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Abstract

The prospects for using bacterial DNA as an intrinsic probe for HOCI and secondary oxidants/
chlorinating agents associated with it has been evaluated using both in vitro and in vivo studies.
Single-strand and double-strand breaks occurred in bare plasmid DNA that had been exposed to high
levels of HOCI, although these reactions were very inefficient compared to polynucleotide chain
cleavage caused by the OH*-generating reagent, peroxynitrite. Plasmid nicking was not increased
when intact Escherichia coli were exposed to HOCI; rather, the amount of recoverable plasmid
diminished in a dose-dependent manner. At concentration levels of HOCI exceeding lethal doses,
genomic bacterial DNA underwent extensive fragmentation and the amount of precipitable DNA-
protein complexes increased several-fold. The 5-chlorocytosine content of plasmid and genomic
DNA isolated from HOCI-exposed E. coli was also slightly elevated above controls, as measured by
mass spectrometry of the deaminated product, 5-chlorouracil. However, the yields were not dose-
dependent over the bactericidal concentration range. Genomic DNA recovered from E. coli that had
been subjected to phagocytosis by human neutrophils occasionally showed small increases in 5-
chlorocytosine content when compared to analogous cellular reactions where myeloperoxidase
activity was inhibited by azide ion. Overall, the amount of isolable 5-chlorouracil from the HOCI-
exposed bacterial cells was far less than the damage manifested in polynucleotide bond cleavage and
cross-linking.
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Introduction

One recurrent issue concerning the biochemistry of host cellular defense mechanisms is the
relative extent to which oxidative and nonoxidative processes contribute to microbial killing
within phagocytes. Current opinion on this subject varies widely; for example, several groups
have presented evidence supporting the notion that myeloperoxidase (MPO)l-generated
hypochlorous acid (HOCI) is a primary neutrophil microbicide [1-4], whereas others have
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disputed this evidence, and suggested that MPO functions physiologically as a catalase [5],
thereby protecting bactericidal hydrolytic enzymes introduced during phagocytosis from
inactivation by respiration-generated H,O». Evidence also exists for an additional type of
nonoxidative mechanism involving other granule-derived antimicrobial proteins that function
by disrupting bacterial homeostasis without inactivating specific enzymes [6,7]. Although one
might surmise from the very different nature of the chemistries comprising oxidative versus
nonoxidative killing that distinguishing between them should be straightforward, the problem
is convoluted by their simultaneous participation in intraphagosomal reactions [8]. Thus, for
example, the demonstration that neutrophils kill bacteria under conditions where oxidative
processes are inhibited cannot be taken as evidence that oxidative mechanisms do not exist.
Furthermore, rather than being redundant, the distinct microbicidal mechanisms are likely to
be synergistic [4,9,10].

To evaluate the role of HOCI in intraphagosomal killing by neutrophils, one needs to know
both the extent of its formation by MPO-catalyzed oxidation of chloride ion and how its
subsequent reactions with bacterial and host-derived targets are distributed. With respect to
the first question, a recent kinetic modeling study based upon experimentally determined
kinetic parameters and phagosomal dimensions predicts that ~90% of the O, consumed by
stimulated neutrophils will be converted to HOCI [11]. In developing the model it was
recognized, but not explicitly taken into account, that CI~ could be the limiting intraphagosomal
reagent, a condition which would lower the predicted yields. This possibility arises because
the amount of extracellular fluid introduced during phagocytosis is very small, hence the
amount of CI™ entrapped during formation of the phagosome is less than the amount of O,
consumed by NADPH oxidase-dependent stimulated respiration. Since the HOCI/O,
stoichiometry cannot exceed 1:1 in the coupled NADPH oxidase/MPO catalyzed reaction, i.e.,
2H* + NADPH + O, + CI~ — NADP* + HOCI + H,0, chloride ion will be limiting unless it
is replentished in subsequent reactions of HOCI or by transmembrane ion transport processes
[12-13]. Chemical trapping studies in which chloride is incorporated into stable reaction
products are consistent with this viewpoint. Specifically, in studies using fluorescein-
conjugated particles as bacterial mimics, it was found that the amount of chloride trapped within
the phagosome as mono-, di-, and trichlorofluoresceins corresponded closely to the calculated
amount of extracellular Cl- introduced during its formation [3].2 This amount, however, was
only ~10% of the O, consumed during stimulated respiration. In contrast, when soluble
agonists were used to trigger extracellular release of MPO, as much as 40% of the O, consumed
could be trapped as taurine chloramine [16]. Under these conditions, where reaction occurs in
the extracellular milieu, CI™ is present in large excess and cannot be significantly depleted over
the course of the neutrophil respiratory burst.

