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ABSTRACT DNA is the carrier of genetic information. DNA modifications play a cen-
tral role in essential physiological processes. Phosphorothioation (PT) modification
involves the replacement of an oxygen atom on the DNA backbone with a sulfur
atom. PT modification can cause genomic instability in Salmonella enterica under hy-
pochlorous acid stress. This modification restores hydrogen peroxide (H2O2) resis-
tance in the catalase-deficient Escherichia coli Hpx� strain. Here, we report biochemi-
cal characterization results for a purified PT modification protein complex (DndCDE)
from S. enterica. We observed multiplex oligomeric states of DndCDE by using native
PAGE. This protein complex bound avidly to PT-modified DNA. DndCDE with an in-
tact iron-sulfur cluster (DndCDE-FeS) possessed H2O2 decomposition activity, with a
Vmax of 10.58 � 0.90 mM min�1 and a half-saturation constant, K0.5S, of 31.03 mM.
The Hill coefficient was 2.419 � 0.59 for this activity. The protein’s activity toward
H2O2 was observed to be dependent on the intact DndCDE and on the formation of
an iron-sulfur (Fe-S) cluster on the DndC subunit. In addition to cysteine residues
that mediate the formation of this Fe-S cluster, other cysteine residues play a cata-
lytic role. Finally, catalase activity was also detected in DndCDE from Pseudomonas
fluorescens Pf0-1. The data and conclusions presented suggest that DndCDE-FeS is a
short-lived catalase. Our experiments also indicate that the complex binds to PT
sites, shielding PT DNA from H2O2 damage. This catalase shield might be able to ex-
tend from PT sites to the entire bacterial genome.

IMPORTANCE DNA phosphorothioation has been reported in many bacteria. These
PT-hosting bacteria live in very different environments, such as the human body,
soil, or hot springs. The physiological function of DNA PT modification is still elusive.
A remarkable property of PT modification is that purified genomic PT DNA is suscep-
tible to oxidative cleavage. Among the oxidants, hypochlorous acid and H2O2 are of
physiological relevance for human pathogens since they are generated during the
human inflammation response to bacterial infection. However, expression of PT
genes in the catalase-deficient E. coli Hpx� strain restores H2O2 resistance. Here, we
seek to solve this obvious paradox. We demonstrate that DndCDE-FeS is a short-
lived catalase that binds tightly to PT DNA. It is thus possible that by docking to PT
sites the catalase activity protects the bacterial genome against H2O2 damage.

KEYWORDS DNA modification, DNA phosphorothioation, H2O2 decomposition,
iron-sulfur cluster

DNA has a central role in cells, and DNA modifications, which occur most often at
bases, are involved in fundamental physiological functions. The DNA sugar-

phosphate backbone is repeating, inert, and stable, and this stability ensures the safe
storage of DNA and the transmission of genetic information. The phosphorothioate (PT)
modification of DNA involves the replacement of a nonbridging oxygen with sulfur in
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the DNA backbone. PT DNA can more easily resist nuclease degradation (1). As a result,
synthetic PT DNA has a broad range of uses in antisense technology (2–4).

PT DNA modifications are common in different bacterial species (5, 6). In Clostridium
difficile, the number of strains with PT may be as high as 60% (7). Five clinical isolates
of Leptospira spp. also have DNA PT modifications (8), and PT DNA occurs in almost 50%
of Mycobacterium abscessus strains (9, 10). These three bacteria are all human patho-
gens and can cause nosocomial diarrhea, leptospirosis, and chronic pulmonary disease,
respectively.

PT modification is both sequence specific and stereo-specific (5, 6), and its abun-
dance varies in different bacterial genera. In Escherichia coli B7A and Salmonella enterica
serovar Cerro 87, approximately three to eight PT modifications per 104 nucleotides (nt)
were detected (5). The highest frequency of two to three PT modifications per 103 nt
was observed in Vibrio species (5). PT DNA is primarily double stranded although
single-stranded DNA with PT modifications occurs (11). The recognition sequence that
is modified also varies among bacteria. For example, the recognition sequences (sense/
antisense [5= to 3=]) in E. coli and Streptomyces lividans are GAAC/GTTC and GGCC/
GGCC, respectively (12).

The incorporation of sulfur alters the redox and nucleophilic properties of the DNA
backbone. Consequently, PT DNA is susceptible to oxidative cleavage in vitro (13, 14).
Effective PT cleavage reagents include peracetic acid, iodine, hypochlorous acid, and
hydrogen peroxide (14–16), with the latter two being of physiological relevance. Both
hypochlorous acid and hydrogen peroxide are generated during human bacterial
infections, and the treatment of E. coli and S. enterica with hypochlorous acid reduced
their survival in a PT-dependent way (16). As a consequence of the loss in structural
stability, PT modification may result in increased genome instability. Thus, it was
suggested that PT may compromise the fitness of bacteria in oxidative environments
(16).

Paradoxically E. coli Hpx� strains (H2O2-scavenging-enzyme deficient) have been
observed to possess growth advantages under various oxidative conditions when
transformed with the PT modification genes (17–19). However, the biological mecha-
nism associated with these observations has yet to be explained. In this study, we
showed that the DNA PT modification complex (DndCDE) binds strongly to PT DNA.
DndCDE with an intact iron-sulfur cluster (DndCDE-FeS) is a short-lived catalase that
may be able to shield PT DNA from H2O2 damage.

RESULTS
Fenton reaction of PT DNA. Much of the toxicity of H2O2 toward living organisms

is due to the iron ion-dependent generation of hydroxyl radicals. In this study, we used
physiological concentrations of H2O2 (1 mM) and Fe2� (100 �M) to induce the Fenton
reaction. We subsequently used high-performance liquid chromatography coupled
with mass spectrometry (HPLC-MS) to examine the reaction products of synthetic PT
dinucleotides with hydroxyl radicals. The results presented in Fig. 1 clearly show that
the PT dinucleotide dGsA (where ‘s’ indicates the phosphorothioate modification site)
reacted readily with hydroxyl radicals, the primary oxidation products of which were
the dinucleotides dGA (m/z 581) and H-phosphonate dGHA (m/z 565) (15).
H-phosphonate DNA is readily hydrolyzed under neural or basic conditions (13), and its
cleavage products were also detected. However, when dGsA was separately incubated
with 1 mM H2O2 or 100 �M FeCl2, cleavage products were not detected.

