the effect of metal supplementation. Protein levels
and numbers of CFU were determined for metal-treated (100
wM final concentration) cultures at four distinct phases of
growth: early, mid- and late exponential, and stationary (data
not shown). Lag times and growth yields from Fe**-, Cu®*-,
Mn?*-, Mo?"-, and Zn?"-treated cultures were the same as
those from the no-metal TGY control (R* = 0.94). Co*"
amendments resulted in an exaggerated lag period, and pro-
tein yields and numbers of CFU at stationary phase were
approximately half those for the other metal treatments and
the no-metal control. Microscopic evaluation of these cultures
confirmed that cell clumps were similar in size during all
phases of growth and metal treatments.

Consistent with the results described above, K. radiotolerans
cultures consistently yielded a lawn of growth on TGY plates
(with and without metal additions; 100 wuM) whether cultures
were pregrown in metal-supplemented or no-metal TGY, ex-
cept Co*", which generated approximately 150 CFU (Fig. 2).
Because colony formation in response to metal exposure was
consistent under ambient laboratory growth conditions, these
results were presented simply as a single black bar in Fig. 2.
Colony morphology was invariant across all experimental
treatments.

Irradiated no-metal control cultures consistently yielded 75
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CFU (Fig. 2). These results were interpreted conservatively by
permitting a variance of =25 CFU around this reference line.
These experiments establish the growth responses of K. ra-
diotolerans in the presence of transition metals and chronic
radiation (Fig. 2) as individual environmental stressors,
thereby permitting evaluation of the effects of the metal addi-
tions on growth of K. radiotolerans during chronic irradiation.

The effect of metal supplementation on growth during
chronic irradiation (Fig. 2) was neutral, though Mn** seemed
to have a detrimental effect on growth during chronic irradia-
tion. As expected, cultures plated on Co**-supplemented me-
dium yielded fewer CFU (~1/3) than the controls, though the
combination of Co®>" and chronic irradiation was not lethal.
Conversely, pregrowth in metal-amended medium prior to ir-
radiation on no-metal TGY plates (Fig. 2) yielded different
results. In this case, only Fe** supplementation was inhibitory
to growth. Cobalt appeared to be more toxic to growth than
chronic irradiation as growth yields improved when metal
stress was relieved. Pregrowth with Mo®" resulted in higher
CFU yields during chronic irradiation, while the effect of both
treatments combined was neutral.

The most striking results were obtained for the Cu?™ treat-
ments. Not only did the Cu?"-primed cultures form a lawn
during chronic irradiation, but the TGY-grown culture also
achieved a lawn of growth during chronic irradiation when
Cu?* was added to the plating medium. Copper-exposed and
no-metal control cultures were compared microscopically
(phase contrast, scanning confocal laser, and electron micros-
copy), and no differences were observed in the extents or
measured in the sizes of cell clumps and clusters. Furthermore,
filtration experiments confirmed that the copper treatments
did not result in clump dissociation or the propagation of
microcolonies (data not shown).

Growth recovery from oxidative stress. Experiments were
conducted to determine whether K. radiotolerans cultures
pregrown on TGY in the presence of various divalent cationic
metals exhibited differential sensitivity to hydrogen peroxide
(Fig. 3). Five percent hydrogen peroxide is lethal to exponen-
tially grown K. radiotolerans cultures in TGY (data not shown),
and TGY-grown control cultures resumed cell growth approx-
imately 24 h after exposure to 4% H,O, (>99% survival; data
not shown). The growth recovery levels of Fe?*-, Mn?*-, and
Mo?"-pregrown cultures were similar to those of the TGY
controls. No increase in protein abundance was measured for
the Cu?"-, Zn**-, and Co?**-grown cultures for up to 48 h
following exposure to H,O,.

