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Reactive oxygen intermediates generated by neutrophils kill bac-
teria and are implicated in inflammatory tissue injury, but precise
molecular targets are undefined. We demonstrate that neutrophils
use myeloperoxidase (MPO) to convert methionine residues of
ingested Escherichia coli to methionine sulfoxide in high yield.
Neutrophils deficient in individual components of the MPO system
(MPO, H,0,, chloride) exhibited impaired bactericidal activity and
impaired capacity to oxidize methionine. HOCI, the principal phys-
iologic product of the MPO system, is a highly efficient oxidant for
methionine, and its microbicidal effects were found to correspond
linearly with oxidation of methionine residues in bacterial cytosolic
and inner membrane proteins. In contrast, outer envelope proteins
were initially oxidized without associated microbicidal effect. Dis-
ruption of bacterial methionine sulfoxide repair systems rendered
E. colimore susceptible to killing by HOCI, whereas over-expression
of a repair enzyme, methionine sulfoxide reductase A, rendered
them resistant, suggesting a direct role for methionine oxidation in
bactericidal activity. Prominent among oxidized bacterial proteins
were those engaged in synthesis and translocation of peptides to
the cell envelope, an essential physiological function. Moreover,
HOCl impaired protein translocation early in the course of bacterial
killing. Together, our findings indicate that MPO-mediated methi-
onine oxidation contributes to bacterial killing by neutrophils. The
findings further suggest that protein translocation to the cell
envelope is one important pathway targeted for damage.

bactericidal | microbicidal

N eutrophils (polymorphonuclear leukocytes [PMN]), a key
component of the innate immune response, engulf and kill
invading microorganisms. Microbes ingested by neutrophils are
exposed to a variety of antimicrobial systems, including myelo-
peroxidase (MPO), H,O, and a halide (1-3). MPO released into
the phagosome reacts with H,O, generated by NADPH oxidase
to convert the halide to the corresponding hypohalous acid. One
important product is hypochlorous acid (HOCI), the primary
product of chloride oxidation (4-6).

HOCl is a powerful oxidant that attacks microorganisms in a
variety of ways (7, 8). Initial studies concentrated on halogena-
tion in which the halide is bound in covalent linkage, generally
to tyrosine residues of proteins (9-12). Although halogenation
of tyrosine is a convenient marker of the action of the MPO-
H,O,-halide system, the reaction is inefficient and there is no
evidence that halogenation per se is toxic to the ingested
microorganism. The sulfur-containing amino acids methionine
and cysteine, and protein iron-sulfur clusters are much more
reactive with HOCI (13, 14). Of these, methionine oxidation
produces a stable product, methionine sulfoxide [Met(O)], that
can be detected readily by mass spectrometry, as an increase in
16 atomic mass units. Thus, methionine oxidation might serve as
a sensitive and stable marker for proteins oxidized by MPO.

In the current studies, we used liquid chromatography coupled
with electron spray ionization and tandem mass spectrometry
(LC-ESI-MS/MS) to identify methionine residues susceptible to
oxidation in Escherichia coli and to investigate the role of
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methionine oxidation in the microbicidal actions of PMN, HOCI,
and the MPO system. Our observations implicate methionine
oxidation as a contributor to bacterial killing by the MPO system
and demonstrate that Met(O) formation is a sensitive and
specific marker for the activity of MPO in PMN. The findings
further suggest a microbicidal mechanism: oxidative inhibition of
pathways that translocate proteins from cytoplasm to the cell
envelope.

Results

Neutrophils Oxidize Bacterial Methionines by MPO-Dependent Path-
ways. PMN oxidized 50% * 5% (mean = SEM, n = 6) of
recovered E. coli methionines during a 1-h incubation, under
conditions that support efficient phagocytosis (Fig. 14). Control
conditions, omitting serum and divalent cations, were associated
with negligible phagocytosis and Met(O) levels of 2% * 0.4%.
Neutrophils lacking in either MPO [4% Met(O)] or the capacity
to generate H,O, [2% = 1% Met(O)] failed to oxidize methi-
onine above baseline. Similarly, normal PMN incubated with the
MPO inhibitor, 0.1 mM sodium azide [4% * 1% Met(O)] or in
chloride-depleted medium [19% = 2% Met(O)] exhibited a
diminished capacity to oxidize bacterial methionine residues.
The absence of functional MPO or its cofactors also associated
with decreased bacterial killing (Table 1), indicating that MPO
contributes to the PMN microbicidal effect under these condi-
tions. Interestingly, the inhibition of PMN microbicidal activity
by azide was greater than what was observed in the simple
absence of MPO or H,0,, suggesting that, even at these low
doses (107* M), azide effects go beyond simple inhibition of
MPO activity. In similar studies using Staphylococcus aureus
(strain 502A), a Gram-positive organism, very similar effects on
bacterial methionine oxidation and PMN microbicidal activity
were observed (Fig. 1B and Table 1).