The chlorofluorescein trapping and O, consumption measurements indicate that between
~108 and ~10° HOCI molecules per entrapped particle can be generated within phagosomes
[3,11]. The lower limit is clearly a conservative estimate because the phagosomal milieu
contains numerous targets that react more rapidly than fluorescein with HOCI [17-20].
Prominent among these are biological sulfhydryl and thioether compounds that, unlike
fluorescein, undergo net oxidation with regeneration of CI™ as one of the reaction products,
which then is available for MPO-catalyzed formation of additional HOCI.3 Attempts to assess
the intraphagosomal distribution of HOCI reactions have made use of 13C-labeling [25,26] to
determine the relative extent of chlorination of bacterial and host-derived protein tyrosyl

2Based upon estimates from electron micrographs [14], the average diameter of a neutrophil phagosome is ~1.5 um. If one assumes
spherical geometry, the corresponding volume of a phagosome containing a 1.0 pum diameter particle is ~1.2x10712 mL; ~108 chlorine
atoms trapped by the particle corresponds to ~1.7x10~+° mmols CI~, requiring an apparent intraphagosomal concentration of ~0.14 M.
The measured concentration of CI™ occluded within the phagosomes of human neutrophils scales linearly with the extracellular
concentration [15]; at the concentration levels present in serum, the levels extrapolated from these data would be ~0.1 M.
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groups. Almost all (~94%) of the HOCI consumed in this reaction was trapped by tyrosyl
groups on the host cell protein [25], which was primarily a consequence of its greater abundance
within the phagosome. Nonetheless, if ~90% of the O, consumed is converted to HOCI, as
implied by the kinetic model [11], then it follows that each bacterium is exposed to ~108 HOCI
molecules, a value which is consistent with the fluorescein trapping results [3]. This number
is provocative because the amount of HOCI required to Kill various strains of bacteria in in
vitro assays is also ~108 HOCI/bacterium [3,27,28]. Thus, one might infer that bactericidal
amounts of HOCI are generated within neutrophil phagosomes.

Although these studies appear to be mutually self-consistent, there are several indeterminate
factors which might impact significantly upon the conclusions. Tyrosine chlorination is a
relatively slow reaction [11] and is unlikely to be involved in bacterial killing, which appears
to involve very rapidly reacting sites on the bacterial cell envelope [18,29,30]. Furthermore,
MPO strongly associates with the bacterial wall [31-33], suggesting that it could direct HOCI
toward vulnerable bacterial targets in the phagosome. Kinetic modeling studies (J. L. Cape,
unpublished research) suggest that this proximity effect would be important for targets whose
bimolecular rate constants exceed 10° M~ s71; these include, for example, cysteine sulfhydryl
and methionyl thioether groups and iron-sulfur clusters. Finally, HOCI generation within the
phagosome is much slower than the microbicidal reactions following in vitro bolus additions
of the oxidant [18,34], so that protective responses to oxidative stress engendered in bacteria
undergoing phagocytosis [35,36] could render them less susceptible to oxidative killing than
implied by the in vitro bactericidal assays. Having available alternative bacterial components
as selective probes for HOCI, particularly ones more reactive than tyrosine, could be very useful
in describing the events comprising bactericidal action in neutrophils [24]. In the present study,
we have considered using both plasmid and genomic bacterial DNA as potential probes. For
reasons discussed herein, our results suggest that monitoring polynucleotide strand cleavage
or formation of 5-chlorouracil, a stable product of the reaction between HOCI and cytosine,
will not prove useful in this capacity; however, the data obtained suggest that DNA-protein
cross-linking could be developed as an intrinsic probe. Indeed, the dramatic increase in DNA-
protein complexation following exposure to lethal levels of HOCI was unanticipated, and
constitutes the most remarkable finding of these studies.

3A pertinent example is methionine, which is rapidly oxidized by HOCI to give as products methionine sulfoxide [22] and
dehydromethionine [21], a cyclized compound containing a covalent bond between the methionyl sulfur and amido nitrogen atoms. These
reactions are thought to proceed via intermediary formation of a chlorosulfonium cation [23], which subsequently undergoes nucleophilic
attack by either solvent or the a-amino group with release of chloride, as illustrated below:
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Methionine sulfoxide has recently received attention as a potential biomarker of intraphagosomal bactericidal reactions involving
neutrophil-generated HOCI [24].

Arch Biochem Biophys. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suquet et al.

Page 4

Materials and methods

Materials

The following chemicals and biological materials were obtained from the indicated sources:
alkaline phosphatase (Roche Applied Science); ethylenediaminetetraacetic acid (EDTA),
nuclease Sy, proteinase K, puromycin, sodium thiosulfate, and thymidine phosphorylase
(Sigma); nuclease P4 (U.S. Biological); Hoechst 33342 trihydrochloride trihydrate (Molecular
Probes); pETBIlue plasmid and NovaBlue cells (Novagen). Hypochlorous acid (HOCI) was
purified by vacuum distillation of commercial bleach solutions which had been neutralized to
pH 7-7.5 by addition of phosphoric acid [37]; reagent concentrations were determined
spectrophotometrically as the OCI™ ion (gpg7 = 350 M1 cm ™ [38]). Chloramine (NH,CI) was
prepared by flow-mixing equal volumes of 0.1 M NH3 in water with 8.0 mM HOCI in 50 mM
phosphate buffer, pH 7.4 through a tangential 12-jet mixer; the spectrophotometrically
determined NH,Cl yield was 95% (3.8 mM), based upon a reported value of ey45 = 429 M1
cm~1[39]. Peroxynitrous acid (ONOOH) was prepared as alkaline solutions of the sodium salt
by a quenched flow-mixing procedure involving reaction between nitrous acid and hydrogen
peroxide [40]; reagent concentrations, determined in 10 mM NaOH as the ONOO™ anion
(e302 = 1670 M~ cm~1 [41]), were typically ~100 mM and contained < 20% residual nitrite
ion. Other chemicals were best available grade from commercial sources and used as received;
except where indicated, reverse osmosis-deioinized water was used in preparation of reagent
solutions.

