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ABSTRACT

Diverse bacteria contain DNA with sulfur
incorporated stereo-specifically into their DNA
backbone at specific sequences (phosphorothioa-
tion). We found that in vitro oxidation of phosphoro-
thioate (PT) DNA by hydrogen peroxide (H2O2) or
peracetic acid has two possible outcomes: DNA
backbone cleavage or sulfur removal resulting
in restoration of normal DNA backbone. The physio-
logical relevance of this redox reaction was
investigated by challenging PT DNA hosting
Salmonella enterica cells using H2O2. DNA phospho-
rothioation was found to correlate with increasing
resistance to the growth inhibition by H2O2.
Resistance to H2O2 was abolished when each of
the three dnd genes, required for phosphorothioa-
tion, was inactivated. In vivo, PT DNA is more resist-
ant to the double-strand break damage caused by
H2O2 than PT-free DNA. Furthermore, sulfur on the
modified DNA was consumed and the DNA was con-
verted to PT-free state when the bacteria were
incubated with H2O2. These findings are consistent
with a hypothesis that phosphorothioation modifica-
tion endows DNA with reducing chemical property,
which protects the hosting bacteria against
peroxide, explaining why this modification is main-
tained by diverse bacteria.

INTRODUCTION

Many bacteria contain DNA that is stereo-specifically
phosphorothioate (PT) modified at specific sequences
(1–6). DNA phosphorothioation is controlled by five clus-
tered genes, dndA–E, which are located on genetic islands
(7,8). Four of the genes, dndA and dndC–E, are essential

for the PT modification, while inactivation of dndB,
resulted in increased phosphorothioation and altered
sequence preference (1,3 and personal communication).
The biological function(s) of DNA phosphorothioation
remained elusive until the recent discoveries of a
Streptomyces coelicolor gene that specifically restricts PT
DNA from Streptomyces lividans, and a restriction system
in Salmonella enterica serovar Cerro 87 against PT-free
heterologous DNA (9,10).
The extent of phosphorothioation varies between differ-

ent host strains, ranging from 300 to 3000 modifications
per 106nt (6). In the case of Escherichia coli B7A and
S. enterica 87, the amount is around 750 per 106nt, and
in S. lividans 474 per 106nt. The study of 63 Vibrio strains
revealed that seven of them possess from six per 104nt to
as high as two to three PT modifications per 103nt (6).
PTs modification are also sequence specific (1,6). A high

frequency of GA was found in Bermanella marisrubri
RED65 and Hahella chejuensis KCTC2396, using high
pressure (or high performance) liquid chromatography
(HPLC)/mass method. While the dinucleotide sequence of
GGwas found inPseudomonas fluorescens Pf0-1, S. lividans
1326 and Geobacter uraniumreducens Rf4. In the case of
E. coli B7A and S. enterica 87, the most commonly PT
modified dinucleotide sequences are GA and GT. A high
frequency of PT modifications at GA, GT, GG and CC
were found in the seven Vibrio strains. Using cleavage
and ligation methods, a conserved modification sequence
of -cGGCCgccg- (including a highly conserved 4-bp central
core -GGCC-) was identified in S. lividans, indicating that
the modification is double stranded (ds) (1).
Phosphorothioation across the bacterial genome DNA

leads to the often-observed Dnd phenotype: DNA
degradation during electrophoresis (4). It was proposed
that the DNA degradation comes from specific double-
strand cleavage at the site of the modification by
Tris-peracetic acid, which is generated at the anode
during gel electrophoresis (11,12).

*To whom correspondence should be addressed. Tel: +86 21 62933751 2061; Fax: +86 21 62932418; Email: wangzhijun@sjtu.edu.cn
Correspondence may also be addressed to Zixin Deng. Tel: +86 21 62933751 2061; Fax: +86 21 62932418; Email: zxdeng@sjtu.edu.cn

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

Nucleic Acids Research, 2012, 1–10
doi:10.1093/nar/gks650

� The Author(s) 2012. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

 Nucleic Acids Research Advance Access published July 5, 2012



We asked what chemical property of phosphorothioa-
tion leads to the DNA ds breakage (Dnd phenotype), and
whether this susceptibility to ds DNA cleavage makes the
host bacterial cell sensitive or insensitive to oxidative
environment.