Preferential complexation of DndCDE to PT DNA. The above result suggests that
purified PT DNA is highly susceptible to hydroxyl radical cleavage. The results of our
previous work demonstrated that the expression of DndCDE in an E. coli Hpx� strain
(H2O2-scavenging-enzyme deficient) restored the H2O2 resistance of this strain (17) to
a level that was comparable to that of the wild-type MG1655 strain (17). An explanation
for this paradox is that PT sites in vivo may be safeguarded by an H2O2-degrading
enzyme. To further investigate this phenomenon, we expressed the cloned dndCDE
gene cluster from S. enterica serovar Cerro 87 in E. coli. We purified DndCDE to
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homogeneity using a three-step procedure: Ni, heparin, and size exclusion chromatog-
raphy (SEC) (Fig. 2A, panel i). We subsequently used gradient native gel electrophoresis
to examine the protein complex. DndCDE did not migrate well in the native gel,
appearing as a smear from approximately 440 kDa to 880 kDa (Fig. 2A, panel ii, lane 1).
Cross-linking stabilized DndCDE, and the cross-linked complex appeared as multiplexed
bands at approximately 440 kDa and 880 kDa and higher (Fig. 2A, panel ii, lane 2).

The binding of DndCDE to DNA was analyzed using electrophoretic mobility shift
assays (EMSAs). The results presented in Fig. 2B show that, compared to unmodified

FIG 1 Phosphorothioate dinucleotide Fenton reaction. HPLC-MS analysis of PT dinucleotide dGsA
reaction products in the Fenton reaction was performed. This reaction involved 1 mM H2O2 and 100 �M
(NH4)2Fe(SO4)2. AU, arbitrary units.

FIG 2 Binding of DndCDE to PT DNA. (A) Analysis of DndCDE using PAGE. The DndCDE complex was consecutively
purified using Ni-NTA, heparin HiTrap, and Superdex 200 size exclusion columns, according to the approach
described in the Materials and Methods section. The purity of DndCDE was checked using SDS-PAGE (i). Subunits
(DndC/DndD/DndE) of DndCDE are labeled on the left, and the molecular weight of each subunit is labeled on the
right. Gradient native gel electrophoresis of DndCDE was performed (ii). The gradient is from 4% to 20%. For lane
1, 2 �g of DndCDE protein sample was loaded directly onto the gel. For lane 2, the protein sample was cross-linked
using 1 mM DSS for 20 min at room temperature and then loaded onto the gel. Ferritin protein (1 �g) was used
as the size marker. (B) EMSA of DndCDE binding to DNA. PAGE was performed in a 3.96% gel in 0.5� TBE buffer.
The reaction involved 3.38 �M DndCDE and 0.4 �M DNA. DNA bands were detected and recorded using an FL3000
fluorescence detector (Fujifilm Corp., Tokyo, Japan). DNA bands were quantified and analyzed using ImageJ with
nonphosphorothioate DNA as the substrate and PT DNA (pink) as the competitor DNA (i) or with PT DNA as the
substrate, and nonphosphorothioate DNA as the competitor DNA (ii). Quantification of the shifted DNA bands is
also shown (iii). Solid circles and squares represent the results obtained when 10-fold and 20-fold quantities of
competitor DNA were added, respectively. The assay was performed in triplicate. Error bars indicate standard
deviations. ***, P � 0.01, by an unpaired t test. (C) EMSA of DndCDE binding in the presence of H2O2 to
nonphosphorothioate DNA (i) and to PT DNA (ii). nDNA, nonphosphorothioate DNA.
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DNA, PT DNA promoted DndCDE-DNA complexation. Increasing the H2O2 concentra-
tion decreased the binding of nonphosphorothioated DNA binding by DndCDE (Fig. 2C,
panel i), and at 16 mM H2O2 the DNA substrate binding was completely abolished. For
the PT DNA substrate, the same effect was not encountered until the concentration of
H2O2 had reached 64 mM (Fig. 2C, panel ii). The observed binding affinity was tight and
did not decrease in the presence of 32 mM H2O2. We concluded that DndCDE binds
preferentially to PT DNA and that PT DNA complexed with DndCDE is preferentially
resistant to hydrogen peroxide.

DndCDE-FeS actively decomposes H2O2. Fe-S clusters in Fe-S metalloproteins are
well known to possess multiple and variable redox potentials that result from their
possession of transition element metal atoms and their ability to adopt multiple,
different oxidation states (20, 21). In addition, such enzymes are commonly involved in
oxidation/reduction type reactions (22). The subunit DndC has been reported to have
an iron-sulfur cluster (23), and purified DndCDE appears brownish. Thus, the Fe-S
cluster of DndCDE may play a role in H2O2 decomposition. To further investigate this
possibility, we prepared DndCDE under both aerobic and anaerobic (DndCDE-FeS)
conditions. Using a UV absorption assay, we were able to detect the H2O2 decompo-
sition activity of both enzymes (Fig. 3A), and both DndCDE and DndCDE-FeS were
active. When DndCDE-FeS was treated with �,�=-dipyridyl, a potent metalloprotease
inhibitor and a high-affinity iron chelator (24, 25), its activity was abolished. The
calculated decomposition of H2O2 by DndCDE-FeS exhibited a Vmax of 10.58 � 0.90 mM
min�1, with a half-saturation constant, K0.5S, of 31.03 mM (Fig. 3A) and a Hill coefficient
of 2.419 � 0.59. In contrast, the H2O2 decomposition by DndCDE exhibited a Vmax of
2.09 mM min�1 and a H2O2 K0.5s of 58.59 mM. The plot generated from the data also
fits well with the Hill equation and has a coefficient of 2.93 (Fig. 3A).