Oxidation of Bacterial Protein Methionine Residues Correlates with
Microbicidal Effect of HOCl and MPO. Fig. 2 compares the oxidation
of microbial methionine residues to the loss of viability on
exposure of organisms to HOCI and the MPO-H,O,—chloride
system. Met(O) increased and viability fell as the HOCI con-
centration increased from 0 to 200 uM (Fig. 24). For example,
150 micromolar HOCI produced a 55% loss of viability and
oxidized 22% of protein methionine residues. There was no loss
of viability and 6% Met(O) in control samples (0 uM HOCI).
H,0; at 50 millimolar produced a 49% loss of viability without
any increment in methionine oxidation. Figure 2B compares the
loss of viability and the increase in methionine oxidation upon
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Fig. 1. Neutrophil-mediated oxidation of bacterial methionines. Bacteria
were incubated with neutrophils for 1 h, recovered, and analyzed by LC-ESI-
MS/MS. The fraction of bacterial methionine residues in peptides recovered as
sulfoxides was monitored as M + 16. Abbreviations: Ctrl, PMN—nonphago-
cytic conditions (serum and divalent cations omitted [all PMN donors com-
bined]); nl PMN, normal donor PMN—phagocytic conditions (serum and di-
valent cations present); CGD, neutrophils defective in H,O, production
(isolated from an individual with chronic granulomatous disease, deficient in
NADPH oxidase); MPOd, PMN lacking MPO (from an individual with complete
hereditary MPO deficiency); PMN+AZ, normal PMN supplemented with, 1074
M sodium azide, an MPO inhibitor; low Cl, normal PMN, chloride salts in
suspension medium replaced with gluconates. Legend parentheses indicate
replicates for each condition. (A) Escherichia coli, strain ATCC11775. (B) Staph-
ylococcus aureus, strain 502A.

exposure of E. coli to the MPO-H,O,—chloride system. The
MPO concentration ranged from 0 to 34 nM, and H,O; was
generated by a glucose plus glucose-oxidase system at an initial
rate of 40 uM/min. HOCI formation for the 15-min incubations
was measured separately by chlorination of taurine and was in
the same range as that shown in Fig. 24. Exposure of organisms
to the 34-nM MPO system (which generated 230 uM HOCI in
15 min) killed 99% of the inoculum and oxidized 15% of the
bacterial methionine residues (Fig. 2B). When either MPO or
the glucose—glucose-oxidase H,O; system was omitted or when
chloride was replaced by isotonic sodium sulfate, there was no
increase in protein methionine oxidation, nor was there loss of
viability.

Cell Location Affects Bacterial Protein Susceptibility to Oxidation. Is
methionine oxidation by HOCI and/or by the MPO antimicrobial
system stochastic or are some proteins particularly susceptible?
Figure 3 categorizes methionine oxidation by subcellular loca-
tion and compares the extent of Met(O) formation to loss of
viability. As a class, methionine residues of the outer membrane
and periplasm were oxidized by either HOCI or MPO to a
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Table 1. Polymorphonuclear leukocyte (PMN) microbicidal
activity

Staphylococcus
PMN Escherichia coli aureus
Ctrl 116% + 12% (8) 115% + 15% (4)
nl PMN 15% = 4% (6) 16% * 4% (4)
CGD 31% = 17% (2)
MPOd 31% (1)
PMN + AZ 86% * 14% (2) 60% =+ 16% (4)

Low ClI A41% + 1% (2)

Ctrl, PMN—nonphagocytic conditions (serum and divalent cations omitted
[all PMN donors combined]); nl PMN, normal donor PMN—phagocytic condi-
tions (serum and divalent cations present); CGD, neutrophils defective in H,0,
production (isolated from an individual with chronic granulomatous disease,
deficient in NADPH oxidase); MPOd, PMN lacking MPO (from an individual
with complete hereditary MPO deficiency); PMN+AZ, normal PMN supple-
mented with, 1074 M sodium azide, an MPO inhibitor; Low Cl, normal PMN,
chloride salts in suspension medium replaced with gluconates. Bacteria were
incubated with PMN under conditions described in Fig. 1. Viability was deter-
mined by comparing colony counts after 60 min to those immediately after
addition of PMN. Results are the mean * SEM of (n) determinations for
n > 2 and mean = one-half range forn = 2.

substantial degree (30—40%) before the onset of a major decline
in bacterial viability (Fig. 34). Outer membrane proteins were
more susceptible, showing 55%-60% Met(O) at 95% bacterial
viability, than were periplasmic proteins, showing 25%-35%
Met(O). For outer envelope proteins, methionine oxidation by
HOCI and by the MPO enzyme system was similar. In contrast
to the outer cell envelope, inner membrane, cytosolic, and
unclassified proteins were oxidized linearly proportionate to
bacterial killing (Fig. 3B). For these proteins, HOCl-mediated
oxidations were more extensive than MPO-mediated oxidations.