Intracellular accumulation of metals. K. radiotolerans cul-
tures were grown to early stationary phase in TGY medium
amended with 100 pM Mn?*, Fe?*, or Cu?", and intracellular
metal contents were quantified by ICP-MS (Fig. 4). The bio-
mass yields were not statistically different among each of the
metal treatments (P < 0.05; data not shown). The TGY growth
medium contained 0.2 wM for both Mn and Cu and 5.8 uM for
Fe. K radiotolerans no-metal control cultures had higher levels
of intracellular Fe (~50 ng/mg protein) than Mn or Cu (<5
ng/mg protein), which capitulated the relative levels in the
TGY medium. Metal supplementation of the growth medium
significantly increased the intracellular quantities for each of
the metals examined relative to the control quantities (P <
0.05). Iron amendment resulted in only a slight increase in
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FIG. 3. Recovery response of K. radiotolerans following H,O, ex-
posure. Cultures (n = 3) were grown to exponential phase in TGY or
TGY amended with a divalent cationic metal (100 wM), incubated in
H,0, (4%) for 10 min, and then allowed to recover in fresh TGY
medium at 28°C and 150 rpm. A, TGY (control); B, TGY plus Mn?*;
¢, TGY plus Cu**; @, TGY plus Fe>*; O, TGY plus Zn>*; [], TGY
plus Mo**; and A, TGY plus Co*".

intracellular Fe (1.4X), while Mn?* amendments increased
intracellular levels nearly 7X. K. radiotolerans cultures grown
in TGY medium with no metal had intracellular Fe contents
that were approximately 8X higher than the Cu contents, but
cultures actively accumulated Cu when the growth medium
was supplemented. Copper amendments increased intracellu-
lar Cu 80X over the control levels. It is also interesting to note
that Mn®" and Cu** supplementation and enhanced intracel-
lular accumulation of these metals reduced the intracellular
quantity of coaccumulated Fe.

The intracellular metal contents and ratios of transition met-
als in K. radiotolerans were compared to those of other radia-
tion-resistant and radiation-sensitive bacterial species (Table
1) (13). Grown in TGY medium, K. radiotolerans had lower
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FIG. 4. Intracellular accumulation of transition metals in early-
stationary-phase K. radiotolerans cultures. Bars indicate normalized
metal contents of Fe?* (solid), Mn?>* (gray), and Cu®* (white) in
no-metal control and metal-supplemented cultures (x axis).
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TABLE 1. Intracellular metal contents of extreme-resistant and
sensitive bacteria®

Ratio (nmol/mg protein) of:

Species and medium Ra'dlatlonc
resistance Mn/Fe Mn/Cu  Mn/Fe+Cu
K. radiotolerans RT
TGY 0.087 0.75 0.078
TGY + Fe** 0.0048  0.545 0.044
TGY + Mn** 0.91 3.778 0.734
TGY + Cu?* 0.087 0.0071 0.0066
D. radiodurans® RT 0.24
Enterococcus faecium® RT 0.17
Pseudomonas putida® RS <(0.0001
E. coli® RS 0.0072
S. oneidensis® RS 0.0005

“ K. radiotolerans cultures were grown to stationary phase, and cell pellets were
washed sequentially in EDTA and PBS prior to metal analysis by ICP-MS.

® Comparative data for other bacterial strains were taken directly from Daly et
al. (13).

¢ Levels of radiation resistance were categorized by strain as either radiation
tolerant (RT) or radiation sensitive (RS).

intracellular Fe levels (0.86 nmol/mg protein) than any of the
other radiation-resistant bacterial species (>1.4 nmol/mg pro-
tein). Only when the cultures were grown in Fe*"-supple-
mented TGY medium (1.25 nmol/mg protein) did intracellular
iron levels approximate those for Deinococcus spp. (1.45 to 1.7
nmol/mg protein). Likewise, the levels of Mn were also mark-
edly lower (0.075 nmol/mg protein) than the levels previously
reported for other radiation-resistant bacterial species (>0.3
nmol/mg protein), though not as low as those for the radiation-
sensitive strains (<0.019 nmol/mg protein), but when the cul-
tures were grown in Mn?*-supplemented medium, the levels
(0.51 nmol/mg protein) exceeded those for D. radiotolerans
(0.36 nmol/mg protein).