MATERIALS AND METHODS

Reagents

PT-containing dinucleotides d(GPSA) (PS indicates the
phosphorus–sulfur bond) and dinucleotide d(GA) were
synthesized by Sangon Biotech (Shanghai) Co., Ltd. Per-
acetic acid (PAA) was purchased from Shanghai Habo
Company or obtained by mixing 1M acetic acid with
1M hydrogen peroxide (H2O2) (1M Stock), and keeping
the mixture dark at room temperature for 72 h. PAA was
then kept in the dark and stored at 4�C until use. PAA–
TAE was made by mixing 1% 1M Stock PAA with TAE
buffer (40mM tris base adjusted to pH 7.5 using acetic
acid and 0.8mM ethylenediaminetetraacetic acid
(EDTA)).
H–phosphonate modified d(GHA) dinucleotide was

synthesized by Sangon Biotech (Shanghai) Co., Ltd. and
released from resin using Ammonium hydroxide.

Oxidation of PT modified DNA

Plasmid DNA was linearized using XhoI or EcoRI ac-
cording to protocols provided by NEB Co., Ltd.
Genomic or linearized plasmid DNAs was dissolved in
1� TAE to a concentration of 300 ng/ml. A total amount
of 30 ng/ml of DNA were incubated in PAA–TAE or elec-
trophoresis buffer (sampled at the anode after running for
2 h) for 20min. DNA was then precipitated using
propanol according to Sambrook (13). The precipitated
DNA was resuspended in TAE buffer for agarose gel elec-
trophoresis analysis.
A similar protocol was used for the H2O2 and PAA–

TAE oxidation of the dinucleotide. The dinucleotides
d(GA) and d(GPSA) were dissolved to a concentration
of 400 mM in water (stock solution). An amount of
20 mM of dinucleotides were incubated in PAA–TAE,
10mM PAA or H2O2 for 30min. The reaction products
were analyzed directly using LC–MS or lyophilized and
kept at �20�C until use.
For the generation of the hydrogen–phosphonate di-

nucleotide d(GHA), 20 mM d(GPSA) was incubated in
30mM PAA supplemented with 40mM acetic acid at
room temperature for 30min. The reaction products
were then lyophilized and kept at �20�C until use.

Liquid chromatography mass spectrometry analysis
Liquid chromatography–mass spectrometry (HPLC/MS)
analysis was routinely carried out on an Agilent
1100 series LC/MSD Trap system. Ten microliters of
final reaction sample was loaded on Agilent’s C18
reversed phase column (250� 4.6mm, 5 mm) and the
absorbance was monitored at 254 and 210 nm. HPLC
was carried out at a flow rate of 0.3ml/min at room
temperature. Eluent A was 0.1% acetic acid in
water, and eluent B was 0.1% acetic acid in acetonitrile.

HPLC conditions used were 1–13% buffer B for 35.5min,
13–30% buffer B for another 20min and then 30–1%
buffer B for 5min. Drying gas flow: 10 l/min; nebulizer
pressure: 30 psi; drying gas temperature: 325�C; capillary
voltage: 3200V (using the positive detection mode and
scanning between 50 and 900m/z for mass spectrometer
analysis).

The LC-electrospray (ES)-quadrupole time of flight
(QTOF) (Agilent 1200 system, Agilent Co., CA)
equipped with a 2.1- by 30-mm C18 reverse-phase
column (Agilent Co., CA) was used for high resolution
analysis of the reaction products. The flow rate was set
at 0.2ml/min. HPLC was carried out using a two-step
program starting with 98% solvent A (0.1% formic acid
in water) and 2% solvent B (0.1% formic acid in acetoni-
trile) to 20% solvent B over 20min and with 20 solvent B
to 95% solvent B for 5min. Tandem MS (MS/MS) was
performed in the target-dependent mode under these con-
ditions: drying gas flow: 8ml/min; nebulizer pressure:
35 psi; drying gas temperature: 300�C; sheath gas tempera-
ture: 300�C; sheath gas flow: 7ml/min; capillary, 3500V;
skimmer, 65V; OCT RF V, 750V; fragmentor, 170V; ion
polarity: positive, and the mass scanning range was set at
m/z 50–1500.

