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Escherichia coli is generally resistant to H,O,, with >75% of cells surviving a 3-min challenge with 2.5 mM
H,0,. However, when cells were cultured with poor sulfur sources and then exposed to cystine, they transiently
exhibited a greatly increased susceptibility to H,0,, with <1% surviving the challenge. Cell death was due to
an unusually rapid rate of DNA damage, as indicated by their filamentation, a high rate of mutation among
the survivors, and DNA lesions by a direct assay. Cell-permeable iron chelators eliminated sensitivity, indi-
cating that intracellular free iron mediated the conversion of H,0, into a hydroxyl radical, the direct effector
of DNA damage. The cystine treatment caused a temporary loss of cysteine homeostasis, with intracellular
pools increasing about eightfold. In vitro analysis demonstrated that cysteine reduces ferric iron with excep-
tional speed. This action permits free iron to redox cycle rapidly in the presence of H,0O,, thereby augmenting
the rate at which hydroxyl radicals are formed. During routine growth, cells maintain small cysteine pools, and
cysteine is not a major contributor to DNA damage. Thus, the homeostatic control of cysteine levels is
important in conferring resistance to oxidants. More generally, this study provides a new example of a situation
in which the vulnerability of cells to oxidative DNA damage is strongly affected by their physiological state.

H,0, is formed in bacteria when molecular oxygen oxidizes
redox enzymes (32, 33). Endogenously produced H,O, can
slowly oxidize proteins, forming methionine sulfoxide and car-
bonyl adducts (14, 35). The more significant cellular damage,
however, is likely to occur to DNA. Hydrogen peroxide itself
cannot directly oxidize DNA, but it reacts very rapidly with
transition metals to form a hydroxyl radical (OH). Hydroxyl
radicals attack both sugar and base moieties, leading to sugar
fragmentation, strand scission, and base adducts (18). The
death of Escherichia coli exposed to moderate doses of H,O, is
primarily due to DNA damage (17, 20).

Oxidative DNA damage occurs in three steps:

reductant™® + Fe** — reductant™ + Fe?* (1)
Fe?" + H,0, — Fe’*
+ "OH + OH™ (the Fenton reaction) (2)
‘OH + DNA — H,O + damage 3)

where reductant™ and reductant® are reduced and oxidized
reductant, respectively. Both Cu™ and Fe** are capable of
reacting with H,O, to form ‘OH in vitro. However, Fe*" is
evidently the coreactant in vivo, since cell-permeable iron che-
lators protect DNA from exogenous H,O, (21). E. coli con-
tains a small (ca. 20 wM) pool of “free” iron that is not inte-
grated into proteins, and it is this iron that catalyzes the Fenton
reaction. Indeed, mutants that have high levels of intracellular
free iron are especially vulnerable to oxidative DNA damage
(24, 29, 51).

What remains unclear is the identity of the iron reductant
(equation 1). When cells are exposed to millimolar concentra-
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tions of H,O,, DNA damage occurs continuously for up to 30
min, even though any preexisting free Fe?* should be oxidized
within a few seconds (k = 76 M~ ! s™') (52). Thus, the rere-
duction of oxidized iron is an important part of the damage
process. In fact, when reducing equivalents are depleted by
carbon restriction, E. coli becomes resistant to H,O,, suggest-
ing that in some situations the rate of iron reduction can
determine the pace of oxidative DNA damage (20).

Superoxide sufficed as the iron reductant in in vitro model
systems (10, 28). However, subsequent reports have shown that
O, is not an important reductant of free iron in vivo. First,
given the rate constant for iron reduction by O, (10° M *s™!
for Fe**-ATP) (7) and the concentration of O, in wild-type
cells (10719 M) (19), the half time for iron reduction would
approach 20 h, far too long to support the rate of DNA damage
that is observed. Second, even anaerobic cells, which are de-
void of O, ", suffer rapid DNA damage when H,O, is added
(23).

These results prompted a search for other biomolecules that
might reduce free iron in vivo. Both thiols (1073 M) and
NAD(P)H (1072 M) (44, 45) can transfer electrons to free iron
in vitro and are far more abundant in vivo than is O, . Free
reduced flavins are also efficient reductants of iron, and in fact,
their accumulation in respiration-inhibited cells causes a large
increase in vulnerability to DNA damage (53). However, the
basal sensitivity to H,O, persists in flavin reductase-deficient
cells, indicating that under most conditions iron reduction oc-
curs by some other pathway.