Two cell lines of Escherichia coli (ATCC 11775) and the engineered K-12 strain, NovaBlue,
were used to study bacterial genomic and plasmid DNA damage caused by exposure to oxidants
(HOCI, ONOOH) or upon phagocytosis by human neutrophils. Most studies on damage to
plasmid DNA were made with NovaBlue cells containing pETBIlue plasmid because this
plasmid is expressed with a significantly higher copy number in this cell line than in ATCC
11775. However, these cells are killed upon exposure to human serum, so that studies with
opsonized bacteria and neutrophils required the use of a serum-resistant strain (in this case, E.
coli 11775). Both cell lines were typically grown overnight in Luria broth (LB) at 37 °C to
stationary phase, washed with 50 mM sodium phosphate buffer, pH 7.4, containing 0.15 M
sodium chloride (PBS) and diluted to ~10° cells/mL, as determined by measuring turbidities
of the cell suspensions. For in vitro studies on pETBlue damage, the plasmid was isolated from
NovaBlue cells as an aqueous solution using a Promega plasmid purification kit and quantitated
by gel electrography. Neutrophils were obtained from venous blood drawn from individual
donors with informed consent. The cells were isolated by Hypaque-Ficoll density gradient
centrifugation following procedures described in the literature [42]; pyrogen-free water
(Baxter) was used throughout the preparative stages. The cells were maintained at 4 °C in
Hanks balanced salt solution (HBSS) without Ca2* or Mg2* containing 20 mM added HEPES,
pH 7.4, and used within several hours following isolation. Cell densities were determined by
counting aliquots of suspensions in methylene blue with a hemocytometer.

Reactions with chemical oxidants

Bolus additions of sodium peroxynitrite, HOCI or NH,Cl were made at 37 °C to rapidly stirred
PBS solutions containing either 100-120 ng purified pETBIue plasmid or ~108 cells/mL
bacteria to give final oxidant concentrations of 0.01-1.0 mM. For studies with peroxynitrite,
all solutions were purged of CO, by bubbling with Ar prior to adding the oxidant to minimize
CO»-catalyzed decomposition [43]. Any oxidant remaining after incubation at 37 °C for atimed
period (usually 10 min for free plasmid, 20 min for E. coli 11775 cells, 4 h for NovaBlue cells)
was scavenged by adding an excess amount of sodium thiosulfate. Genomic and plasmid DNA
were extracted from the cells using appropriate Promega kits following instructions supplied
by the manufacturer. The purified samples were immediately run on 0.8—-1% agarose gels using
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pH 8.3 buffers containing 90 mM Tris, 90 mM boric acid, 2.5 mM EDTA, and ~1 pg/mL
ethidium bromide, and were visualized by UV illumination.

Analysis of DNA-protein cross-linked complexes

Covalently linked DNA-protein complexes formed by exposure of cells to oxidants were
isolated by precipitation of intracellular protein with sodium dodecyl sulfate and potassium
chloride, as originally described by Zhitkovich and Costa [44] and modified by Kulcharyk and
Heinecke [45]. The yields of co-precipitated DNA were determined as previously described
by fluorescence spectroscopy following addition of Hoechst reagent to proteinase K-
solubilized products.

5-Chlorouracil extraction and measurement

Typically, the supernatants from the precipitation step that contained nonconjugated DNA were
purified using Qiagen Qiaquick spin columns and combined with the DNA isolated by
digestion of the precipitable protein complexes. These samples, containing the total isolable
DNA, were vacuum speed-dried, then taken up in 20 mM sodium acetate buffer, pH 5.1, for
digestion, derivatization, and mass spectrometric analysis according to explicit procedures
described by Jiang and coworkers [40]. Briefly, sequential digestion with nuclease P1 or S1,
alkaline phosphatase, and thymidine phosphorylase released 5-chlorouracil, which was then
extracted into ethyl acetate and derivatized with 3,5,-bis(trifluoromethyl)benzyl bromide for
gas chromatographic-mass spectrometric analysis using an HP 5989A/5980 instrument
operated in the negative chemical ionization mode [46].