The Agilent 1200 series LC system equipped with YMC
ODS-AQ reversed phase column (250� 4.6mm, 5 mm)
was used for quantification of H2O2 reduced by
d(GPSA). Absorbance was measured at 254 and 210 nm.
Eluent A contained 0.1% acetic acid in water, and eluent
B contained 0.1% acetic acid in acetonitrile under this
condition: 1–12% buffer B for 10min, 12–40% buffer B
for 5min and 40% of 1% buffer B for 5min.

H2O2 calibration curve was prepared from UV254nm
absorption peak areas and H2O2 concentrations from 10
to 100mM. Under this condition, the UV254 absorption
peak area shows collinearity with H2O2 concentration.
The calibration curves for d(GPSA) and other analytes
were prepared similarly.

Bacterial growth curves and H2O2 treatment

Salmonella enterica serovar Cerro 87 wild-type and the
dptB-E gene mutants were cultured in Luria Broth
medium at 37�C overnight. The cultures were then
diluted using LB medium to 1� 108 cfu in a volume of
100 ml in Greiner 96-well plates. H2O2 was then added to
the final concentration of 0, 2.2, 4.4 and 8.8mM. The
growth curves were monitored using Gen5 (Biotek) from
Gene Co. Ltd. The cultures were kept shaking at 37�C.
OD600 was monitored for 12 h at 10-min intervals.

For the analysis of DNA ds cleavage caused by H2O2

oxidization, S. enterica serovar Cerro 87 strains were
cultured in LB at 37�C overnight. The cultures were
then diluted by LB medium to OD600 1.5, and H2O2 was
added to a final concentration of 176, 528, 704 and
880mM. The cultures were kept at 37�C for 2 h shaking
at 220 rpm. Total DNA was then extracted and analyzed
using 1% agarose gel electrophoresis. Software Quantity
One from Bio-Rad company was used for the gel densi-
tometry measurements.
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RESULTS

The cleavage by PAA–TAE of natural
and synthetic PT DNA

Distinctive features are associated with PT modification:
DNA degradation during normal or pulse-field gel elec-
trophoresis (the Dnd phenotype) which is not inhibited by
formaldehyde and proteinase K treatment; the Dnd
phenotype can be repressed if the electrophoretic buffer
is supplemented with a small amount of reducing agents,
especially those containing sulfur, like thiourea, or if Tris
is replaced by HEPES in the electrophoresis buffer. The
DNA degradation is due to the DNA cleavage specifically
at the site of PT modification (1,11,12).

The enteropathogenic S. enterica serovar Cerro 87 and
the soil-dwelling S. lividans, both with heavily PT modified
DNA, were chosen to investigate the DNA cleavage
reaction. Dinucleotide PT d(GPSA) was synthesized to
analyze the reaction products. Cleaved genomic DNA
was monitored using agarose gel electrophoresis, while
the reaction products of d(GPSA) were analyzed using
HPLC/MS. We treated purified genomic DNA and syn-
thetic PT dinucleotide using PAA–TAE buffer (PAA,
peracetic; TAE (Tris, Acetic acid, EDTA); PAA–TAE
can be generated either subjecting TAE to 2 h of electro-
phoresis or mixing PAA with TAE) (1,11,12). Exposure of
a linearized 5.4-kb plasmid pHZ209 from S. lividans to
either PAA–TAE or PAA–TAE mixture causes extensive
DNA cleavage (see Supplementary Figure 1SA for the
site-specific cleavage of a 9.7 kb linearized plasmid
carrying the Salmonella dpt gene cluster), while plasmid
treated with TAE buffer alone remains uncut
(Figure 1A). Interestingly, the banding patterns caused
by PAA–TAE buffer and PAA–TAE mixture are very
similar (Figure 1A). Figure 1B and Supplementary
Figure S1B show the cleavage of the synthesized PT
d(GPSA) using PAA–TAE. Dinucleotide d(GPSA) (peak 1)
was completely degraded by PAA–TAE, producing six new
UV254 absorbing peaks (2–7, Figure 1B). The cleavage of R
or S configuration of d(GPSA) generated the same six
reaction products (Figure 1B).