In this work we sought an explanation for the observation
that cystine exposure can transiently potentiate the bactericidal
effect of H,O, (6, 9, 11, 12). We found that when cysteine
homeostasis is disrupted, intracellular cysteine acts as an ad-
ventitious reductant of free iron and thereby promotes oxida-
tive DNA damage.
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid Genotype Source or reference
Strains
AB1157 F~ thr-1 leuB6 proA2 his-4 thi-1 argE2 lacY1 galK2 4
rpsL supE44 ara-14 xyl-15 mtl-1 tsx-33
ALN2 As AN387 plus fre::kan 53
ALN34 As AN387 plus polA12(Ts) Lab collection
AN387 F~ mpsL gal 3
BW25113 lacI® rrnB AlacZ hsdR514 AaraBAD ArhaBAD William Metcalf
BW9091 As AB1157 plus xth-1 Stuart Linn
CAG18468 nupC510::Tnl0 N~ rph-1 E. coli Genetic Stock Center
CAG18475 metC162::Tnl0 N~ rph-1 E. coli Genetic Stock Center
DHB4 F' lac-pro lacl9IA(ara-lew)7697 araD139 AlacX74 galE 43
galK rpsL. phoR AphoA Pvull
JF2201 As AB1157 plus gshB::kan AlacZYA pro James Fuch
J1367 As MG1655 plus AkatG katE12::Tnl0 46
IM2314 cysA97 araD139 A(argF-lac)169 flhB5301 A(his-gnd)296 E. coli Genetic Stock Center
relA1 fda-2(Ts) galP79 rpsL150 deoC1 N~
JTG10 As AB1157 plus gshA::kan 16
MC4100 araD139 A(argF-lac)U169 rpsL150 relAl flhB5301 Lab collection
deoC1 ptsF25 rbsR
MC4100A299 As MC4100 plus ORF299::kan (=ydeD::kan) Tobias Dassler
MG1655 F wild type E. coli Genetic Stock Center
OD503 As AB1157 plus AsufS Lab collection
PK4331 As MG1655 plus iscS::kan Patricia Kiley
RL165 cysK511 thr-1 leuB6 fhuA2 lacY1 supE44 gal-6 N~ trp-1 E. coli Genetic Stock Center
hisG1(Fs) rpsL9 malT1(N") xplA7 mtlA2 AargHI thi-1
SP31 As AB1157 plus xth-1 gshA P1(JTG10) X BW9091
SP32 As CAG18468 plus cysA97 P1(CAG18468) x JM2314
SP34 As AB1157 plus cysA97. . .nupC::Tnl0 gshA::kan xth-1 P1(SP32) x SP31
SP53 As BW25113 plus cysB::cam This study
SP55 As AB1157 plus ORF299::kan (=ydeD::kan) This study
WP840 As DHB4 plus gor522. . .mini-Tn/0TC Jon Beckwith
Plasmids
pACYC184 Cm" Tc" p15A origin Abigail Salyers
pKD3 Cm" Am' oriRvy origin William Metcalf
pKD46 Am'" repA101(Ts) oriR101 origin William Metcalf

MATERIALS AND METHODS

Chemicals, enzymes, and media. Hydrogen peroxide (30% [wt/vol]), glutathi-
one (GSH), p- and L-cystine, L-cysteine, homocystine, sodium sulfide, sodium
sulfite, sodium sulfate, sodium thiosulfate, dithiothreitol (DTT), djenkolic acid,
5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB), trimethoprim (TMP), thymine, fer-
ric chloride, ferric sulfate, ferrous sulfate, dipyridyl, desferrioxamine mesylate,
EDTA, 5-sulfosalicylic acid (5-SSA), N-ethylmorpholine, agarose, and ethidium
bromide were purchased from Sigma. Trichloroacetic acid (TCA) was from EM
Science. Beef liver catalase and GSSG (oxidized form of GSH) were from
Roche. Tris, glucose, and glycerol were purchased from Fisher.

Luria broth (LB) contained 10 g of Bacto Tryptone, 5 g of yeast extract, and
5 g of sodium chloride (all per liter) (34). Minimal medium contained minimal
A salts (34) (except that ammonium sulfate was replaced by ammonium chlo-
ride), 0.2% glucose, 1 mM MgCl,, a 0.5 mM concentration (total) of 18 amino
acids (omitting cysteine and methionine), and 5 mg of thiamine per liter. Sulfur
sources (0.5 mM) were added as indicated. Media were supplemented with the
following antibiotics when selection was required: ampicillin (100 wg/ml), chlor-
amphenicol (20 pg/ml), kanamycin (40 pg/ml), and tetracycline (10 pg/ml).
Water was purified with a Labconco Water Pro PS system.

Strains and culture conditions. All E. coli strains and plasmids used in this
study are listed in Table 1. Mutations were introduced into strains by P1 trans-
duction (34). Mutations in gshA were confirmed by measurements of intracellular
GSH levels by the DTNB-GSSG reductase recycling assay (2). Mutations in cysA
were detected by screening bacteria for the inability to grow on minimal medium
containing sulfate. The optical density at 600 nm (ODy,) was measured for each
culture. Cultures were grown aerobically for at least six generations to an ODy
of 0.1 to 0.2.

H,O0, sensitivity. Cells were grown in minimal medium containing glucose and
a 0.5 mM concentration of the indicated sulfur source (usually sulfate). When the
culture reached an ODg of 0.1 to 0.2, a second sulfur source (typically cystine)

was added. After 3 min, the culture was challenged with 2.5 mM H,0O,. At timed
intervals, 20 .l of the culture was removed and diluted in LB containing catalase
(1,300 U/ml of LB) to stop further killing. The diluted bacteria were mixed in LB
soft agar and spread on LB plates. The surviving cells were counted after
overnight incubation at 37°C.