Catalase degrades H2O2 into water and oxygen (26). In bubble tests, we observed
that H2O2 decomposition by DndCDE also produced a foam layer that was identical to
that of catalase (Fig. 3B). The generation of oxygen during H2O2 decomposition by
DndCDE was also measured using a Clark-type oxygen electrode (Fig. 3C). The results
indicated that oxygen was one of the products of the H2O2 decomposition reaction.

H2O2 decomposition requires an intact DndCDE. To investigate whether the
complexation of the three subunits in DndCDE is required for the observed H2O2

decomposition activity, we cloned, expressed, and purified the DndDE, DndCE, DndCD,
and DndC proteins separately (see Fig. S1A in the supplemental material). The SEC step

FIG 3 H2O2 decomposition by DndCDE or DndCDE-FeS. (A) Kinetics of H2O2 decomposition by DndCDE
or DndCDE-FeS. H2O2 decomposition activity was detected via a UV absorption assay in which 1.67 �M
protein was used. Increasing concentrations of H2O2 were used to calibrate the parameters. H2O2

decomposition activity of DndCDE-FeS treated with �,�-dipyridyl was also detected with different
concentrations of H2O2. Kinetic parameters were calculated using Prism software. Error bars indicate
standard deviations from three independent experiments (n � 3). (B) Oxygen generation during the H2O2

decomposition was detected using a bubble test. This analysis was performed using 10 �M DndCDE-FeS
in imidazole buffer (the storage buffer plus 125 mM imidazole) supplemented with 1% Triton X-100.
Boiled DndCDE-FeS and the buffer itself were used as controls. For comparison, 600 U of catalase (1896;
Worthington, USA) was used as the positive control. (C) Oxygen generation was detected using a
Clark-type oxygen electrode. In this assay 1.67 �M DndCDE and 50 mM H2O2 were used. The storage
buffer was used as the negative control. Error bars indicate standard deviations from three independent
experiments (n � 3).
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for the purification was not performed since these complexes were not stable on the
column. We analyzed H2O2 decomposition using the bubble test using DndCDE and
buffer as the positive and negative controls, respectively. An oxygen foam layer was
observed in the tube only with the intact DndCDE, and the removal of any of the Dnd
subunits abolished the observed activity (Fig. S1B). The UV absorption method was
used to measure the kinetic parameters of the subcomplexes. As shown in Fig. S1C,
only DndCD had significant H2O2 decomposition activity, but it did so with reduced
Vmax and K0.5s values of 1.56 mM min�1 and 35.5 mM, respectively, compared to values
for DndCDE. DndC alone showed some very weak activity.

Fe-S cluster and H2O2 decomposition. In biological systems iron-sulfur (Fe-S)
metalloproteins can have their Fe-S atoms arranged in a number of different ways (22).
Most commonly, the clusters are organized with 2, 3, or 4 Fe atoms combined with 2
or 4 S atoms, with the three most common arrangements/configurations being 2Fe-2S,
3Fe-4S, and 4Fe-4S. In the various forms, Fe can be present as Fe2� and/or Fe3�. In vivo,
Fe-S clusters are typically present as either [2Fe-2S] or [4Fe-4S] or a mixture of the two
(22), with the former being less oxygen sensitive and more stable. DndCDE-FeS was
used in electron paramagnetic resonance (EPR) experiments performed at 77 and 13 K
to distinguish [2Fe-2S] from [4Fe-4S] (27). We observed that when EPR was performed
at 77 K, there were no significant g value peaks (Fig. 4A, panel i), whereas at 13 K a g
value of 2.005 was obtained, which is typical for 4Fe-4S clusters (Fig. 4A, panel ii) (27).
To discern the charge state of the 4Fe-4S cluster, we treated DndCDE-FeS with either
dithiothreitol or dithionite (28, 29). Dithiothreitol can reduce [4Fe-4S]3� to [4Fe-4Fe]2�,
whereas dithionite reduces [4Fe-4Fe]2� to [4Fe-4Fe]� (29) We observed that when the
protein was treated with dithiothreitol, the peak characteristic of [4Fe-4S]3� was

FIG 4 EPR analysis of the Fe-S cluster on DndCDE-FeS and DndCDE. EPR spectra were acquired using a Bruker EMX Plus 10/12 spectrometer. Spectra were
recorded at 77 K for [2Fe-2S] clusters and at 13 K for [4Fe-4S] or [3Fe-4S] clusters. This analysis was performed using 130 �M DndCDE-FeS or DndCDE in storage
buffer. The valences of [3Fe-4S] and [4Fe-4S] were determined by treating the protein sample with 2 mM dithiothreitol (DTT) and sodium dithionite. (A) EPR
spectra were recorded for the following, as indicated: the Fe-S cluster on DndCDE-FeS (ii and ii), DndCDE-FeS treated with 2 mM dithiothreitol (iii), and
DndCDE-FeS treated with 2 mM sodium dithionite (iv). (B) EPR spectra of the Fe-S cluster on DndCDE at 13 K were recorded for the following: DndCDE in storage
buffer (i), DndCDE treated with 2 mM dithiothreitol (ii), and DndCDE treated with 2 mM sodium dithionite (iii). (C) EPR spectra of the Fe-S cluster on DndCDE
treated with H2O2. (DndCDE was used in this assay as DndCDE-FeS generated an excessive number of bubbles that interfered with EPR detection.) For this
analysis, 50 mM H2O2 and 130 �M DndCDE in imidazole buffer were used. The spectra were recorded after 0, 0.5, 1, 5, and 10 min of treatment, as indicated.
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abolished, and only residual resonances, with g values of 2.035 and 2.001, remained
(Fig. 4A, panel iii). Treatment with dithionite led to the appearance of two peak signals
with g values of 2.032 and 2.001 (Fig. 4A, panel iv), suggesting the presence of the
[4Fe-4S]� configuration (27, 30).