Reactions with neutrophils

Results

Bacteria isolated from overnight culture were resuspended in HBSS containing 10% autoserum
and incubated at 37 °C for 30 min. The opsonized bacteria were then isolated by centrifugation,
resuspended in HBSS supplemented with 1uM MgCl, and 2 pM CaCls, and mixed with
neutrophils in HBSS to give a ~10:1 cell ratio. When desired, 10 mM NaN3 was included to
inhibit MPO activity. The bacteria-neutrophil mixtures were then incubated on a rotating tray
at 37 °C for 60 min, after which nonadherent bacteria were removed by centrifugation at 100g
for 5 min in a swinging bucket rotor, followed by 1-2 washes of the pelleted neutrophils with
HBSS. Effective separation of neutrophils and unattached bacteria was verified by visual
inspection with an optical microscope. The isolated neutrophils were then lysed by mixing 100
pL of the HBSS suspension with 300 pL of 1% SDS. DNA released into the thick lysate was
sheared by 5-6 passes through a 21-gauge needle, followed by grinding five times ina 2 mL
dounce homogenizer, with addition of HBSS as necessary to dilute the suspension.
Phagocytosed bacteria were then pelleted by centrifugation at 12K and 10,000 g for 20 min.
The pellet was resuspended in 20 mM Tris/Cl, pH 7.5, containing 1 mM PMSF to inhibit
proteases and 2% SDS to lyse the cells. The bacterial DNA was sheared by passage through a
21-gauge needle and DNA-protein complexes were precipitated with KCI as described above
[44,45]. Soluble DNA was isolated from the supernatants using Qiaquick spin columns and
the purified material was added to the DNA-protein complexes for digestion, derivatization,
and mass spectral analyses.

Phosphodiester strand cleavage in plasmid DNA

Exposure of ~120 ng isolated pETBIlue plasmid to concentration levels of HOCI as high as 250
1M showed no damage to the polynucleotide chain, as determined by electrophoresis on 0.8%
agarose gels (Fig. 1). However, at 500 uM HOCI the number of single-strand breaks (or
“nicks”) achieved was ~50%, as determined by the appearance of the circular form of the
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plasmid; a small amount of the linear form, corresponding to double-strand breaks, could also
be detected. Exposure to higher levels of HOCI led to complete loss of the native supercoiled
form of the plasmid with proportionate increases in the circular and linear forms; at the highest
HOCI concentration investigated (1 mM), the amount of recovered plasmid was noticeably
diminished, suggesting that, at this level of damage, fragmentation of the plasmid DNA may
have been extensive. Identical results were obtained when the exposure time was increased
from 10 min to 20 min. No oxidant-induced nicking was observed in plasmid that had been
exposed to NH,Cl at concentration levels as high as 3 mM.

A comparative study was made using the peroxide, ONOOH. This oxidant is representative of
the reactivities of several reactive oxygen species, including OH* generated by ionizing
radiation and Fenton oxidants generated by the reaction of metal ions (Fe(ll) and Cu(l)) with
H,0, [47]. Several researchers have reported that ONOOH induces strand breaks, both in
isolated plasmid DNA and in genomic DNA within cells (reviewed in [48]). Exposure of the
plasmid to ONOOH led to dose-dependent appearance of both single-strand and double-strand
breaks. No damage was observed when peroxynitrite solutions were allowed to decay before
mixing with the plasmid, or when 25 mM NaHCO3 was added to the reaction medium.4
Addition of 0.1 mM bathocuproine sulfonate (BCS), a Cu(l) chelator, provided partial
protection from both single-strand and double-strand cleavage, although addition of 1 mM
diethylenetriaminepentaacetic acid or desferrioxamine, both Fe(ll1) chelators, afforded
protection only against double-strand cleavage. Specifically, under the experimental conditions
~50% single-strand cleavage occurred with addition of 5-15 UM peroxynitrite, but required
~100 uM when BCS was present (Fig.2); double-strand cleavage typically became significant
after exposure to 100-200 uM peroxynitrite, but was markedly diminished at all concentrations
studied (< 800 uM) in BCS-containing solutions. Deliberate addition of 10 uM Cu(NO3), did
not affect the results, although increasing the Cu(ll) concentration to 100 uM promoted double-
strand cleavage. Pretreating peroxynitrite reagent solutions with MnO, to remove adventitious
unreacted H,O5 [40] had no effect upon the extent of cleavage. Representative gels showing
damage observed in the presence of BCS and at elevated Cu?* levels are shown in Fig. 2; these
gels indicate the lower and upper limits of damage, respectively, that were observed. Additional
gels illustrating the effects described above are available in Appendix A.

of plasmid and genomic DNA in E. coli exposed to oxidants

Unlike the in vitro reactions described above, plasmid nicking did not increase when pETBlue-
transformed NovaBlue cells were exposed to HOCI. Rather, the amount of recoverable plasmid
decreased in a dose-dependent manner (Fig. 3, Figs 5b) and was completely lost at the highest
doses used (0.25-1.0 mM). Under the experimental conditions, LDgg was ~10 UM, as
determined by pour-plate analyses of colony-forming units. Similar results were obtained when
ONOOH was used as the oxidant, although in this case, single-strand breaks were evident at
intermediary oxidant levels (Fig. 4). As discussed below, these differences may reflect the
greater capacity for ONOOH to induce cleavage of the polynucleotide chains (cf., Fig. 1, Fig.
2). Based upon the limited in vitro reactivity of HOCI toward purified plasmid (Fig.1), it is
unlikely that the loss of recoverable plasmid in the intracellular reactions is due to
fragmentation arising from direct reaction with the oxidant.