The reaction products

PAA–TAE is a mixture of chemicals, including H2O2,
PAA, acetic acid, Tris and EDTA. To clarify which
chemical is involved in the cleavage reaction, reactivity
of d(GPSA) with H2O2 was analyzed using HPLC/MS.
Figure 2A shows that the same six UV254 absorbing
peaks were generated (peak 2–7) with H2O2 treatment,
although the HPLC peak pattern is different. One main
reaction product of H2O2 oxidation was d(GA) (peak 3,
�60% of reaction products under the reaction condition),
with the PT restored to a normal DNA phosphodiester
bond.

In order to determine what influences the HPLC peak
pattern and how is the PT bond cleaved in the reaction, we
incubated d(GPSA) using increasing amount of H2O2 or
PAA and analyzed the reaction products using HPLC/
MS. We found that an increment in concentrations of
H2O2 (from 3.4 to 880mM, Supplementary Figure 2S1)

or PAA (from 0.14 to 30mM, Figure 2B), causes peak 3
(corresponding to d(GA)), to gradually become dominant
followed by an increase of peak 2.
Structural mass spectrum analysis revealed that the sub-

stance in peak 2 contained a hydrogen-phosphonate bond
dinucleotide d(GHA) (Figure 2C).
The structure of d(GHA) was further confirmed by the

synthesized of a standard compound. Release of
synthesized d(GHA) from the resin using ammonium hy-
droxide resulted in its hydrolysis, generating peak 3–7,
identical to the PAA degradation products of d(GPSA)
(Figure 2D).
The H–phosphonate compound d(GHA) is stable under

acidic conditions and is the likely intermediate in the
cleavage of d(GPSA). High resolution Mass analysis of
the reaction products contained in peak 4–7 revealed
that d(GHA) was hydrolyzed at either the 30- or 50-side
of H–phosphonate bond, but not at both sides, generating
the four hydrolyzed products (Figure 2C and D and
Supplementary Figure 2S2).

d(GPSA) as a reductant

The above data established that the PT bond could be
oxidized by H2O2 and peracetic acid, and that there are
two outcomes of the oxidative reaction: sulfur exchange
with oxygen and restoration of a phosphodiester bond, or
removal of sulfur generating H–phosphonate bond that is
susceptible to hydrolysis. These results suggest that the
reaction is a reduction–oxidation reaction.
The possibility that the PT linkage can function as a

reductant and consumption of H2O2 was further
investigated. The reduction of H2O2 by d(GPSA) was
monitored using HPLC. Figure 3 shows that, in sharp
contrast to the d(GA) control, which has no effect on
H2O2, increasing the concentration of d(GPSA) directly
correlated with a decrease in H2O2 levels.

H2O2 resistance of S. enterica

As shown above, oxidization of PT DNA backbone by
H2O2 or peracetic acid will result in either the restoration
to a normal phosphodiester linkage, or the cleavage of the
backbone. In the former case, when the modification-
hosting bacteria are in the presence of peroxides, like
H2O2, PT bonds can function as a reductant: specifically
under the condition of H2O2. The restoration to a normal
DNA backbone is innocuous. In the later case, although
PT modified bonds can still function as a reductant, the
cleavage of the DNA backbone might be lethal, since
in vivo repair of double-strand DNA breaks could be dif-
ficult—even a single non-repaired break might result in the
death of the bacterium. We asked what is the actual
response of the modification-hosting bacterial cell to a
H2O2 containing environment.
Salmonella enterica serovar Cerro 87 contains the four