Measurement of DNA damage by quantitative PCR (qPCR) assays. Total
genomic DNA was isolated from 5 ml of culture using a DNeasy Tissue kit
(Qiagen). The extracted DNA was quantified using a PicoGreen dsDNA quan-
titation reagent (Molecular Probes) with lambda DNA as a standard. For prim-
ers, 10-kb fragments near fumC regions were used. Primer sequences were as
follows: 5'-GGCGTGAACTCGCAAAATATTACGATTCAGCC  (forward
primer) and 5'-AGGGCAACGGAACACCCGCCCAGAGCATAACC (reverse
primer). PCR was performed using an Expand Long Template PCR system
(Roche). The 25-pl PCR mixture contained 0.05 to 0.5 ng of genomic DNA as
a template, a 300 nM concentration (each) of the two primers, 350 uM each of
the four deoxynucleoside triphosphates (Promega), 10X PCR buffer with 1.75
mM MgCl,, and 0.75 wl of DNA polymerase mix. Thermal cycling was performed
with a PCR Express (Hybaid) cycler. The genomic DNA was initially denatured
for 1 min at 94°C, and then the DNA was subjected to 25 cycles of PCR, with 1
cycle consisting of denaturation at 94°C for 15 s and annealing and extension at
68°C for 12 min. A final extension step at 72°C was performed for 10 min at the
completion of the profile. PCR products were separated by 1% agarose gel
electrophoresis, stained with ethidium bromide, scanned with a PhosphorImager
(model 425; Molecular Dynamics), and quantified with ImageQuant software
(Molecular Dynamics).

Mutagenesis rate. To measure the rate of mutagenesis, Thy ™ cells were se-
lected with TMP. TMP is a dihydrofolate reductase inhibitor that depresses the
growth of Thy™* cells but not that of Thy~ cells on plates supplemented with
thymine (1). Two-hundred fifty microliters of culture was mixed with F-top agar
(8 g of agar, 8 g of NaCl [both per liter]) supplemented with thymine (1 mg/ml)
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and TMP (0.1 mg/ml), and the culture was spread on LB plates. To determine
the total number of viable cells, the culture was mixed with F-top agar supple-
mented with thymine only. The rate of mutagenesis was calculated by dividing
the total number of Thy ™ cells by the number of viable cells.

Intracellular free iron measurement by EPR. Cultures were grown in 1 liter of
minimal medium containing sulfate. When the ODy, reached 0.1 to 0.2, cystine
was added. After 3 min, cells were harvested, and the pellets were resuspended
in 9 ml of the same medium. One milliliter of 0.2 M desferrioxamine mesylate
was added, and the culture was incubated at 37°C for 15 min with shaking. The
cells were then centrifuged and washed twice with 5 ml of cold 20 mM Tris-Cl
(pH 7.4) buffer. The cells were finally resuspended in 400 pl of the cold Tris
buffer containing 10% glycerol. Two hundred microliters of the cell suspension
was loaded into a quartz electron paramagnetic resonance (EPR) tube, imme-
diately frozen in dry ice, and stored at —80°C until analysis. Ferric sulfate
standards were mixed with desferrioxamine mesylate and prepared in the same
Tris buffer containing glycerol. The concentration of iron in the standard samples
was determined from the value €,,,, at 420 nm of 2.865 cm ™ !. The EPR signals
were measured with a Varian Century E-112 X-band spectrophotometer
equipped with a Varian TE102 cavity and temperature controller. The spectrom-
eter settings were as follows: field center, 1,570 G; receiver gain, 3,200 G; field
sweep, 400 G; modulation amplitude, 12.5 G; temperature, —125°C; and power,
30 mW. The measured EPR signals were converted to approximate intracellular
concentrations by normalization to the cell density by using the following rela-
tionship: 1 ml of a culture of E. coli on minimal medium containing glucose at an
ODyq of 1 comprises 0.57 pl of intracellular volume (19).

Construction of a cysB knockout mutant. The cysB locus was disrupted by the
method described by Datsenko and Wanner (13). Briefly, a chloramphenicol
cassette region from pKD3 plasmid was amplified by PCR using the primers with
cysB homology extensions. Primer sequences were as follows (the cysB extensions
are underlined): 5'-CGCTATATTGTTGAGGTGGTCAATCATAACTGTAG
GCTGGAGCTGCTTCG (forward primer) and 5'-AGAGCGCAATGCGACA
GCCGCATCAACGACCATATGAATATCCTCCTTAG (reverse primer). The
1.1-kb PCR products were cleaned with a QIAquick PCR purification kit (Qia-
gen), and the E. coli BW25113 strain harboring pKD46 plasmid was transformed
with the linear DNA by electroporation with a Gene Pulser apparatus (Bio-Rad
Laboratories). Cam"™ Amp® transformants were selected at 37°C. The cysB dis-
ruption was verified by PCR and by the inability of mutants to grow in minimal
medium containing sulfate.

Intracellular thiol measurement by HPLC. GSH and other thiols react with
monobromobimane (mBBr), a fluorescent dye. After the thiols were separated
by high-pressure liquid chromatography (HPLC), the thiol-bimane derivatives
can be quantified by fluorescence detection (38, 42). Samples were prepared
under conditions similar to those described by Anderson (2). First, 25 ml of
culture was harvested, and the cell pellets were resuspended in 250 pl of 5%
S-sulfosalicylic acid (5-SSA). The cell suspension was held on ice for 10 min.
After the precipitates were removed by centrifugation, the supernatants were
used for thiol derivatization. The derivatization reaction mixture contained 340
wl of water, 120 pl of the 5-SSA supernatants, 100 pl of 1 M N-ethylmorpholine,
and 20 pl of 0.1 M mBBr (Calbiochem). After 20 min in the dark at room
temperature, 20 pl of glacial acetic acid was added to decrease the pH. The
samples were wrapped in foil to reduce the formation of mBBr degradation
products and stored at —20°C until analysis.