In general, the Mn/Fe ratios for K. radiotolerans were more
closely aligned with the values reported for the radiation-re-
sistant bacteria than the very low ratios for the radiation-
sensitive strains, though metal levels varied considerably with
growth conditions. Mn/Cu ratios were generally quite high
(i.e., a favorable ratio for resistance) except for cultures grown
in Cu?*-supplemented medium, and this ratio was more
closely aligned with the Mn/Fe ratios for the radiation-sensitive
strains. Given the responsiveness of uptake and accumulation
mechanisms for Cu®", Mn/Fe-plus-Cu ratios were also deter-
mined. In general, the ratios were more closely aligned with
the Mn/Fe ratios of the radiation-tolerant strains than those of
the radiation-sensitive strains, except when the cultures were
grown in Mn?"-supplemented medium, where the ratio was
exceptionally high (i.e., purportedly favorable for resistance),
and in Cu”"-supplemented medium, where the ratio was lower
than the Mn/Fe ratio for Escherichia coli (i.e., taken to indicate
sensitivity).

Subcellular distribution of copper. K. radiotolerans was
grown to mid-exponential phase in copper-supplemented (100
pM) TGY medium, and cells were prepared for electron mi-
croscopy and elemental analysis. A scanning electron micro-
graph of a typical cell cluster is shown in Fig. SA. No copper
was detected from the extracellular surfaces of intact cells and
clusters (data not shown; detection limit, 0.1 wt %).

Subcellular distribution of copper was examined from thin
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FIG. 5. Electron micrographs of K. radiotolerans cell clusters. (A) Scanning electron micrograph. Scale bar = 20 pm. (B) Transmission electron
micrograph of a stained thin section. Scale bar = 0.5 um. (C) Transmission electron micrograph of an unstained thin section. Elemental spectra
were collected along a transect (indicated by spots A to E) spanning a single cell within a cluster. Scale bar = 0.5 pm.

cell cluster sections; a stained thin section is shown in Fig. 5B.
For elemental analysis, transects were established across three
distinct cell clusters and EDS spectra were collected. The
trends were consistent across all three transects; the results
from one transect are shown in Fig. 5C and 6. The embedding
resin was analyzed to establish background composition; no
copper was detected (Fig. 5C, spot A, and 6A). No copper was
detected within the thick extracellular polymeric substances on
the cell surface (Fig. 5C, spot B, and 6B) or collectively from
the cell membrane, cell wall, and interstitial space between
dividing cells (Fig. 5C, spot E, and 6E). Copper was detected
only throughout the cytoplasm (Fig. 5C, spots C and D, and 6C
and D).

DNA damage repair following acute irradiation. Experi-
ments were conducted to evaluate the effects of copper accu-
mulation on DNA elicited by acute exposure of K. radiotolerans
cultures to ionizing radiation. PFGE was used to qualitatively
evaluate the extents of radiation-induced DNA damage and
repair for copper and no-metal control treatments. K. radiotol-
erans possesses two plasmids (183 and 14 kbp) (http:/www.jgi
.doe.gov/), but only the smaller plasmid is reliably resolved on
these gels and thus provides a useful visual marker to approx-
imate the completion of genome restitution. Based on protein
determinations, cell titers were equivalent for the Cu®*-loaded
and control cultures (Fig. 7B and C). In Fig. 7A, the occur-
rence of DNA double-strand breaks was y-radiation dose de-
pendent. Relatively low radiation doses (40 Gy) produced a
full range of damaged DNA fragments in K. radiotolerans, as
indicated by a long smear, and DNA from cells exposed to
4,000 Gy was predominately visualized as low-molecular-
weight DNA, which comigrated near the bottom of the gel. In
the no-metal TGY-grown control culture, the low-molecular-
weight damaged DNA disappeared and the 14-kbp plasmid
appeared within 3 h following acute irradiation (Fig. 7B).
Comparable levels of radiation-induced DNA damage (i.e., the
relative intensity of the smear) were noted for the copper-
loaded culture, but the smear itself may have been slightly
longer (Fig. 7C). DNA damage repair in the acutely irradiated
Cu?*-loaded culture required 4 to 5 h for the low-molecular-
weight damaged DNA to fully disappear and for the 14-kbp
plasmid to be clearly visible, though the intensity of the plas-
mid was notably less than that in the control.