When DndCDE was analyzed by EPR, no significant g value peaks at 77 K were
observed (data not shown), whereas at 13 K, two peak signals were detected with g
values of 2.029 and 2.002 (Fig. 4B, panel i). Although the treatment of DndCDE with
dithiothreitol was not observed to reduce the signal, the treatment with dithionite did
significantly reduce signal intensity (Fig. 4B, panels ii and iii). Taken together, these
results suggested that non-dithionite-treated DndCDE possessed an Fe-S cluster in the
[3Fe-4S]� configuration (29) that was reduced by dithionite to [3Fe-4S]0.

EPR was also used in experiments designed to follow the state of the Fe-S cluster
during the DndCDE decomposition of H2O2, the results of which are shown in Fig. 4C
(panels i to iii). The results showed that the EPR signal corresponding to the [4Fe-4S]�

state quickly decreased after the initiation of the H2O2 decomposition reaction over the
first 30 s and remained steady for the duration of the reaction (10 min) (Fig. 4C, panel
i). In contrast, the Fe3� signal, with a g value of 4.3, approximately doubled during the
first 30 s of the reaction and then gradually fell back to its initial value over the next
9.5 min (Fig. 4C, panel ii). A weak signal for [2Fe-2S]� was detected at 30 s that
subsequently decreased slightly and then remained constant for approximately 5 min
(Fig. 4C, panel iii).

DndCDE H2O2 decomposition activity does not depend on ferric ion. The above
EPR experimental results indicated that the iron-sulfur cluster on DndCDE was dam-
aged by H2O2, with Fe3� generated simultaneously. We suspected that the Fe3�

generated in the reaction may play a role in the H2O2 decomposition reaction through
the Fenton reaction (31). EDTA is known to damage the functionality of Fe-S clusters
through the chelation of iron ions (32, 33). In contrast, EDTA contributes to the
generation of hydroxyl in the EDTA-Fe(III)/H2O2 Fenton-like system (34). We analyzed
the influence of EDTA on the H2O2 decomposition activity of DndCDE using a UV
absorbance method, the results of which are shown in Fig. 5A. The H2O2 decomposition
activity of DndCDE decreased as the concentration of EDTA increased, and at a
concentration of 128 �M EDTA, the enzymatic activity was abolished.

To further confirm that ferric ions do not participate in catalyzing the H2O2 decom-
position reaction, ferric ions were added to the reaction mixture. The reaction was
performed using a colorimetric assay since ferric ions interfere with UV absorbance. The
results presented in Fig. 5B show that in the presence of 10 �M ferric ions, no increase
in DndCDE activity was observed. In contrast, in the presence of 100 �M ferric ions,
the H2O2 decomposition activity of DndCDE was reduced to background levels. Thus,

FIG 5 Effects of EDTA and ferric ions on H2O2 decomposition by DndCDE. (A) Initial velocity (V0) of H2O2

decomposition by DndCDE in the presence of increasing concentrations of EDTA. (B) H2O2 decomposi-
tion in the presence of ferric ion. Decomposition was detected using a colorimetric assay since ferric ion
interferes with UV detection. Imidazole buffer was used as a control. Standard deviations were calculated
from three independent experiments (n � 3).
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we concluded that the H2O2 decomposition activity of DndCDE is dependent on the
iron-sulfur cluster rather than on Fe3�.

Conserved cysteine residues in DndC participate in H2O2 decomposition. The
above results suggested that the DndC subunit of DndCDE is responsible for the
observed H2O2 decomposition activity and not DndDE or DndE. Because of the indi-
cated importance of DndC in the H2O2 activity associated with PT, we conducted an in
silico analysis on the amino acid sequence of DndC. The results of this analysis indicated
that the S. enterica DndC protein possesses six cysteine residues (Cys39, Cys146, Cys262,
Cys273, Cys280, and Cys283) and that all of these residues except Cys39 are highly
conserved in DndC homologues from other organisms (Fig. S2). Consequently, we
conducted a series of experiments in which the cysteine residues of the DndC subunit
were sequentially replaced with alanines to study the involvement of each residue in
H2O2 decomposition.

UV-visible light (UV-Vis) spectroscopy was used to investigate the state of the Fe-S
cluster in the various dndC cysteine mutants of DndCDE, and the results are shown in
Fig. 6. The results clearly show that the DndC C39A, C262A, and C273A mutants
retained the wild-type absorbance profiles between 400 and 420 nm, whereas only a
slight shoulder (i.e., small peak) was observed for the other three mutants (Fig. 6).

When the DndCDE variants possessing the dndC mutations were analyzed for
their ability to decompose H2O2 by UV absorption, the results clearly showed that,
except for the Cys39 mutant, the cysteine variants abolished H2O2 decomposition
activities (Fig. S3).

Cysteine is the most common residue used in iron coordination although other
amino acid residues, such as histidine and arginine, are also observed to coordinate
iron-sulfur clusters (35, 36). Our results showed that Cys146, Cys280, and Cys283 are
needed for Fe-S coordination in DndC and support the conclusion that the Fe-S cluster
is involved in the H2O2 decomposition activity of DndCDE. Although Cys262 and Cys273

did not appear to be involved in Fe-S cluster coordination, they are required for the
H2O2 decomposition activity of DndCDE. In contrast, Cys39 does not appear to be
essential for DndCDE H2O2 decomposition activity or to be involved in Fe-S coordina-
tion.

H2O2 decomposition activity of DndCDE from Pseudomonas fluorescens Pf0-1.
We also overexpressed the dnd gene cluster from Pseudomonas fluorescens Pf0-1 in E.
coli. We purified DndCDE of strain Pf0-1 (DndCDEPf0) using the same three-step
protocol described earlier (Fig. S4A). The UV-Vis spectrum of DndCDEPf0 showed optical
absorbance between 400 and 420 nm (Fig. S4B), which is typical for Fe-S clusters. We
then assayed the H2O2 decomposition activity using a bubble test. Fig. S4C shows that
oxygen bubbles were generated by DndCDEPf0.