HPLC separation was performed on a Beckman System Goldliquid chromato-
graph equipped with an Intelligent Fluorescence Detector (model FP-920;
Jasco). The fluorescence detector was operated at an excitation wavelength of
400 nm and an emission wavelength of 475 nm. Twenty microliters of the
derivatized sample was injected into a pBondapak C,g Cartridge column (4.6 by
250 mm) (particle size, 10 wm; Waters). Thiols were resolved by isocratic elution
for 30 min at room temperature using 1 ml of solvent A (14.2% methanol-0.25%
glacial acetic acid [pH 3.9]) per min. Between samples, the column was cleaned
for 10 min with solvent B (90% methanol-0.25% glacial acetic acid [pH 3.9]) and
reequilibrated with solvent A for 10 min. GSH and cysteine peaks were quanti-
fied by using a standard curve.

Determination of cellular acid-soluble thiols. Total acid-soluble thiols were
measured by the method of Lawley and Thatcher (27) with some modifications.
Cystine-treated cultures were centrifuged and washed at room temperature with
minimal medium containing sulfate and 1 mM EDTA. The cells were lysed by
passage through a French pressure cell (SLM Aminco) and centrifuged. Proteins
were precipitated from the supernatant fractions by the addition of cold TCA
(final concentration of 5%). After 10 min on ice, the acidified samples were
clarified by centrifugation, and 100 pl of the clear supernatants was added to 900
wl of a DTNB solution (200 wg/ml in 0.2 M sodium phosphate buffer [pH 7.6]).
The absorption spectrum at 410 nm was measured immediately. GSH was used
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for the thiol standard, and the thiol content was normalized to the amount of
total protein. The protein concentration was determined by a Coomassie protein
assay reagent (Pierce) using egg albumin as a standard.

Iron reduction assays. Iron reduction by thiols was performed in an anaerobic
Coy chamber (85% N,, 10% H,, and 5% CO,). All reagents and stock solutions
were prepared in anaerobic H,O. In a cuvette, 10 wM ferric chloride and 3 mM
cysteine or GSH in 20 mM Tris-Cl buffer (pH 7.4) were mixed together. At each
time point, aliquots were added to 300 wM Ferene to stop the reaction and to
chelate the reduced iron. The cuvette was tightly capped and immediately taken
to a spectrophotometer (model DU 640; Beckman) to measure the absorption
spectrum at 562 nm.

DNA strand break assays. DNA strand breaks were assayed by measuring the
relaxation of supercoiled plasmid to an open circular form (36, 41). pACYC184
plasmid DNA was isolated from 9 ml of culture using a Qiaprep spin miniprep
kit (Qiagen). The final DNA pellet was resolved in 200 pl of 50 mM TE
(Tris-EDTA) buffer (pH 7.9), and the DNA concentration was determined by a
PicoGreen dsDNA quantitation reagent (Molecular Probes). In an anaerobic
Coy chamber, 33 ng of the pACYC184 plasmid in 3.5 mM NaHCO; buffer (pH
7.2) with 10 uM FeCls, 20 uM GSH or cysteine, and 50 uM H,0, was added to
the DNA. At each time interval, 2,600 U of catalase/20 pl of reaction mixture was
added to stop the H,0, reaction. A loading dye was mixed with the reaction
mixture, and the sample was electrophoresed in a 1% agarose gel. The gel was
stained with ethidium bromide, and the bands were scanned with a phosphorim-
ager and quantified by Image Gauge software (Fuji).

RESULTS

Cystine treatment transiently sensitizes cells to H,0,. E.
coli AB1157 wild-type cells grown in minimal medium contain-
ing glucose with sulfate as the sole sulfur source were not
particularly sensitive to H,O,, as >75% survived a 3-min chal-
lenge with 2.5 mM H,0O, (Fig. 1A). The same was true of cells
grown with cystine as the sole sulfur source. However, when
sulfate-grown cells were treated with cystine for 3 min, only
about 0.4% survived the subsequent exposure to H,O,. Other
E. coli K-12 strains, such as MG1655, AN387, and BW25113,
demonstrated the same cystine-mediated H,O, sensitivity
(data not shown).

The period of sensitivity after cystine addition was relatively
brief. Over the subsequent 2 h, cells regained their typical
resistance to H,O, (Fig. 1B). In analyzing this phenomenon,
we sought first to identify the mechanism of cell injury and
then to explore its connection to the cystine treatment.

The cystine-mediated H,O, killing effect results from DNA
damage. The lack of a shoulder (Fig. 1A) suggested that the
killing may be due to DNA damage. Indeed, most of the
“dead” cells filamented in the hours following the H,O, expo-
sure (data not shown). Filamentation commonly occurs in E.
coli cells that have suffered extensive DNA damage but whose
catabolic and biosynthetic pathways are functional (8).

gPCR assays confirmed that cystine-H,O,-treated cells suf-
fered gross DNA damage. The qPCR method detects any
lesions or strand breaks which block the progression of the
PCR DNA polymerase (54, 55); when damaged DNA is used
as a template, fewer PCR products are formed than when
intact DNA is used. As shown in Fig. 2, cystine-H,O, treat-
ment reduced by 10-fold the amount of PCR product. Poisson
analysis of the samples shown in Fig. 2 indicated approximately
2,900 blocking lesions per genome in the cystine-H,O,-treated
cells compared to <290 in cells treated with H,O, alone.