Genomic DNA isolated from E. coli 11775 and NovaBlue cells underwent dramatic changes
in electrophoretic properties upon exposure to HOCI concentrations that exceeded LDgq by 3—

4carbon dioxide in the bicarbonate buffer forms an adduct with ONOO™ that rapidly decomposes via O-O bond homolysis to carbonate
radical (CO3°™) and nitrogen dioxide (NO2°) [43,49,50]. Unlike OH®, carbonate radical does not abstract H atoms, but selectively oxidizes
guanine bases, forming primarily spiroiminodihydantoins and intrastrand cross-linked base pairs [51-53]; NO2° is unreactive toward
polynucleotides. Radical recombination leads to net isomerization of ONOO™ to NO3™ with regeneration of CO2. Since NO3™ is
unreactive under the in vitro experimental conditions, this CO2— catalyzed reaction effectively protects the DNA from oxidative damage.
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4 fold. As illustrated in Fig. 5 for NovaBlue cells, the band attributable to native DNA was
diminished and a broad rapidly-moving band appeared, which consisted of ~200-500 bp
fragments, as gauged from the 1 kb DNA ladder. These results suggest that treatment with
lethal doses of HOCI induced extensive fragmentation of genomic DNA into lower molecular
weight polymers. For example, these agarose gels looked very similar to those reported for
DNA that had been fragmented by exposure to high doses of UV irradiation and subjected to
further cleavage of single-strand breaks by nuclease S1 [54].

The amount of precipitable DNA-protein complexes also underwent dose-dependent increases
after exposure of E. coli 11775 to HOCI in amounts comprising 2-5xLDgg, but then declined
upon exposure to higher doses of HOCI. Data obtained after 6 h incubation is shown in Fig.
6a; the same trend was observed for shorter incubation periods, although the total yield was
less. The rate of formation of precipitable DNA was very slow, so that yields obtained upon
exposure to a given amount of HOCI increased with time over the entire temporal range (23
h) that was investigated. As shown in Fig. 6b, exposure to 50 uM HOCI led to 5-fold
accumulation of complexes over background levels. The amount of complex isolated was dose-
dependent; specifically, exposure to 75 uM HOCI led to a net 12-fold increase after 23 h,
whereas exposure to 25 uM HOCI gave a 2-fold increase within the same time frame (data not
shown).

Intracellular formation of 5-chlorouracil

5-Chlorouracil has been shown to be a stable marker for intracellular chlorination of cytosine
in DNA, as well as the pyrimidines, cytosine and uracil, and the corresponding deoxyribose
nucleosides [46,55,56]. A useful protocol for quantitation of 5-chlorocytosine in DNA as 5-
chlorouracil has been developed that entails sequential digestions by nucleases to give the free
nucleotides, dephosphorylation with alkaline phosphatase to the corresponding nucleosides,
and release of the free base pyrimidines with thymidine phosphorylase [46]. During these
digestions, the relatively unstable 5-chlorocytosine is deaminated to 5-chlorouracil. The free
bases are then isolated by extraction and, following derivatization, analyzed by mass
spectrometry. One should note that in vitro assays of reactions of DNA with HOCI have shown
that, among the nuclear base moieties, cytosine was by far the preferred target site, forming
~30-fold more monochlorinated product than adenine, the next reactive base [47].
Consequently, the measured 5-chlorouracil content can be taken as a good approximation to
the total extent of reaction of HOCI with bacterial DNA.

We have adapted these methods to probe the extent of cytosine chlorination in DNA isolated
from HOCI-exposed E. coli. In these studies, nucleotides obtained from the soluble extracted
DNA and precipitable DNA-protein complexes were combined for analysis so that the total
isolable DNA pool was examined. The relative amounts of 5-chlorouracil measured for
stationary-phase E. coli 11775 exposed to 1-75 uM HOCI for 6 h are shown in Fig. 7. The
large uncertainties in the plot reflect the low levels of isolated compounds, which varied widely
in individual experiments. However, for each run, the amount of 5-chlorouracil detected in
HOCI-treated bacteria was always greater than that measured in the corresponding HOCI-
negative controls. Two additional trends are evident from the data. First, levels of cytosine
chlorination recorded at sublethal doses of HOCI were comparable to those observed when
cells were exposed to 2-6 times LDgg; second, the chlorouracil yield appeared to pass through
aminimum at LDgg (~12 pM). Additional studies using ~108 cells/mL E. coli 11775 carrying
the pETBIlue plasmid consistently showed a small elevation of plasmid 5-chlorouracil
(averaging ~1.8-fold) when exposed to 1-50 uM HOCI (data not shown).
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DNA chlorination within neutrophil phagosomes