FIG 6 Characterization of cysteine-to-alanine DndC mutants. Individually, each cysteine residue in DndC
of DndCDE was mutated to alanine. Purified DndC mutants were scanned using UV-Vis to detect the
characteristic Fe-S absorbance peak (�400). For efficient scanning, the proteins were concentrated to
130 �M.
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DISCUSSION

In E. coli and S. enterica, it has been shown that there are approximately 1,400 PT
modifications per genome (5), with an average distance of approximately 3.4 kb
between modifications. Since it has been classically believed that PT modification
renders DNA more vulnerable to degradation and damage, such modification could
potentially cause genome instability (16) and would therefore be considered to be
disadvantageous.

Bacteria that are pathogenic toward humans, such as Salmonella enterica, live in
particularly challenging oxidative environments (37, 38) that occur partly as a conse-
quence of the inflammatory response processes induced by infection in the host
organism. In particular, superoxide, hydrogen peroxide, hydroxyl radicals, and other
reactive oxygen species (ROS) are generated by phagocytic cells (39) as part of the
inflammatory response, and phosphorothioated DNA is paradoxically especially sus-
ceptible to cleavage by hydroxyl radicals at physiological concentrations via the Fenton
reaction (Fig. 1). Consequently, the observation that PT modifications have biochemical
activity in many microorganisms (6, 40), including those involved in infection, seems
counterintuitive. However, the fact that the dndCDE genes are widespread among
prokaryotic organisms, from those involved in infectious disease to bacteria living in
hot springs (17), strongly suggests that PT confers a biological advantage. A possible
explanation could be that the DNA PT modification is accompanied by localized free
radical scavenging activity, particularly in microorganisms involved in infectious dis-
ease. Reactive oxygen species can present in a number of different forms depending
upon local conditions and environment, and if the above hypothesis is correct, it seems
possible that the substrate specificity of specific DndCDEs may be tailored to take these
differences into account. Notably, DndCDE from the soil-dwelling bacterium Pseudomo-
nas fluorescens Pf0-1 also has H2O2 decomposition activity (see Fig. S4A in the supple-
mental material). Interestingly, for S. enterica, redundant H2O2 scavengers (three cata-
lases and two alkyl hydroperoxide reductases) can contribute to its virulence and
oxidative stress resistance (41). Furthermore, reactive oxygen species generated during
inflammation promote S. enterica
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to SMC proteins (6). Presumably, the binding of DndD increases chromosome compac-
tion or avoids chromosome uncoiling. When docked to the approximately 1,400 PT sites
in bacterial genomes, DndCDEs could potentially form a catalase shield, covering each
of the 10-kbp chromatin domains and safeguarding the entire genome from H2O2

damage.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacterial strains and plasmids used in this work

are listed in Table 1, and most have been described in previous publications (52). Specifically, the dndC
C39A, C146A, C262A, C273A, C280A, and C283A mutants were generated using gene-specific primers
(Table 2) to amplify the entire pDndBCDEH plasmid. Primers possessed a 19-nt 5= primer extension to
facilitate cyclization of the PCR product in E. coli, and the 3-bp dndC modified sequence used in the
creation of the dndC mutant was placed in the middle of the 5= primer extension. PCR products were
digested with DpnI (Thermo Fisher Scientific, Inc., MA, USA) for 4 h to remove the methylated plasmid

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description
Reference or
source

Strains
Salmonella enterica serovar Cerro 87 Strain contains the dndBCDE gene cluster with modification site at GAAC/GTTC 60
Escherichia coli DH10B F� ΔmcrA (mrr-hsdRMS-mcrBC), cloning vector Invitrogen
Escherichia coli BL21(DE3) E. coli B strain with DE3, a � prophage carrying the T7 RNA polymerase gene; host strain

for protein hetero-expression
Stratagene

Plasmids
pET-28a (�) pBR322 origin, expression vector, Kanr Novagen
pET-15b pBR322 origin, expression vector, Ampr Novagen
pDndBCDEH Derived from pET-28a, with DNA region coding DndBCDE inserted at NcoI-XhoI sites,

enables the host DNA phosphorothioation, Kanr
52

pDndBCDH Derived from pDndBCDEH, with in-frame deletion in dndE, Kanr 52
pDndBCEH Derived from pDndBCDEH, with in-frame deletion in dndD, Kanr 52
pDndBDEH Derived from pDndBCDEH, with in-frame deletion in dndC, Kanr 52
pDndBCH Derived from pET-28a, with DNA region coding DndBC, Kanr 52
pIscS Derived from pET-15b, with iscS gene and N-terminal His tag, Ampr This lab
pDnd-DndC-C39A pDndBCDEH derivative, site mutant with C39A on DndC, Kanr This study
pDnd-DndC-C146A pDndBCDEH derivative, site mutant with C146A on DndC, Kanr This study
pDnd-DndC-C262A pDndBCDEH derivative, site mutant with C262A on DndC, Kanr This study
pDnd-DndC-C273A pDndBCDEH derivative, site mutant with C273A on DndC, Kanr This study
pDnd-DndC-C280A pDndBCDEH derivative, site mutant with C280A on DndC, Kanr This study
pDnd-DndC-C283A pDndBCDEH derivative, site mutant with C283A on DndC, Kanr This study

TABLE 2 Primers and DNA fragmentsa

Oligonucleotide function and name Sequence (5=¡3=)
Site-directed mutagenesis
C39A-S GAATTTATGCGGCGGATAAGCGTCCGTGGGTAATTGG
C39A-A TTATCCGCCGCATAAATTCTTTGAACCTCAGCAACAT
C146A-S TTCGCTGGGCGACCGAGCGTATGAAAATCAATCCGGT
C146A-A CGCTCGGTCGCCCAGCGAAAACTACGGGTTGGGGCCG
C262A-S AGGGTGAGGCGCCCCTGGTGATCGACGAAAGTACCCC
C262A-A ACCAGGGGCGCCTCACCCTGTGCGGAAGAATCCATAT
C273A-S CCCCCTCTGCGGGGAACTCTCGCTTTGGCTGCTGGAC
C273A-A GAGTTCCCCGCAGAGGGGGTACTTTCGTCGATCACCA
C280A-S GCTTTGGCGCGTGGACCTGTACCGTAGTCACCAAAGA
C280A-A CAGGTCCACGCGCCAAAGCGAGAGTTCCCGCAAGAGG
C283A-S GCTGGACCGCGACCGTAGTCACCAAAGATAAAGCGAT
C283A-A ACTACGGTCGCGGTCCAGCAGCCAAAGCGAGAGTTCC