The same result was obtained upon analysis when a polA(Ts)
strain was challenged at the restrictive temperature. DNA
polymerase I is required for most DNA repair pathways, so this
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FIG. 1. A cystine pulse transiently sensitizes cells to H,O,. (A) E.
coli AB1157 (wild-type) cells were grown to log phase in minimal
medium containing sulfate (circles) or cystine (squares). Cystine (0.5
mM) was added (solid symbols) or not added (open symbols) to the
cells, and 3 min later, 2.5 mM H,O, was added. At intervals, cells were
diluted, and viability was determined by colony formation. (B) AB1157
cells were grown to log phase in medium containing sulfate. At time
zero, cystine (0.5 mM) was added. At time points, aliquots were re-
moved and challenged for 3 min with 2.5 mM H,O0,.

result indicates that the effect of cystine is to quicken the
process of DNA damage rather than to inhibit DNA repair.

Cystine-H,O, treatment also caused a high rate of mutagen-
esis. The frequency of Thy" to Thy~ conversion increased
approximately 100-fold (Fig. 3). All these data indicate that the
toxic effect of the cystine-H,O, treatment was due to an ac-
celeration of DNA damage.

The DNA damage occurs via the Fenton reaction. The ad-
dition of cell-permeable iron chelators (dipyridyl or desferri-
oxamine) fully blocked the cell killing (Fig. 4), confirming that
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Relative fluorescence

con cystine HpOp cystine
+HyOp

FIG. 2. Cystine-H,O, treatment generates abundant DNA dam-
age. Log-phase E. coli AB1157 cells were treated with either 0.5 mM
cystine, 2.5 mM H,O,, or cystine and H,O,, or left untreated as a
control (con). Total genomic DNA was isolated, and qPCR was per-
formed, using equivalent amounts of template DNA for each reaction
mixture. PCR products were scanned, and the relative fluorescence
was normalized to the untreated control. Values are the means and
standard deviations (error bars) from three experiments.

the Fenton reaction (equation 2) was involved in the cystine-
mediated H,O, killing.

Three substances are required for the Fenton reaction to
occur: H,O,, iron, and an electron donor. We reasoned that
the cystine treatment must increase the concentration of one of
these substances to accelerate DNA damage. Under our ex-
perimental conditions, the intracellular concentration of H,O,
is approximately the same as the external concentration (47).
Indeed, a katG katE catalase-deficient mutant was not more

Mutagenesis rate

con cystineH»O» cystine
Y 22 + HyOp

FIG. 3. Cystine-H,O, treatment accelerates mutagenesis. E. coli
ABL1157 cells were grown to log phase and exposed for 3 min to 0.5
mM cystine, 0.1 mM H,O,, or both cystine and H,O, or left untreated
as a control (con). After 3 min, catalase was added to scavenge H,O,,
and cells were spread on LB plates containing thymine or thymine and
TMP. Values are the means and standard deviations (error bars) from
three experiments. Note that the scale is exponential.
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FIG. 4. Conditions that confer H,O, sensitivity. Different E. coli
strains and treatments were studied and are grouped in sets of bars.
For bars 1 to 3, AB1157 cells were grown to the log phase and treated
with iron chelators for 5 min (none [bar 1], 1 mM dipyridyl [bar 2], and
20 mM desferrioxamine [bar 3]) before the addition of 0.5 mM cystine
and 2.5 mM H,0O,. For bars 4 to 11, AB1157 cells were treated with a
0.5 mM concentration of an alternative sulfur species (cysteine [bar 4],
homocystine [bar 5], sulfide [bar 6], thiosulfate [bar 7], sulfite [bar §],
GSH [bar 9], GSSG [bar 10], and DTT [bar 11],) instead of cystine. For
bars 12 and 13, AB1157 cells were grown in minimal medium contain-
ing cystine until the cells reached early log phase, and then the cells
were washed twice and suspended in minimal medium containing
sulfate for 1 h. For bar 13, 20 pg of chloramphenicol per pl was present
during the period of growth on sulfate. Cystine was then added, and
the cells were challenged with H,O, for 3 min. For bars 14 and 15,
BW25113 and SP53 (cysB) cells were grown in minimal medium con-
taining djenkolic acid and tested for cystine-mediated H,O, sensitivity.
JTGI10 (gshA) cells (bar 16) and WP840 (gor) cells (bar 17) were grown
in minimal medium containing sulfate and tested for cystine-mediated
H,O0, sensitivity. Values are the means and standard deviations (error
bars) from five samples.

sensitive than its wild-type parent, and it also showed the
sensitization after cystine exposure (data not shown). Thus, the
cystine treatment did not affect damage by altering H,O, lev-
els.

The sensitization was also not mediated by an enlargement
of the pool of free iron. The amount of intracellular free iron
was determined by EPR. Cystine-treated E. coli AB1157 cells
(34 pM free iron) showed a 1.4-fold-higher signal than un-
treated cells (24 wM). This moderate increase does not seem to
be substantial enough to explain the much larger increase in
the rates of DNA damage and cell death.