Methionine Sulfoxide Reductases Modulate Susceptibility to HOCI-
Mediated Microbicidal Effects. Although methionine residues
are prominent targets for HOCI, they are not the sole target.
We estimate that, on average, 20% (MPO system) to 40%
(reagent HOCI) of HOCI is consumed by methionine oxida-
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Fig. 2. Bactericidal activity and protein methionine oxidation by HOCI and
an MPO, H;0,, chloride system. The E. coli strain was CFT073. For HOCI (A), the
reaction wasin PBS, pH 7.4. An equal volume of oxidant, at twice the indicated
final concentration, was rapidly mixed with 4 X 10° bacterial cells, and after
2-5sthe reaction was quenched with 33 mM methionine. For the MPO system
(B), the reaction was in 40 mM sodium phosphate pH 7.0 containing 10 mM
glucose and 0.1 M NaCl. MPO, at concentrations of 0-34 nM, was preincubated
with bacteria for 3-5 min. The reaction was started by addition of glucose
oxidase sufficient to generate H,0; at an initial rate of 40 uM/min, and the
reaction was incubated for 15 min with vigorous agitation, before quenching
with 33 mM methionine. HOCI formation by MPO (x axis, B) was estimated as
taurine chlorination (wM/15 min). Bacterial viability (diamonds, % viability)
and protein methionine and methionine sulfoxide [circles, Met(O)%] were
estimated by LC-ESI-MS/MS and spectral counting.
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Fig. 3. Protein location affects susceptibility to oxidation by HOCI and an

MPO system. Methionine oxidation plotted against extent of bacterial killing
for HOCI (circles) and an MPO system (squares). (A) Cell envelope proteins:
outer membrane and periplasm. (B) All other proteins (inner membrane,
cytoplasm, and location not specified). Data are from experiments described
in Fig. 2. Proteins were assigned to cellular locations as described in Materials
and Methods.

tion (based on 135 nmol methionine per 10° E. coli cells [see
SI]), leaving up to 60-80% of HOCI available for other
oxidation reactions.

We therefore asked whether methionine oxidation in E. coli
serves merely as a marker for the presence and penetration of
HOCI into the cell or contributes directly to the microbicidal
effect. The approach was to evaluate the HOCI susceptibility of
bacteria modified for expression of the Met(O)-reducing repair
enzymes msrA and msrB. Figure 4 compares the microbicidal
effect of HOCI on wild-type E. coli CFT073 and a double mutant
deficient in msrA and msrB. In addition, we evaluated the msrA
msrB strain upon complementation with a high-copy msrA-
expressing plasmid. HOCI at 125, 150, and 200 uM was toxic to
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Fig. 4. Increased susceptibility of E. coli deficient in methionine sulfoxide
reductases A and B (msrA msrB) to microbicidal effects of HOCI. HOCI in PBS,
attwice the concentration indicated in the figure, was rapidly injected into an
equal volume of E. coli in PBS, pH 7.4. Residual microbial viability was deter-
mined by plating dilutions on Mueller Hinton agar. The E. coli strains were
wild type, CFT073 (closed circles), an msrA msrB double mutant (closed
squares), and the mutant complemented with an msrA-expressing plasmid
(open, squares)..Results are the geometric mean, of six independent experi-
ments. Error bars reflect the SEM of log-transformed data.
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a 10%/mL suspension of wild-type E. coli. A significant increase
in microbicidal activity was observed with the double mutant
(P < 0.05, analysis of variance [ANOVA]). The hypersensitivity
of the msrA msrB double mutant was more than reversed by
complementation with a high—copy number plasmid expressing
msrA at 26 times normal levels (15) (P < 0.05 compared with
wild type). That methionine sulfoxide repair capacity is an
arbiter of HOCI toxicity implies a direct contribution of methi-
onine oxidation to the microbicidal effects of MPO and HOCI.

HOCI Oxidation Impairs Essential Protein Translocation Functions.
Among the more prominently oxidized cytosolic and inner
membrane peptides were several that contribute to the synthesis
of cell envelope proteins and export to the cell envelope. The
main pathways of export are the general secretory (secA) and
signal recognition particle (SRP) pathways. They converge at a
highly conserved translocation complex in the inner membrane
secYEG. We therefore evaluated the effect of HOCI on the
physiology of protein translocation through the secA and SRP
pathways as described in Fig. 5. In this system, failure to export
an inducible B-galactosidase (lacZ) fusion protein is accompa-
nied by an increase in cytoplasmic B-galactosidase enzyme
activity.