Electrophoresis mobility shift assay
24 bp-ds-GA/GT (sense) CCTCTTGCGGGAACTCTCGCTTTG
24 bp-ds-GA/GT (antisense) CAAAGCGAGAGTTCCCGCAAGAGG
24 bp-ds-GsA/GsT (sense) CCTCTTGCGGGsAACTCTCGCTTTG
24 bp-ds-GsA/GsT (antisense) CAAAGCGAGAGsTTCCCGCAAGAGG

aThe lowercase boldface “s” indicates the phosphorothioate modification site. Underlining indicates the
sequence of interest.
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template, and the resulting unmethylated PCR amplification product was purified using an AxyPrep DNA
gel extraction kit (Axygen, Corning, NY, USA). PCR product identities were confirmed by size determi-
nation in 1% agarose gels using a DNA size marker for comparison (Invitrogen 1 Kb Plus DNA ladder;
Thermo Fisher Scientific, Inc.). Once product identity had been confirmed, the desired fragment was
stabilized by transformation into E. coli strain DH10B using the protocol of Inoue et al. (53). For
heterologous gene expression experiments, the dndC mutant plasmid was isolated and purified using an
AxyPrep plasmid extraction kit (Axygen Corning) and transformed into E. coli strain BL21(DE3)/plysS
(Agilent Technologies, CA, USA).

Bacterial cells were routinely cultured in Luria broth medium (10 g/liter tryptone, 5 g/liter yeast
extract, 10 g/liter sodium chloride) supplemented with 50 �g ml�1 kanamycin when needed for strain
selection. Specifically, E. coli strains used in protein expression experiments were grown in 1 liter of LB
medium containing 50 �g ml�1 kanamycin at 37°C with shaking at 250 rpm until the culture optical
density at 600 nm (OD600) reached 0.6. At this point gene expression was induced by addition of
isopropyl-D-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and the culture was allowed
to incubate for a further 24 h at 16°C. After this, cells were harvested by centrifugation at 6,000 � g for
20 min and, if not used immediately in protein purification, stored flash-frozen at �80°C.

Protein expression and purification. (i) N-terminal His-tagged cysteine desulfurase, IscS. The
recovery and purification of N-terminal His-tagged cysteine desulfurase followed the general protocol
described by Xiong et al. (52) in which 1 g of cell pellet or frozen cell pellet was resuspended in 50 ml
of lysis buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5% glycerol) in a sterile 50-ml polypropylene
centrifuge tube (Corning, NY, USA) and sonicated on ice at 100 W using a 6.4-mm-diameter probe for a
total of 10 min with 2-s bursts and 4-s intervals (Qsonica Sonicator Q500: Qsonica Sonicators, Newtown,
Canada). Subsequently, insoluble cell debris was removed by centrifugation at 18,000 � g for 20 min, and
the supernatant was then applied to a 1-ml Ni-nitrilotriacetic acid (NTA) column (GE Life Sciences, MA,
USA), which was washed with 10 ml of Ni wash buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 40 mM
imidazole, and 5% glycerol). Bound protein was then eluted with 5 ml of Ni elution buffer 2 (20 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 500 mM imidazole, and 5% glycerol), and 2.5 ml of the eluate was desalted
using a PD-10 desalting column (GE Life Sciences, MA, USA) with 3.5 ml of storage buffer (20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 5% glycerol) according to the manufacturer’s instructions. The desalted protein
solution was then subjected to a Bradford assay (54).

(ii) C-terminal His-tagged Dnd protein complex DndCDE or DndCDEPf0. The recovery and
purification of DndCDE (or DndCDEPf0) protein complex involved taking 5 g of cell pellet or frozen cell
pellet and resuspending the cells in 25 ml of lysis buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5%
glycerol) in a sterile 50-ml polypropylene centrifuge tube (Corning). The cell suspension was then treated
in an identical manner to that described for the extraction of IscS protein except that the entire volume
eluted from the Ni-NTA column was loaded onto a 1-ml heparin high-performance column (HiTrap; GE
Life Sciences), which was washed with five column bed volumes (CBV) of heparin wash buffer 1 (20 mM
Tris-HCl, pH 8.0, 25 mM NaCl, and 5% glycerol) followed by five CBV of heparin wash buffer 2 (20 mM
Tris-HCl, pH 8.0, 150 mM NaCl, and 5% glycerol). Protein was subsequently eluted with 5 ml of heparin
elution buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 5% glycerol), and the eluate was subjected to
size exclusion chromatography on an ÄKTA fast protein liquid chromatography system (GE Life Sciences)
using a preequilibrated Superdex 200 10/30 column (GE Life Sciences) in heparin wash buffer 2. Eluate
was collected in 1-ml fractions which were monitored for their absorbance at a wavelength of 280 nm
(�280). Pooled peak fractions (3 ml) with the highest absorbance reading were collected and concentrated
to 0.5 ml using a centrifugal filter at 8,000 � g and 4°C for 2 h (Amicon Ultra, Merck, Darmstadt,
Germany). Concentrated, purified protein was then dialyzed in 1 liter of storage buffer (20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 5% glycerol) for 6 h at 4°C, and the resulting DndCDE protein was quantified by
Bradford assay (54).

(iii) Gradient native gel electrophoresis detection of both native and cross-linked DndCDE. The
preparation of cross-linked DndCDE was achieved by treatment with 1 mM disuccinimidyl suberate (DSS)
(Thermo Fisher Scientific, Inc., MA, USA) for 20 min at room temperature (55).