The third possibility was that Fenton chemistry might be
accelerated by an increase in the reductant that recycles oxi-
dized iron (equation 1). A similar phenomenon occurs when
cellular respiration is inhibited by cyanide (53) or nitric oxide
(A. N. Woodmansee and J. A. Imlay, unpublished data). The
block causes electron flow to be diverted to free flavins, which
then efficiently reduce free ferric iron. Flavin reductase is the
enzyme responsible for the reduction of FAD; thus, to ascer-
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tain whether cystine promotes DNA damage in the same way,
we looked at cystine-mediated H,O, sensitivity in a flavin re-
ductase-deficient strain (E. coli ALN2). This mutant also was
still sensitive to cystine-H,O, treatment (0.3% survival), indi-
cating that the cystine effect occurred by a different pathway.

CysB-stimulated cystine transport may be required for
H,0, sensitivity. In light of the above results, an alternative
hypothesis was that cystine exposure might increase the
amount of intracellular thiols. GSH, the predominant intracel-
lular thiol, can reduce iron and drive the Fenton reaction in
vitro (45). As a first step in testing this idea, the phenomenol-
ogy of sensitization by cystine was more closely defined. A
working hypothesis was that the growth on sulfate would acti-
vate the CysB protein (26), which stimulates the synthesis of
high-affinity cystine transporters (5). Sudden exposure to cys-
tine might then cause its overaccumulation inside the cell, until
corrective processes, such as its rerepression and the synthesis
of exporters, might reduce cysteine back to normal levels.

Indeed, pregrowth on other CysB-activating sulfur species
(djenkolic acid, sulfite, and thiosulfate) also caused H,O, sen-
sitivity upon subsequent cystine addition (data not shown).
One hour of growth on sulfate was sufficient to confer sensi-
tivity to cystine-H,O, treatment; however, the sensitivity was
avoided if chloramphenicol were present to block protein syn-
thesis during this period of sulfur limitation (Fig. 4). Finally, a
null mutation in cysB prevented sensitivity (Fig. 4). Thus, the
activation of CysB by sulfur limitation and its subsequent in-
duction of a protein were essential for H,O, sensitivity.

The exposure of CysB-activated cells to sulfur sources other
than L-cystine (homocystine, sulfite, sulfide, thiosulfate, GSH,
GSSG, and DTT) did not have any effect on H,O, sensitivity
(Fig. 4). p-Cystine also did not have any effect on H,O, sen-
sitivity (Fig. 5). L-Cysteine did sensitize cells.

Not much is known about the cystine transport system in E.
coli. However, in Salmonella enterica serovar Typhimurium,
the CysB-inducible CTS-1 (cystine transport system 1) has a
K, of about 2 uM. The dose of cystine necessary for the H,O,
sensitivity was also in the micromolar range and exhibited
saturating kinetics, consistent with the saturation of a high-
affinity transporter (Fig. 5). Unfortunately, the gene that en-
codes the high-affinity cystine transporter has not yet been
identified, so its involvement could not be tested genetically.

Interestingly, ydeD mutants, which lack a cysteine exporter,
remained sensitive to H,O, slightly longer than did wild-type
cells (e.g., after 15 min of cystine exposure, 0.07% versus
0.68% survived the H,O, challenge).

The intracellular thiol pool is increased in cystine-treated
cells. The above data suggested that cystine import was respon-
sible for sensitivity. The total acid-soluble thiol content of
cystine-treated cells was only 1.8-fold higher than that of sul-
fate-grown cells, which does not seem commensurate with the
acceleration of DNA damage. The predominant thiol is GSH,
and a GSH-specific assay showed that its content also in-
creased only about twofold. However, surprisingly, elimination
of GSH by mutation (gshA4, encoding y-glutamylcysteinyl syn-
thetase) blocked H,O, sensitization (Fig. 4). A gshB mutant
(GSH synthetase) also showed this phenotype (data not
shown). Accordingly, DNA isolated from cells lacking GSH
was found to be less damaged by cystine-H,O, treatment (Fig.
6). These results gave us the initial impression that GSH may
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FIG. 5. Evidence that H,O, sensitivity requires cystine uptake. E.
coli AB1157 cells were grown in minimal medium containing sulfate
until they reached log phase, and then they were exposed to different
concentrations of D- or L-cystine for 3 min before 2.5 mM H,O, was
added. Viability was determined after 3 min of H,O, exposure.

play the role as an iron reductant. However, given the fact that
the degree of sensitization was far greater than the moderate
increase in GSH levels, it was not clear whether GSH would
function directly as a reductant.

To study the thiol pool more closely, we resolved the soluble
thiols by HPLC. In untreated cells, GSH was the sole abundant
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FIG. 6. GSH-deficient cells have less DNA damage than wild-type
cells. E. coli JTG10 cells (gshA) were treated with both cystine and
H,O,. Total genomic DNA was isolated, and qPCR was performed
using four different amounts of template DNA. Data shown are for
cells before (stippled bars) and after (gray bars) cystine-H,O, treat-
ment. Compare with the GSH™ parent (Fig. 2, cystine+H,0, bar).
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FIG. 7. Cystine treatment increases cysteine content. E. coli
AB1157 (wild-type) (A) and JTG10 (gshA) (B) cells were grown in
minimal medium containing sulfate until they reached log phase, and
the cells were treated with 0.5 mM cystine for 3 min (thick line) or not
treated (thin line). Acid-soluble thiols were isolated, labeled with
mBBr fluorescent dye, and separated by HPLC. Cysteine and GSH
peaks are indicated.

thiol (Fig. 7A); however, cysteine became abundant after the
cystine treatment. Intracellular cysteine concentration rose
about eightfold. Cysteine levels did not rise in a gsh4 mutant
(Fig. 7B). This suggested that GSH is requisite for cystine
uptake and/or reduction to cysteine. In fact, a GSH reductase
mutant (gor), which cannot recycle GSSG, also did not exhibit
an increase in cysteine content after cystine treatment (data
not shown) and was resistant to H,O, (Fig. 4).