DISCUSSION

In this study, copper supplementation enhanced the growth
and colony formation of Kineococcus radiotolerans during
chronic irradiation. Chronic irradiation uniformly reduced the
colony yields of K. radiotolerans cultures on TGY plates. While
minor variation in absolute numbers of colonies was noted
among the various metal treatments tested, the same general
response was observed; transition metals had no major effect
on the growth responses of irradiated cultures, except for cop-
per. Whether cultures were pregrown in copper-supplemented
liquid medium (resulting in intracellular accumulation) or
transferred to copper-supplemented plating medium just prior
to chronic irradiation, the presence of copper upon irradiation
resulted in colony yields that were no different from those of
the nonirradiated control cultures. Copper-treated and no-
metal control cultures were indistinguishable; absolutely no
phenotypic variation was observed or measured for cultures
growing in liquid or on solid medium pre- or postirradiation.
This result strongly suggests that copper enhances the metab-
olism and growth of Kineococcus radiotolerans during chronic
irradiation, since it is doubtful that a redox active metal could
neutralize the direct and indirect chemical reactivities of ion-
izing radiation.

Copper is an essential cofactor for a variety of enzymes
involved in aerobic respiration and energy production; how-
ever, excess copper is toxic, and thus, intracellular levels are
tightly regulated by the cell (40). Copper toxicity manifests
itself through indiscriminant binding to cellular ligands or com-
petitive displacement of other metal cofactors (4, 11) as well in
the production of intracellular reactive oxygen species, namely,
hydroxyl radicals, via Fenton chemistry (23, 27). While copper-
catalyzed reduction of H,O, to hydroxyl radicals can be dem-
onstrated in vitro (3, 17), the significance of this reaction in
mediating DNA damage in vivo remains a controversial issue.
This reaction is considered unfavorable on account of the low
physiological concentrations of oxygen radicals, the virtual ab-
sence of “free” copper inside the cell, and the maintenance of
a neutral-pH cytosolic environment (40, 46); however, numer-
ous studies have demonstrated that these reactions do occur
(33) and are a significant threat to cell viability and survival
(27). Copper homeostasis is critical, as evident by the cell’s
capacity for copper chelation and complex detoxification sys-



VoL. 74, 2008

2>

I8

L S S —
8 9 10 11 12 13 14

<)

t

B

I

9 10 11 12 13 14

C

D

NSt

8 9 10 11 12 13 14
250 - g E

200 A

150

100 4

50 +

%V 1 23456 78 810 11 1

FIG. 6. X-ray elemental spectra from a thin K. radiotolerans cell
section. Each of the EDS panels corresponds to a specific sampling
location from the thin section shown in Fig. 5C. (A) EDS spectrum of
the embedding resin. (B) EDS spectrum of the extracellular milieu. (C
and D) EDS spectra from two different locations within the cytoplasm.
(E) EDS spectrum from the cell membrane and cell wall and the
interstitial space between dividing cells within the cluster.

tems (15, 29, 37, 40), which are often interconnected through
transcriptional regulation of oxidative stress pathways (25, 47).
In gram-negative bacteria, periplasmic sequestration of metals
is an important resistance mechanism for preventing accumu-

COPPER-ENHANCED GROWTH OF K. RADIOTOLERANS 1381

lation of toxic levels of Cu®* in the cytoplasm (8,9, 33, 42), but
K. radiotolerans is gram positive and accumulates copper in-
tracellularly. Moreover, heightened sensitivity to a strong oxi-
dant and the persistence of low-molecular-weight DNA follow-
ing acute irradiation of copper-loaded cells are suggestive of
copper-catalyzed hydroxyl radical formation.