clustered dptB-E genes which are orthologous to the
dndB–E genes shared by many PT hosting bacteria.
Hypothetically, DptB could be a regulator whose
absence increases the amount of DNA phosphorothioa-
tion, and DptC, D and E are required for replacing a
non-bridging O with S in the DNA backbone (3,5).
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Growth curves showed that the S. enterica serovar
Cerro 87 wild-type and dptB mutant that contains PT
DNA are quite resistant to H2O2, and started growth
quickly at higher H2O2 concentrations (Figure 4A and
B). Inactivating dptC-E in S. enterica individually by
non-polar in-frame deletions showed that loss of
phosphorothioation correlated with an increasing lag
phase after the addition of H2O2, and cessation of
growth at 4.4mM H2O2. (Note that at the highest H2O2

concentration (4.4mM), the OD decreased slightly,
possibly due to bleaching of the medium.) These results
suggested that PT modification increased the H2O2 resist-
ance of S. enterica.

Resistance to DNA double-strand break caused by H2O2

The in vivo susceptibility of PT genomic DNA to
double-strand break caused by peroxide was further
investigated.
Salmonella enterica WT and dptB-E gene mutant cells

were treated using increasing amount of H2O2.
Chromosomal DNAs were then extracted and DNA
double-strand breaks were monitored by gel electrophor-
esis. The gels were run in TAE buffer supplemented with
thiourea to protect the modified DNA from degradation
during electrophoresis. Figure 5 shows more degradation
can be observed in unmodified compared to PT modified
DNA, indicating that the phosphorothioation protected
DNA from oxidative double-strand breakage in vivo.

The function of sulfur on DNA as a reducing reagent

We suspect that sulfur on the modified DNA could
function as a biological reductant in vivo. A prediction of
this model is that, when bacterial cells are facing H2O2

containing environments, the sulfur on the modified
DNA should be consumed to neutralize the oxidant.
In order to test this hypothesis, S. enterica and its dptB

mutant cells were again incubated with H2O2 and the
sulfur content on chromosomal DNA was monitored

using Dnd phenotype analysis. Figure 6 shows that
phosphorothioation on chromosomal DNA, both in the
wild-type strain and its dptB mutant, decreased with the
addition of increasing amounts of H2O2, suggesting that
sulfur on the modified DNA was indeed used to neutralize
H2O2.

DISCUSSION

By performing in vitro experiments we discovered, that the
peroxides, including H2O2 and peracetic acid, react with
and are consumed by PT modified DNA. The reduction–
oxidation reaction, originally identified as Dnd pheno-
type, is manifested in every DNA degradation gel from
diverse bacteria (8,14–31). In our hands, this reaction
observed in TAE buffer, Tris buffer, glycine buffer
(11,12,32) and water. None of the reaction conditions is
greatly deviate from physiological conditions. It is predict-
able that when PT DNA meets H2O2 and possibly other
peroxides, the redox reaction observed here will happen,
suggesting that PT DNA could function as a peroxide
reducing reagent in vivo.

Growth curve experiments showed that S. enterica con-
taining naturally phosphorothioated DNA were more re-
sistant to H2O2 than their mutant derivatives that lack the
modification, suggesting that PT modification has
anti-oxidative physiological function in the hosting
bacteria. It is possible that anti-oxidative function could
come directly from its reducing chemical properties.
Consistent with this view is, sulfur on the modified
DNA is consumed upon incubation of the bacterial cells
with H2O2 (Figure 6).