The persistent accumulation of 5-chlorouracil above background levels in E. coli suggested
that these organisms might be used as probes for microbial chlorination within activated
neutrophils. Comparisons were therefore made of the 5-chlorouracil content in the DNA of
phagocytosed E. coli isolated from fully competent neutrophils with those of E. coli from
neutrophils whose MPO had been inhibited by addition of 10 mM sodium azide to the medium.
At these concentration levels, azide ion effectively blocks HOCI production within the
neutrophil, but does not otherwise impair respiratory activation or phagocytosis [3,20]. No 5-
chlorouracil could be detected in the bacterial plasmid DNA isolated from either MPO-
competent or MPO-inhibited neutrophils. This result is consistent with extensive earlier studies
indicating that phagocytosis of plasmid-bearing bacterial minicells caused no detectable
physical or mutagenic damage to the plasmid [57]. However, the 5-chlorouracil content of
bacterial genomic DNA isolated from MPO-competent neutrophils was occasionally found to
be slightly higher than that from the MPO-deficient controls. Specifically, in a total of four
experiments using different individual donors, the ratios of mass spectral peak intensities were
1.7+£0.1,1.5+£0.2,1.0£0.2,and 0.75 = 0.1. The 5-chlorouracil content of neutrophil DNA
following phagocytosis was also determined in one experiment, for which the ratio of normal
to azide-inhibited cells was found to be 1.4 + 0.4. From these data, it seems evident that mass
spectrometric determination of nuclear base chlorination cannot be used as a reliable index of
intraphagosomal chlorination.

Discussion

DNA strand cleavage by HOCI

In general, HOCI is unreactive toward simple sugars [17], as well as polysaccharides within
more complex biopolymers [58]. This lack of reactivity is also reflected in minimal damage
to the polyphosphoribose backbone of plasmid DNA observed upon exposure to high
concentration levels of HOCI (Fig. 1). This behavior contrasts dramatically with the extensive
strand cleavage observed with ONOOH at comparable concentrations (Fig. 2), as has been
extensively documented for this oxidant [59], as well as other reactive oxygen species [47,
48]. Consistent with this chemical behavior, it has also been noted that HOCI does not induce
detectable strand breaks in the genomic DNA of phagocytes [60-62]. A plausible explanation
for these differing reactivities is that, whereas HOCI functions primarily as a two-electron
oxidant [18], ONOOH rapidly reacts with CO, in physiological media to form the one-electron
oxidants, CO3"~ and NO," [43,49,50]. DNA strand scission occurs primarily by either H-atom
abstraction from the deoxyribose unit [63] or reactions initiated by one-electron oxidation of
nuclear bases [59]. HOCI is incapable of H-atom abstraction and oxidation of nuclear bases
by HOCI involves a one-to-two electron redox noncomplementarity that imposes a high
energetic barrier for this reaction. Specifically, one electron reduction of HOCI must generate
either OH" or CI* radicals as products; consequently, this half-reaction is energetically highly
unfavorable. In contrast, no such contribution to the activation barrier exists for one-electron
oxidants, including the reactive oxygen species that have been shown to effectively cleave the
polynucleotide chain [47].

The partial protection toward ONOOH afforded by chelating ligands that inhibit Fenton
catalysis was unanticipated because, unlike HoO,, ONOOH undergoes spontaneous homolysis
of its O-O bond to generate OH" in a reaction that is metal ion-independent [49,64]. One
possibility is that the ligands simply scavenged the OH* generated by ONOOH decay by
preferentially reacting with it. However, the high incidence of double-strand breaks suggests
the alternative possibility that ONOOH might function as a classical peroxide in Fenton
reactions, particularly when catalyzed by copper ions. Double-strand breaks are characteristic
of Fenton reactions [65] and thought to arise from “site-specific” reactions directed by
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coordination of the metal ion catalyst to DNA [66]. Hypochlorous acid has been proposed to
react analogously to H,O» in iron-mediated Fenton reactions [67], that is, to generate OH" or
hypervalent one-electron iron oxidants. These observations raise the possibility that the single-
strand breaks observed in the pETBIlue plasmid DNA at very high HOCI concentrations (Fig.
1) were caused by similar reactions catalyzed by adventitious metal ions bound to the DNA.