It is unclear why K. radiotolerans accumulates copper, but it
appears that this organism possesses uptake and transport
mechanisms that may be Cu®* specific. Increased intracellular
accumulation of Fe and Mn was demonstrated by growing
cultures in metal-supplemented medium, but the levels were
substantially lower than those of Cu. It would seem unlikely
that K radiotolerans possesses a unique, copper-dependent
defense system for oxidative and radiation stress yet more
probable that cells are sufficiently equipped to sequester excess
copper (or redox active metals) at high efficiency, thus prevent-
ing metal toxicity and production of reactive oxygen species.
This conclusion would appear to be supported by the observa-
tion that Fe-loaded cells were not differentially affected by
chronic irradiation or H,0, relative to the no-metal control.
Possible mechanisms for copper sequestration based on pre-
liminary genome sequence examination include the Fe-con-
taining superoxide dismutase, glutathione, and DNA binding
protein (Dps). Orthologs of putative low-molecular-weight Cu-
induced metallothioneins or metallochaperons have not been
identified in K. radiotolerans. Additionally, conventional cop-
per homeostasis pathways (e.g., the cop operon) (46) appear to
be absent, though numerous heavy metal transporters and mul-
tiple copies of the copC copper resistance gene were identified.
Copper toxicity can manifest itself through the displacement of
iron, or other metals, for specific ligands and cofactor binding
sites, though growth characteristics were unaffected by high
cytoplasmic copper levels. Adaptation to copper-supple-
mented growth medium may induce the expression of addi-
tional or redundant defense and detoxification systems that
counter metal toxicity as well as excessive production of reac-
tive oxygen species. Intracellular sequestration may be impor-
tant for copper resistance, but the cupro-chaperons or enzymes
involved and the potential coordination with other defense
systems have not been experimentally determined.

The experiments performed by Daly et al. (13) have been
repeated to evaluate whether certain transition metals might
fulfill an important physiological role in the radioresistance
phenotype of K. radiotolerans, as they appear to in other ex-
treme-resistant bacterial species. High levels of intracellular
Mn relative to Fe levels have been shown to contribute to
y-radiation resistance by mitigating protein oxidation that oc-
curs during and after irradiation (14). Conversely, the high
intracellular Fe level, relative to the Mn level, apparently con-
tributes to the sensitivity of bacterial species like E. coli and
Shewanella oneidensis to radiation and oxidative stress through
the production of reactive oxygen radicals that exacerbate cel-
lular damage. The apparent biochemical preference and utili-
zation of a non-Fenton redox metal shown by the Deinococcus
spp. and other extreme-radiation-resistant bacterial species
tested by Daly et al. (13), though, does not satisfactorily ex-
plain the radiation tolerance of K. radiotolerans, because Cu**
does participate in Fenton/Haber-Weiss chemistry for the for-
mation of reactive oxygen species (31). These results strongly
indicate an important role for Cu®*" in enhancing the meta-



1382 BAGWELL ET AL.

A,

Radiation Dose (Gy)
40 400

0 4000

High MW DINA

Low W DINA

Plasmid 14 kbp

B

APPL. ENVIRON. MICROBIOL.