We used high concentration of H2O2 (3.4–880mM) and
peracetic acid (0.14–30mM) to test their reactivity with
PT DNA (Figure 2B and Supplementary Figure 2S1).
However, the double bonds of DNA, unsaturated
membrane lipids and the cysteine SH groups of proteins
are prone to oxidation and growth is inhibited when

Figure 1. Cleavage reaction of PT DNA. (A) Agarose gel showing the effect of treating a linearized plasmid pHZ209 isolated from S. lividans with
PAA–TAE buffer or by mixing PAA with TAE buffer (normal 40mM TAE buffer pH 7.5 containing 5mM per-acetic acid). First lane, PAA and
TAE mixture. Second lane, pre-run TAE buffer. Third lane, untreated TAE buffer. (B) HPLC traces showing R or S configuration form of
synthesized PT dinucleotide d(GPSA) ([M+H]+ m/z 597, 1) oxidized by PAA–TAE. Six new reaction products were identified by MS, with m/z
565 (2), 581 (3), 332 (4), 252 (5), 316 (6) and 268 (7), respectively. H2O2 peak can also be observed if excess of H2O2 was added to the reaction
mixture.
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cellular levels of H2O2 reach 2 mM (33). If PT DNA func-
tions as a reducing thiol in vivo, one concern is whether the
PT DNA react with physiological scale peroxide concen-
tration. The lower limit of PAA reaction that can be
detected by fluorescence is 0.14mM, while as low as a
10 mM PAA reaction can still be detected to react with
the dinucleotide using mass monitoring (Supplementary
Figure S3).

Another concern is whether the in vivo consumption of
H2O2 by PT DNA is comparable to the consumption by
catalases, peroxidases, peroxiredoxins, plus the thiols on
proteins and small molecules such as glutathione and

Bacillithiol (34–36), and is therefore physiologically sig-
nificant? There are around 6000 PT sulfur molecules per
S. enterica cell (6), correspond to a 6–10 mM of concentra-
tion, which is substantially lower than the concentration
of glutathione, estimated to be 3–7mM in bacteria (36).
However, the concentration of PT’s is comparable to that
of the protein antioxidant thioredoxin, which is estimated
to be 10 mM (37). Glutathione is present in most of the
gram-negative bacteria, but absent in most of the
gram-positive bacteria. Glutathione is involved in
multiple physiological functions, including protecting the
bacteria against antibiotics, oxidative stress and

Figure 2. PT dinucleotide is oxidized by H2O2 and PAA. (A) Conversion of d(GPSA) to d(GA) by H2O2. d(GPSA) was incubated with (110mM)
H2O2, generating reaction products 2–7 (a). The main product is 3. d(GA) (b) and d(GPSA) (c) were run as control. Note the remaining H2O2 peak
can be observed. (B) HPLC traces showing the conversion of PT to H–phosphonate linkage by increasing concentrations of per-acetic acid (PAA).
Note the amount of reaction product 2, H–phosphonate dinucleotide [d(GHA)], increased corresponding to increasing concentration of PAA. At
30mM concentration of PAA, d(GPSA) is converted mainly to d(GHA) (�67.5% of reaction products under the reaction condition). (C) High
resolution mass spectrum analysis of H–phosphonate dinucleotides. Mass fragmentations of d(GPSA) (1), d(GHA) (2) and d(GA) (3). Characteristic
mass peaks m/z=348, 316 and 332, indicating the linkages of PT, H–phosphonate and phosphodiester were marked. Fragmentation peaks corres-
ponding to G (m/z=152) and A (m/z=136) were also indicated. (D) HPLC traces showing the hydrolyzed products of synthesized d(GHA)
standard and the lyophilized d(GHA) generated by oxidizing d(GPSA) using PAA. Note, after release from the synthesizing column by
ammonium hydroxide, all d(GHA) was hydrolyzed, generating products 4–7 mainly. Peak 3 was barely detectable. d(GPSA) oxidized by PAA
generated d(GA) (peak 3) as a main product. For mass fragmentation of peak 4–7 (see Supplementary Figure 2S2).
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transition-metal homeostasis (38–40). Thioredoxins are
found in nearly all organisms, acting as antioxidants
by facilitating the reduction of other proteins by cysteine
thio-disulfide exchange (41). It seems unlikely that
PT DNA can substitute the known anti-oxidizing

mechanisms, such as thioredoxin. Indeed, the growth
curve experiment presented here clearly demonstrate that
dnd mutants survive treatment with 2mM H2O2