When cystine-treated cells were washed and suspended back
into minimal medium containing sulfate, the intracellular cys-
teine level returned to its usual level by the first available time
point (about 5 min). Those cells were also resistant to H,O,
(>50% survival). These data indicated a strong correlation
between cysteine content and H,O, sensitivity.

Cysteine is desulfurylated by a variety of enzymes, and it
seemed possible that sulfide derived from cysteine might be the
direct active agent. However, mutants lacking these enzymes,
namely, cysteine desulfurase (IscS), selenocysteine lyase (SufS,
or CsdB), B-cystathionase (MetC), and o-acetylserine sulfhy-
drylase A (CysK), all exhibited as much sensitivity to H,O,
after a cystine pulse as did wild-type cells (data not shown). If
sulfide were the key species and desulfurylation were rate
limiting, we would expect these mutations to have an impact.

Cysteine reduces iron and drives oxidative DNA damage in
vitro. The fact that sensitivity to H,O, correlated better with
cysteine than with total thiol levels prompted us to compare
the abilities of different thiol species to reduce iron and drive
Fenton chemistry. We also observed that GSH could reduce
ferric iron in vitro; however, cysteine did so much more effi-
ciently (Fig. 8). Rates of iron reduction were diminished by the
presence of iron ligands such as ATP or citrate, yet cysteine
was still more effective than GSH (data not shown).

When Fe**, cysteine or GSH, and H,O, were mixed with
pACYC184 plasmid, cysteine produced strand breaks in the
DNA and shifted supercoiled-form bands to the relaxed-form
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FIG. 8. Cysteine reduces ferric iron better than GSH does. Ferric
chloride (10 wM) was mixed in anaerobic 20 mM Tris-HCI (pH 7.4)
with 3 mM cysteine or GSH. At each time point, aliquots were re-
moved and ferrous iron was assayed.

bands (Fig. 9). When GSH was included as a reductant, how-
ever, no damage could be detected.

The reason for the superiority of cysteine over GSH is un-
clear but may derive from the ability of cysteine to form com-
plexes with iron (31). In fact, the rate of iron reduction was not
proportionate to cysteine concentration (data not shown), ar-
guing against a simple rate-limiting electron transfer between
cysteine and iron (see Discussion).

The cysteine content of cells under normal conditions is too
low to promote DNA damage. The elevated cysteine concen-
tration in cells after cystine treatment was about 1.5 mM. A
larger issue was whether the 200 wM cysteine concentration
found under normal conditions was responsible for the resid-
ual sensitivity of these cells to H,O,. To answer this question,
we attempted to deplete cysteine pools by starving cells for all
sulfur sources. E. coli SP34 (cysA gshA xth-1) cannot import
sulfate and has no residual pool of GSH. This strain grew well
in medium containing cystine; after it was washed and resus-
pended in medium containing sulfate, its growth stopped. Nev-
ertheless, the resistance of this repair-defective strain to H,O,
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FIG. 10. Mechanism of cystine-mediated H,O, sensitivity. The
CysB protein, which is activated during growth on relatively poor sulfur
sources, stimulates the concerted import and reduction of cystine.
Reduced GSH is necessary for this process. When saturating cystine is
provided to erstwhile sulfur-poor cells, intracellular cysteine pools
transiently rise to supranormal levels. Free iron catalyzes electron
transfer from excess cysteine to H,O,, generating hydroxyl radicals.

was not significantly increased (3.7% of cell survival in medium
containing cystine versus 4.8% in medium containing sulfate).

Unfortunately, the cysteine levels of the mutant were nearly
at detection limits even prior to starvation, so we could not
directly confirm that cysteine pools were subsequently de-
pleted. However, that is the obvious implication of the cessa-
tion of growth. Therefore, these data suggest that at its usual
intracellular concentration, cysteine is not the primary reduc-
tant that drives Fenton chemistry.

DISCUSSION

Homeostatic mechanisms limit cysteine concentration and
minimize sensitivity to oxidants. Our results show that su-
pranormal levels of intracellular cysteine cause sensitivity to
oxidative DNA damage. In this study, those levels were
achieved by sulfur restriction, leading to the synthesis of high-
affinity sulfur transporters, followed by exposure to cystine
(Fig. 10). Apparently, the subsequent rapid import of cystine
causes the cell to overshoot the usual set point. Homeostasis is
gradually restored over the next generation, perhaps by the
inactivation of transporters.