The extensive cleavage of genomic DNA observed when E. coli were exposed to relatively
high concentration levels of HOCI (~5xLDgg) contrasts starkly with the in vitro results obtained
with purified plasmid. There is no reason to suspect major differences in the reactivity of
plasmid and genomic deoxyribose units toward HOCI; consequently, the reactivity differences
most likely reflect altered metabolic capabilities of the bacterial cells induced by reaction with
HOCI. One manifestation of these changes is massive, irreversible hydrolysis of ATP
phosphoanhydride bonds that accompanies destruction of chemiosmatically coupled energy
transduction on the bacterial plasma membrane; these changes coincide with cellular death
[18,30]. One expected consequence of this damage would be loss of ATP-dependent DNA
repair processes which, in turn, might account for DNA strand cleavage. For example,
constitutive DNA N-glycosylases and AP endonucleases of the base excision pathways [68]
might still cleave DNA at sites of nuclear base damage but, in the absence of ATP, DNA
polymerases and DNA ligases would be unable to rebuild the cleaved polymer chain. Cellular
death is also accompanied by inhibition of membrane-localized proteins required for de

novo DNA synthesis [8,27,29].

DNA-protein cross-linking

HOCI-initiated formation of covalent DNA-protein [45] and protein-protein adducts [9,69)]
has been demonstrated for several model systems, as has similar reactions involving covalent
modification of proteins by biologically relevant low molecular weight compounds [70,71].
This type of aggregation is not unique to HOCI, but is also commonly seen in cells and solutions
of biopolymers exposed to reactive oxygen species [72—74]. The mechanism of HOCI-elicited
cross-linking is unknown, but could involve either radical-radical coupling [9,75] or Schiff
base formation [69,71,76,77] involving reactive intermediates [70] formed upon
decomposition of HOCI-generated chloramines or chloramides. Because HOCI acts primarily
as a two-electron oxidant, it seems unlikely that cross-linking would be initiated by one-
electron oxidation of nucleobases, as has recently been demonstrated for DNA-histone cross-
linking [78]. From the very slow rate of accumulation of the DNA-protein aggregates (Fig.
6b), it is clear that, whatever their nature, these reactions must proceed via the intermediacy
of long-lived secondary species. DNA-protein cross-linking is also very slow in model protein-
oligonucleotide complexes that have been exposed to either HOCI or the MPO-H,0,-CI™
enzymatic system, typically requiring several hours for completion [45].

Pyrimidine chlorination

The extensive cleavage of polynucleotide chains and lower yields of recoverable DNA-protein
complexes observed at HOCI levels above ~5xLDgg are probably interrelated phenomena
which, as discussed above, imply that the nuclear bases have been extensively damaged.
Halogenation of free nuclear bases to stable products upon exposure to chemical or enzymatic
halogenating systems, as well as activated phagocytes containing myeloperoxidase or
eosinophil peroxidase [46,55,56,79-82] is well established, and chlorination of cytosine in
duplex DNA by HOCI has been directly demonstrated [83]. However, quantitative comparisons
suggest that halogenation of cytosine within polynucleotides is less efficient than halogenation
of free nuclear bases [46,56,81], so that the dominant pathways for incorporation of
halogenated bases into DNA and RNA may involve cellular uptake and enzymatic modification
of the monomeric precursors, rather than direct reaction with HOCI [46,80,82]. Our results
appear consistent with this overall view. Specifically, the surprisingly large amount of 5-
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chlorouracil found in genomic DNA at sub-lethal doses of HOCI could arise by enzymatic
incorporation during DNA biosynthesis or repair. This capability is then lost at ~LDgg,
corresponding to a minimal yield of 5-chlorouracil (Fig. 7); further increases in chlorinated
product at higher doses then involve direct reaction with DNA. The abrupt onset of
fragmentation (Fig. 5) is also characteristic of HOCI-inflicted damage to other biomolecules
in cells and is thought to arise because HOCI is highly selective for its targets [11,18]. In this
case, the onset may occur when all biological targets more reactive than the nuclear bases on
DNA have been consumed, so that these now are among the most reactive remaining target
sites.

Potential for development of bacterial DNA as an intraphagosomal probe for HOCI

As outlined in the Introduction, each phagocytosed bacterium is exposed to 108-10° MPO-
generated HOCI molecules, the lower and upper limits being set by the actual amount of
chlorine trapped by endogenous probes and the amount of O, consumed in stimulated
respiration, respectively. This level of exposure within the phagosome is equivalent to bolus
addition of between 17 and 170 uM HOCI to 1x108 E. coli/mL in suspension. The measured
LDgq of 108 E. coli/mL is ~15 pM, so that the dose levels used in the in vitro experiments were
equivalent to those generated within the phagosome. The LDg for other cell densities of
bacteria scales proportionately with density.

Of the various reactions investigated, perhaps the most useful for adaptation as a probe of direct
intraphagosomal chlorination is DNA-protein cross-linking. This reaction was relatively
sensitive to exposure of E. coli to HOCI, particularly when the reaction was allowed to develop
over an extended post-exposure time period (Fig. 6). Although this reaction is not selective for
HOCI in the sense that numerous reactive oxygen species also induce DNA-protein cross-
linking [54,72-74], its kinetics, which appears to involve very slowly reacting HOCI-derived
intermediates, may provide a basis for discrimination between HOCI and other oxidants as the
source. An additional possibility is presented by the extensive fragmentation of genomic DNA
observed at dose levels that were 3-4xLDgg, although the origins of these reactions must first
be identified.