(Figure 4), which might be explained by the activity of
catalase, peroxidase, thioredoxin or a combination of

Figure 2. Continued.
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them. In consistent with the idea that most of the added
H2O2 is consumed by catalase and other peroxidases,
Imlay and colleagues have shown that, by using
hydroperoxidase minus (Hpx�) strains of E. coli, simply
shifting cells from anaerobic to aerobic growth conditions
leads to sufficient H2O2 production to impede growth, due
mainly to DNA damage (42,43).
It seems likely that, complementary to the known

anti-oxidizing mechanisms, PT modification, enhance the
innate anti-oxidation capability of the hosting bacteria by
protecting DNA against peroxide. It is also possible that
the PT modifications may be quickly replaced when

consumed by oxidation, providing for a high turnover
rate that increases the overall reducing capacity for the
cell. Figure 5 clearly shows that PT modified genomic
DNA, both from the wild-type strain and the dndB
mutant, is very quite resistant to DNA ds break damage
caused by H2O2. This viewpoint was further tested by
introducing dpt gene cluster into a DNA phosphorothioa-
tion non proficient strain E. coli DH10B. Figure 4S shows
that introducing DNA PT modification enhances the
anti-oxidation capability of the bacteria. This explains
why the dpt gene cluster resides in genetic mobile
elements and is kept by diverse bacteria while the modifi-
cation is not essential.
In vitro oxidation of the PT dinucleotide by PAA or

H2O2 results in a mixture of DNA backbone cleavage
and just removal of S from the DNA without backbone
cleavage. Contrary to the expectation, PT DNA in vivo is
more resistant to oxidative ds DNA breakage caused by
H2O2 than unmodified DNA (Figure 5). The oxidative
reaction is directed toward the exchange of sulfur with
oxygen rather than to backbone cleavage. An explanation
for this apparent paradox is that d(GHA), the intermediate
of cleavage reaction pathway, is preferentially produced
under high peroxide concentration (Figure 2B), which is
less likely inside a bacterial cell. However even a single ds
DNA breakage is lethal (or harmful), which should make
the PT DNA hosting bacteria sensitive to oxidative envir-
onments [especially considering the fact that there are
approximately 6000 modifications per cell (6)]. An alter-
natively explanation, is that the cell can choose the PT
oxidation pathway. This possibility is currently under
our intensive investigation.

Figure 4. PT DNA hosting bacteria are resistant to H2O2. H2O2 treatment of S. enterica serovar 87 and its dpt mutant derivatives. The growth rates
of the strains were monitored at OD600. The genotypes are indicated under the corresponding growth curves.

Figure 3. Consumption of H2O2 by d(GPSA). H2O2 incubated with
increasing amounts of d(GPSA) or d(GA) (0.625, 1.25, 2.5 and 5mM,
respectively). The amount of H2O2 reduced was monitored using HPLC
peak area.
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Figure 5. In vivo resistance of PT DNA to double-strand breakage caused by H2O2 Salmonella cells were incubated with increasing concentration of
H2O2 for 2 h. DNA ds break damage was monitored using agarose gel electrophoresis in TAE buffer containing thiourea. W: wild-type; B–E: dptB–E
mutant, respectively. DNA from dpt mutant dptC–E did not contain PT modification, while DNA from dptB mutant contained increased PT
modification. The experiment was repeated at least five times. DNA smear is quantified by densitometry and estimations of the percentage are
indicated below the gel panel.

Figure 6. In vivo consumption of sulfur on the modified DNA. Salmonella (A) and its dptB mutant (B) were treated using increasing
concentration of H2O2 for 2 h (0, 176, 528, 704 and 880mM, respectively). Sulfur on genomic DNA was monitored by Dnd phenotype analysis
(per-acetic acid treatment followed by electrophoresis using buffer contained thiourea). Upper panel: DNA samples not treated with per-acetic acid
as a control.
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Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1–4.
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