The normal level of cysteine in growing E. coli, 0.1 to 0.2
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FIG. 9. Cysteine efficiently drives Fenton-mediated DNA damage in vitro. In an anaerobic Coy chamber, 33 ng of pACYC184 plasmid was
mixed in 3.5 mM NaHCO; buffer (pH 7.2) with 10 uM FeCl;, 20 M GSH or cysteine, and 50 uM H,0O,. At each time point, the reaction was
stopped by adding catalase. The reaction mixture was run in a 1% agarose gel. RF, relaxed form; SF, supercoiled form.
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mM, is evidently insufficient to contribute significantly to DNA
damage, and this may have been a factor in the determination
of the set point. This may also speak to the reason that E. coli
employs GSH, rather than free cysteine, as a thiol buffer (48).
GSH and cysteine have similar reduction potentials (cysteine/
cystine, —250 mV; GSH/GSSG, —264 mV at pH 7.4 [22]) and
pK, values (cysteine, 8.3; GSH, 8.6); they differ in that GSH
has a strikingly diminished ability to reduce free iron. Thus, the
cell can maintain a pool of 2 to 4 mM GSH without an accom-
panying vulnerability to Fenton chemistry. GSH has even been
proposed to serve as a stored form of cysteine (30), a concept
that is rationalized by its lower reactivity.

Our observation that cysteine reduces iron more avidly than
does GSH is in agreement with the observations of studies of
transferrin reduction and reactive oxygen species production
by other workers (25, 37, 56). The reason for the difference
remains obscure. It has been proposed that ferric iron might
coordinate with the sulfhydryl and carboxylate groups of cys-
teine (50). McAuliffe and Murray suggested that the interac-
tion of sulfur, iron, and oxygen atoms in a three-center
system would promote facile electron transfer (31). The addi-
tional carboxylate group of GSH might disturb this geometry.
Consistent with the suggestion of the formation of complexes,
we observed that high rates of iron reduction were obtained in
vitro with 20 uM cysteine and that further increases had only
moderate additional effects upon ferrous iron formation. The
implication is that low levels of cysteine were sufficient to
complex the iron, so that collision frequency no longer con-
trolled overall electron transfer rates. In vivo, of course, the
presence of competing iron ligands would shift this saturation
point to much higher concentrations of cysteine.

The rate of oxidative DNA damage depends upon the reduc-
tion of ferric iron. A recent study from our lab found condi-
tions under which the pool of free, reduced flavins (reduced
flavin adenine dinucleotide [FADH,]) becomes enlarged and
drives oxidative DNA damage. That phenomenon broadly re-
sembles our observations with cysteine: both cysteine and
FADH, are unusually effective reductants of ferric iron in
vitro, and it is evidently this activity that promotes oxidative
DNA damage in vivo. The results of both experimental lines
indicate that the rate of DNA damage is typically limited by
whether reductants are available to recycle iron after it reacts
with H,O.,.

We were somewhat disappointed to realize that neither the
cysteine nor flavin reduction pathways seem to be important
for the DNA damage that occurs in the absence of a cystine
pulse or respiratory block. What is the Fenton-driving reduc-
tant in that case? Experiments with gsh4 mutants indicate that
it is not GSH (16), experiments with zwf pnt mutants indicate
that it is not NADPH (53), and experiments with superoxide
dismutase-overproducing cells indicate that it is not superoxide
(23). Since GSH still reduces iron better than NADH, it must
not be the latter, either (53). The cell presumably has a pool of
free FADH, even in the absence of flavin reductase, so this
species could be responsible. The question is intriguing, be-
cause the level of the unknown reductant must determine to a
significant extent the vulnerability of bacteria to oxidative dam-
age. By point of contrast, the free intracellular iron in Saccha-
romyces cerevisiae remains in an oxidized form, a difference
which may help protect that organism from H,O, (49).
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Why is GSH necessary for rapid cysteine accumulation? We
noted that cystine pulses failed to force cysteine accumulation
in mutants that could not synthesize GSH or reduce GSSG.
These mutants still grow on minimal medium containing sul-
fate, indicating that the CysB regulon remains functional. We
tested whether cystine accumulated intracellularly in these mu-
tants in the oxidized form and found that it did not. Thus, the
transport process itself might require GSH as a cofactor. Al-
though the mechanism of this linkage remains to be estab-
lished, a rationale can be suggested: high intracellular levels of
cystine would likely trigger the formation of mixed disulfides
and intraprotein disulfide bonds. Indeed, Streptomyces coeli-
color engages a response against “disulfide stress” that is sep-
arate from its response to reactive oxygen species (40). This
threat would be obviated by linking cystine import to its re-
duction.

A variety of metabolic perturbations can create vulnerability
to oxidative DNA damage. Since the enzymes that adventi-
tiously form H,O, inside cells (33) are transcriptionally regu-
lated, it seems certain that the rate at which DNA is oxidized
will be indirectly affected by the metabolic strategy of the cell.
However, it has gradually become clear that less-obvious met-
abolic perturbations can also have large impacts on the rate of
damage. In this study, we found that vulnerability results from
a transient loss of cysteine homeostasis. Similarly, superoxide
stress threatens DNA by elevating the level of free iron (24),
while nitric oxide does so by forcing the accumulation of free
FADH, (39; Woodmansee and Imlay, unpublished), an iron
reductant like cysteine. A short period of hypersensitivity to
H,O, corresponds with entry into stationary phase (15), al-
though the mechanism is not yet known. Thus, while the chem-
istry of oxidative DNA damage is largely understood, the phys-
iological connections are just beginning to be revealed.
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