The 4% to 20% gradient native gel was prepared according to the protocol described by Wittig et al.
(56). Basically, 4% acrylamide and 20% acrylamide were prepared separately on ice. Four percent
acrylamide contained 1.2 ml of acrylamide-bisacrylamide mixture (total concentration of the monomers
acrylamide and bisacrylamide [T], 49.5%; concentration of the cross-linker [C] relative to the total
concentration 3% [Solarbio, Beijing, China]), 5 ml of 3� Tris-glycine buffer (75 mM Tris base and 57.6 mM
glycine), 100 �l of 10% (wt/vol) ammonium persulfate (APS), 10 �l of tetramethylethylenediamine
(TEMED), and 8.7 ml of water. Twenty percent acrylamide contained 6 ml of acrylamide-bisacrylamide
mixture (49.5% T, 3% C; Solarbio, Beijing, China), 5 ml of 3� Tris-glycine buffer (75 mM Tris base and
57.6 mM glycine), 3 ml of glycerol, 75 �l of 10% (wt/vol) APS, 7.5 �l of TEMED, and 918 �l of water.
Gradient was achieved by adding 20% acrylamide into 4% acrylamide while the latter solution was also
pumped into the vertical electrophoresis apparatus with a peristaltic pump. Two micrograms of protein
sample was used for detection. One microgram of ferritin protein (A600457-0500; Sangon Biotech,
Shanghai, China) was used as the size marker.

(iv) In vitro anaerobic enzymatic formation of active Fe-S cluster Dnd protein complex,
DndCDE-FeS. The formation of active DndCDE-FeS was performed under anaerobic conditions (nitro-
gen) in a glove box (Coy Laboratory Product, Inc., MI, USA) in a reaction catalyzed by IscS (23). Typically,
20 �M DndCDE was incubated for 30 min at room temperature under aerobic conditions with 1 mM
�,�=-dipyridyl and 2 mM dithionite, after which the reaction mixture was desalted using a PD-10
desalting column (GE Life Sciences) according to the manufacturer’s instructions, and 3.5 ml of eluate
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was concentrated to approximately 900 �l by centrifugation in a 0.5-ml centrifugal filter at 8,000 � g and
4°C for 2 h (Amicon Ultra; Merck, Darmstadt, Germany). From this point onward, all other steps were
undertaken under anaerobic conditions. The concentrated protein (20 �M) was then mixed with 20 �M
purified IscS protein, 7.5 mM dithiothreitol, 0.5 mM Fe(NH4)2(SO4)2, and 0.5 mM cysteine in storage buffer
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5% glycerol) in a total volume of 1 ml, and the sample tubes were
sealed and incubated at 4°C overnight. Subsequently, the mixture was centrifuged at 15,000 � g for
10 min, and the supernatant was desalted by passage through a PD-10 desalting column (GE Life
Sciences) and concentrated by centrifugation in a 0.5-ml centrifugal filter (Centricon Plus-20 [PL-10];
Millipore, MA, USA) at 4°C. Finally, the tube containing DndCDE-FeS was sealed with Parafilm before
being removed from the glove box. The protein was used in the experiments immediately.

UV-Vis and EPR analysis of DndCDE and DndCDE-FeS. The UV-visible light (UV-Vis) absorption
characteristics of the DndCDE protein and its Cys mutants were investigated using a microtiter plate
reader (BioTek Synergy 2; BioTek Instruments, Inc., VT, USA) equipped with Gen5 software. Briefly a
200-�l sample containing 130 �M, 20 mg ml, of the protein complex in storage buffer (20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 5% glycerol) in a 96-well microplate (3599; Corning, NY, USA) was scanned for its
absorption between �290 and �700. This concentration of protein complex was used as it had previously
been determined to be the minimum required to produce a visible spectroscopic peak for the Fe-S
cluster.

Electron spin resonance (EPR) spectrum acquisitions were performed under aerobic conditions, and
in these experiments 130 �M DndCDE in storage buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5%
glycerol) was used. Protein was supplemented with either sodium dithionite (2 mM) or dithiothreitol
(2 mM) where appropriate. EPR spectra were acquired using a Bruker EMX Plus 10/12 spectrometer
(Bruker Co., Ltd., Bremen, Germany) equipped with an Oxford ESR910 liquid helium continuous-flow
cryostat (Oxford Instrument Co., Ltd., Oxfordshire, UK) and Bruker WINEPR software at the National High
Magnetic Field Laboratory of the Chinese Academy of Sciences (Hefei, China). Conditions used for EPR
signal acquisition were the following: microwave frequency, 9.387 GHz; field modulation amplitude, 5
gauss; microwave power, 2 mW; modulation frequency, 100 kHz at either 13 K or 77 K.

EPR was also used in experiments designed to determine the possible difference in the Fe-S cluster
states of DndCDE proteins during their reactions with H2O2. In this case 1,200 �l of DndCDE solution
(130 �M in the storage buffer) was mixed with 12 �l of 5 M H2O2 and 60 �l of 2.5 M imidazole, pH 8.0.
Samples (200 �l) of the mixture were removed into EPR tubes and snap-frozen in liquid nitrogen after
0.5 min, 1 min, 2 min, 5 min, and 10 min in readiness for EPR data acquisition, which was performed in
a manner identical to that described above.

Fenton reaction and HPLC-MS detection of phosphorothioate DNA. The 100-�l reaction mixture
contained 25 �M dGsA (synthesized from Sangon Biotech, Shanghai, China) and 100 �M FeCl2. A final
concentration of 1 mM H2O2 (from 100 mM stock) was added to initiate the Fenton reaction (31). The
reaction was performed at room temperature for 30 min. Then 10 �l of the reaction solution was loaded
onto a YMC-C18 reverse-phase column (250 mm by 4.6 mm; 5-�m particle size; YMC Co., Ltd., Kyoto,
Japan) fitted to an Agilent 1100 series LC/MSD (liquid chromatography/mass-selective detector) trap
system. Sample separation was achieved by use of a two-solvent mixture (solvent A consisting of 0.1%
acetic acid in water and solvent B consisting of 0.1% acetic acid in acetonitrile) at a flow rate of 0.4 ml/min
and a temperature of 30°C. Gradient conditions were 1% to 13% solvent B for 35.5 min, 13% to 30%
solvent B for 20 min, and finally 1% solvent B for 10 min. UV absorption was monitored at �254.4.
Ionization was set in positive mode, gas flow was 10 liters min�1, nebulizer pressure was 30 lb/in2, drying
gas temperature was 325°C, and capillary voltage was 3,100 V. Signals at m/z 597 (dGsA), 565 (dGHA), and
581 (dGA) were extracted to confirm the identities of the main peaks.