C:

- Copper Grown
Post-Radiation Time (hr) Post-Radiation Time (hr)
01 3 4 5 % 01 2 3 4 5 ¢

FIG. 7. DNA damage repair in K. radiotolerans cultures following acute irradiation. (A) DNA damage as a function of radiation dose. (B and
C) Timing of radiation-induced DNA damage repair for control and Cu-grown cultures. MW, molecular weight.

bolic efficiency and/or antioxidative capacity in K. radiotolerans
to compensate for the chemical reactivity of this element. It is
relatively simple to envision that the copper-induced response
could afford cross-protection from other stressors (particularly
oxidative stress), but it is not clear how a stress response would
dramatically increase energy production and growth only when
the compounded stress of ionizing radiation is applied.
Mattimore and Battista (34) postulated that the mechanisms
of extreme radioresistance in Deinococcus radiodurans evolved
not under direct selection by ionizing radiation but more likely
as a consequence of selection for desiccation resistance. This
explanation continues to gain credence as more examples arise
(e.g., references 2, 16, 21, 41). These observations imply certain
overlap among the underlying resistance mechanisms, but
there may also be some important stressor-specific distinctions.
Here, high intracellular levels of copper prohibited recovery of
H,O,-exposed cells, though the expectedly toxic combination
of copper and vy-radiation stimulated the growth and colony
formation of K. radiotolerans. Exposure of a Cu-loaded culture
to 4% hydrogen peroxide may have exceeded the cell’s capacity
to effectively quench reactive oxidants, resulting in irrecover-
able cellular damage, consistent with the expectation that cop-
per catalyzed the production of oxygen radicals. The sensitivity
of Cu-loaded cultures to more-closely approximated physio-
logical concentrations of hydrogen peroxide was not deter-
mined, though we have measured the heightened sensitivity of
Cu-loaded cultures to methyl viologen (0.2 mM), a known
producer of superoxide anion (C.E. Bagwell, unpublished
data). Thus, the levels of oxidative stress resulting from chronic
irradiation of Cu-loaded cells should be less than that imposed
by the H,O, used in these experiments. We presume that
exposure of Cu-loaded K. radiotolerans cultures to a strong
oxidant is capable of liberating “bound” intracellular Cu, which

is then available to react, with lethal consequences to the
cell. Consequently, Cu-dependent growth stimulation during
chronic irradiation may mean that radiation-induced oxidative
stress is below the threshold and that any oxidant produced is
readily quenched, so then a beneficial role for copper is con-
ceivable.

The relative amounts of direct DNA damage resulting from
acute irradiation were comparable for the Cu-loaded and con-
trol cultures, whereas Cu-dependent damage was more pro-
nounced during postirradiation recovery and repair. The Cu-
loaded culture may suffer from a higher level of indirect
cellular damage due to Cu-dependent production of reactive
oxygen species, which would interrupt the efficiency of DNA
stabilization and repair. The decreased intensity of the re-
stored plasmid in the Cu-loaded culture implies that some of
the low-molecular-weight DNA could not be salvaged for ge-
nome reassembly and was either degraded or exported. We
presume that the type or extent of DNA damage accrued in the
Cu-loaded culture was more severe than that in the control;
however, it is interesting to note that DNA stabilization and
repair functions were preserved and operated at nearly the
same efficiency as those of the control.

Microbial communities do inhabit radioactive environments
(19, 24, 38, 43, 51), and bacteria isolated from such habitats are
generally much more tolerant to exposure to ionizing radiation
and oxidative stress than their counterparts from environments
experiencing background levels of radiation (36). Melanin-
producing microfungi obtained from the Chernobyl Atomic
Energy Station display directional growth of hyphae toward
ionizing radiation (51). Dadachova et al. (12) recently demon-
strated that melanin enhanced the growth and metabolic ac-
tivity of certain fungi during chronic exposure to low levels of
ionizing radiation relative to what was found for nonmelanized
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cells. Though the exact mechanism(s) is unknown, melanin
may serve to shield these fungi, perhaps scavenging reactive
oxygen species (44), but a role for the electron transfer prop-
erties of melanin cannot be ignored (12, 35). To the best of our
knowledge, this study marks the first documented case
whereby bacterial growth is legitimately enhanced during
chronic irradiation. Here, growth conditions that were ex-
pected to prompt copper-catalyzed production of oxygen rad-
icals actually promoted the growth of K. radiotolerans, and this
response could not be duplicated by chronic irradiation or
copper supplementation alone.
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