Detection of elevated levels of 5-chlorouracil in DNA is not diagnostic of direct
intraphagosomal reactions of HOCI or chloramines with bacteria. As previously discussed, the
relatively high level of incorporation into bacterial genomic DNA observed at sub-lethal doses
of HOCI (Fig. 7) renders it likely that the low chlorination enhancement measured for DNA
from neutrophils with active MPO also arises by precursor incorporation [46]. In this case, the
location of the chlorination reaction, that is, phagosomal fluid versus bacterial cytosol, cannot
be determined. Consequently, one cannot use this reaction to probe the extent of direct reaction
of the bacterium with MPO-generated HOCI.

The exceptionally high HOCI exposure levels required to nick plasmid DNA (Fig. 1), which
is equivalent to >40xLDgg, almost certainly cannot be achieved within the neutrophil
phagosome. Simple chloramines, which react analogously to HOCI [18] are expected to be
major secondary products [11,84,85], were found to be completely unreactive. Further,
exposure of the plasmid-bearing E. coli to HOCI gave no indication of strand cleavage, even
at concentration levels that were far in excess of that required to kill the cells (Fig. 3). Thus, it
is highly unlikely that simple nicking analyses of plasmid-bearing bacteria could be used as
probes for intraphagosomal HOCI formation. Loss of intracellular plasmid coincided with the
onset of genomic DNA fragmentation (Fig. 5b), consistent with more extensive fragmentation
and/or formation of DNA-protein complexes. Thus, the two forms of DNA appear to react by
common mechanisms.
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Fig. 2.

Cleavage of pETBIue plasmid DNA by ONOOH. Conditions: 100-120 ng plasmid in 10 pL
phosphate buffer, pH 7.4, mixed at ambient temperature with the indicated amounts of
peroxynitrite, then run immediately on 0.8% agarose. Upper gel: 0.1 mM added bathocuproin
sulfonate (BCS); lower gel: 0.1 mM added Cu(NO3),. Lane 9 contains the 1 kB DNA ladder.

Arch Biochem Biophys. Author manuscript; available in PMC 2011 January 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Suquet et al. Page 16

lane: 1 2 3 4 5 6

[HOCI] (uM): - 0 10 25 50 100

Fig. 3.

Loss of recoverable pETBIue plasmid DNA from transformed NovaBlue cells following
incubation with HOCI. Conditions: ~1x108 E. coli/mL in 10 mL PBS incubated at 37 °C with
the indicated amounts of HOCI for 4 h, after which a 10-fold excess of Na,S,03 was added to
remove remaining oxidant, the plasmid was isolated, resuspended in H,O, and run on 0.8%
agarose as described in Experimental Procedures. Lane 1 shows purified pETBIue that had
been digested with EcoR1, a restriction enzyme which catalyzes a single double-strand cut in
the plasmid. Lane 7 contains the 1 kB DNA ladder. No DNA was recovered from cells exposed
to HOCI at higher concentrations ([HOCI] = 250-1000 puM).

Arch Biochem Biophys. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suquet et al. Page 17

lane: 12345678

circular

supercoiled

0 04 16 64
[ONOOH] (mM): 92 08 32 128

Fig. 4.

Reaction of plasmid DNA in pETBlue-transformed NovaBlue cells exposed to ONOOH.
Conditions: ~3x10° cells/mL in 50 mM phosphate, pH 7.4, under an argon atmosphere mixed
with the indicated amounts of peroxynitrite at ambient temperature, after which the plasmid
was isolated and run on 0.8% agarose.
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Fig. 5.

Degradation of DNA in NovaBlue cells following exposure to HOCI. Conditions: E. coli
suspended at the indicated cell densities in 50 mM phosphate, pH 7.4, incubated 15 min at
ambient temperature, then oxidant quenched with excess NayS,03, and the DNA isolated and
run on 0.8% agarose. Panel a: 2.4x108 plasmid-free cells/mL, for which LDgy ~38 puM (color
photograph) ; panel b: 5x107 pETBIue transformed cells/mL, for which LDgg ~8 M.
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HOCI-induced DNA-protein cross-linking in E. coli 11775. Conditions: ~1x108 cells/mL
incubated 6 h in PBS at 37 °C with the indicated concentrations of HOCI (panel a) or incubated
with 50 uM HOCI for the indicated times (panel b), after which the protein was precipitated
and analyzed for DNA content as described in Experimental Procedures. Under these
conditions, LDgg ~15 M. Error limits are given as the average deviation from the mean value

of 2-3 experiments.
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Fig. 7.

5-Chlorouracil isolated from genomic DNA in HOClI-treated E. coli 11775. Conditions:
~8x10 cells/mL incubated 6 h in PBS at 37 °C with the indicated concentrations of HOCI,
after which the DNA was isolated and analyzed mass spectrometrically for 5-chlorouracil
content as described in Experimental Procedures. The arrow indicates the HOCI concentration
corresponding to LDgg (12 pM). Data are averages of 3—6 experiments; error limits are average
deviations from the mean values.
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