EMSAs. DNA sequences used in electrophoresis mobility shift assays (EMSAs) are listed in Table 2;
they were purchased from Genewiz (Jiangsu, China) and were either labeled with 5= 6-carboxyfluorescein
(FAM) and/or phosphorothioated at their GA/GT residues. The DNA fragments were prepared as 500-�l
volumes which contained 50 �l of 400 �M sense and antisense oligonucleotides, 100 �l of 5� annealing
buffer (150 mM Tris-HCl, pH 8.0, 50 mM MgCl2, and 240 mM NaCl), and 300 �l of water. Prior to use, these
mixtures were heated to 100°C for 10 min and then slowly cooled to room temperature. The DNA
solutions were then either used immediately or stored frozen until required.

Each 20-�l EMSA mixture contained 2 �l of a specific 5= FAM-labeled oligonucleotide (4 �M), 2 �l or
4 �l (4 �M) of complementary oligonucleotide where required, 2 �l of binding buffer (100 mM Tris-HCl,
pH 8.0, 1 M KCl, 1 mM dithiothreitol, 0.1 mg ml�1 bovine serum albumin [BSA], and 50% glycerol) along
with 10 �l of 6.67 �M DndCDE and sterile double-distilled water to make up the volume. Mixtures were
incubated at room temperature for 40 min, and then 10 �l was subjected to PAGE in a 3.96% gel (49.5%
T and 3% C, acrylamide-bisacrylamide [Solarbio, Beijing, China]) in 0.5� TBE buffer (44.5 mM Tris,
44.5 mM boric acid, 1 mM EDTA). The gel was electrophoresed at 100 V for 1 h after which DNA bands
were detected and recorded using an FL3000 fluorescence detector (Fujifilm Corp., Tokyo, Japan).

Measurement of DndCDE and DndCDE-FeS H2O2 decomposition activities. (i) Colorimetric
assay. H2O2 scavenging activity was assayed in a 100-�l reaction mixture composed of 20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 125 mM imidazole, 5% glycerol, and 40 mM H2O2 (Sangon Biotech). Scavenging
reactions were initiated by addition of 1.67 �M (0.25 mg ml�1) protein and incubated at 25°C for a total
of 20 min. Ten-microliter aliquots were removed from the reaction mixtures at 5-min intervals and diluted
1,000-fold with storage buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5% glycerol) to a final volume of
10 ml. Twenty microliters of the diluted reaction mixture was then added to 200 �l of ferric-xylenol
orange assay mixture (Hydrogen Peroxide Quantitative Assay kit; Sangon Biotech) (18, 57), and the
mixture was allowed to rest at room temperature for 30 min, after which its optical density was measured
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at �595. To investigate the impact of Fe2�, 10 �M or 100 �M FeCl2 was added into the assay prior to H2O2.
All reactions were carried out in triplicate.

(ii) Bubble test. Bubble tests (26) were performed to follow the liberation of oxygen during the
decomposition of H2O2 in a qualitative fashion by the two proteins. In this assay the presence of Triton
X-100 entraps bubbles of oxygen liberated during the reaction at its surface to form a foam layer which
is photographed after 10 min. Reaction volumes were 1 ml and contained 10 �M protein, 3 M H2O2,
20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 125 mM imidazole, 5% glycerol, and 1% Triton X-100. This
concentration of H2O2 was chosen based on the report of Iwase et al. (26) as it is the concentration
required to produce bubbles and foam, which can be entrapped at the reaction’s surface by the
surfactant; two negative controls were used for comparison. The first involved the use of heat-inactivated
protein, and the second consisted of reaction buffer alone.

(iii) UV absorption. The H2O2 decomposition rates of DndCDE and DndCDE-FeS were also measured
in real time in a 96-well UV-transparent microplate (Corning) using a Synergy2 microplate reader (BioTek
Instruments, Inc., VT) operated at �240 (H2O2 has a characteristic absorption peak at �240) (58). Concen-
trations of H2O2 employed were 0, 15, 20, 24, 30, 40, 48, 60, 80, 96, 120, 160, 200, and 240 mM, and
scavenging reaction mixtures (100-�l total volume) were composed of 20 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 125 mM imidazole, 5% glycerol, and 1.67 �M protein. All assays were performed in triplicate and
initiated by addition of H2O2. Readings were taken at 3-s intervals over a period of 2 min, and the
concentration of H2O2 remaining in solution was calculated by reference to a standard curve constructed
previously from a known concentration series of H2O2. The concentration of DndCDE-FeS was half that
of DndCDE, and experiments involving the use of DndCDE-FeS were terminated at 1 min, in both cases
because the large volume of oxygen generated would interfere detection. Calculations relating to H2O2

decomposition were made using Prism 5 software (GraphPad Software, Inc., CA, USA). To investigate the
impact of EDTA, 1 �M, 2 �M, 4 �M, 8 �M, 16 �M, 32 �M, 64 �M, or 128 �M EDTA was added into the
assay prior to H2O2.

(iv) O2 liberation rate measurement (pO2 oxygen electrode). Rate measurement of oxygen
liberation during DndCDE H2O2 decomposition was also undertaken using a Clark-type oxygen electrode
as described by Jacoby et al. (59). (This experiment also served to confirm that the gas generated on H2O2

decomposition was oxygen). Reaction mixtures (2-ml total volume) were composed of 50 mM H2O2 and
1.67 �M DndCDE in storage buffer supplemented with 125 mM imidazole (pH 8.0). Partial O2 pressure
(pO2) measurement was terminated when the oxygen concentration reached saturation level, and all
reactions were carried out in triplicate.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.00104-19.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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