Figure 54 describes the HOCl-induced, cytosolic accumula-
tion of a fusion protein that is targeted by its leader sequence to
be exported by the secA pathway. At baseline (0 HOCI),
bacterial viability is 100% (~10° cfu/mL), and most of the
induced B-gal protein is exported (minimal to no enzyme
activity). As the HOCI concentration increases (30-125 uM),
viability begins to fall, and the export-targeted protein is con-
fined to the cytoplasm, where ambient conditions cause it to be
enzymatically active. At still higher concentrations of HOCI
(200-250 uM), oxidation is so extensive that bacteria can no
longer respond to the inducing stimulus. Further studies, with a
related fusion protein, targeted to be exported by the SRP
pathway, gave similar results (Fig. 5B). Thus both the secA and
SRP export pathways are inhibited early in the course of HOCI
toxicity. Figure 5C illustrates the result with a third fusion
construct that has a defective leader sequence so that the protein
is largely confined to the cytosol under all conditions. The
constant level of B-galactosidase activity in this strain indicates
that protein induction and synthesis is constant under these
conditions until HOCI oxidation is very extensive and killing
exceeds 30%. The secA and SRP export pathways converge on
the secYEG translocon, suggesting that this critical site is a likely
target for early inactivation by HOCL

Discussion

A primary role for PMN is to ingest and kill microbes. Upon
phagocytosis, antimicrobial factors concentrate in a membrane-
surrounded compartment containing the ingested microbe, an-
timicrobial proteins, and oxidants generated by an integral
membrane NADPH oxidase and by MPO. The exact role of
MPO-derived oxidants in microbicidal processes remains un-
clear, and the cellular targets of oxidants are poorly understood.
MPO has even been proposed to protect bacteria by converting
peroxide to less toxic oxidants (16, 17). Because methionine is
readily oxidized by HOCI, and because oxidation produces
predominantly a single stable product, Met(O), we used LC-
ESI-MS/MS to quantitatively evaluate the neutrophil-dependent
of oxidation of bacterial proteins.

Human PMN incubated with opsonized bacteria for 1 h
oxidized 40-50% of all recovered bacterial methionine residues
to Met(O) (Fig. 1). Efficient Met(O) formation required phago-
cytosis, MPO, and a product of the phagocyte NADPH oxidase,
likely H,O,. Depletion of chloride from the incubation medium
significantly reduced Met(O) formation and low concentrations
of sodium azide, an MPO inhibitor, reduced Met(O) to baseline.

Rosen et al.
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Fig. 5. HOCI effects on protein translocation from cytoplasm to cell envelope.

(A) E. coli strain EC626 (MC4100 ®(lamB-lacZ) Hyb 42-1), which synthesizes a
fusion protein that is translocated through the secA pathway, was exposed to
HOCI at the indicated concentrations and then induced to synthesize its normally
translocated B-gal fusion protein as described in Materials and Methods. Failure
to translocate the protein resulted in accumulation of cytoplasmic g-galactosi-
dase activity (bars). Bacterial viability at each HOCI concentration is shown as a
line graph (squares, right y axis). (B) Oxidation conditions as for (4) except that the
E. coli strain was EC628 (MC4100 ®(H*lamB'-'lacz), H*lamB [diploid]), which
synthesizes a fusion protein that is translocated through the signal recognition
particle pathway. Induction and B-gal assay conditions were modified to detect
the lower overall fusion protein levels in this strain (see Materials and Methods).
(C) Oxidation conditions as for (A) except that the E. coli strain was EC627
(MC4100 ®(lamBA60-lacZ) Hyb 42-1), which synthesizes a fusion protein that is
predominantly cytosolic (not translocated) under all conditions. This strain serves
as an indicator of bacterial capacity, upon HOCI oxidation, to sense an inducing
stimulus and respond with new protein synthesis. Each panel reflects a represen-
tative experiment from at least three replicates. Maximal ONPG hydrolysis in
(A-C) (A420-1.75*Asso; see Materials and Methods), was 0.097, 0.210, and 0.083
units, respectively.

Taken together the data indicate that, under these conditions,
Met(O) formation by PMN is dependent upon MPO. Although
other oxidants, such as superoxide anion and H»O,, are present
in activated PMN, their reactivity with methionine is extraordi-

Rosen et al.

narily low, 3 M~!-s~! for superoxide (18) and 0.02 M~!-s™! for
H,0; (19), compared with 3.8 X 107 M~1s~! for HOCI (20),
providing a kinetic explanation for the nearly exclusive contri-
bution of MPO to Met(O) formation. The data thus indicate that
formation of bacterial Met(O) is an excellent and specific
measure for the presence and activity of the MPO-mediated
antimicrobial system in the human PMN phagosome.

To better understand the effects of the MPO system and its
product HOCI on bacteria, we evaluated methionine oxidation
in E. coli, comparing the location and extent of Met(O) forma-
tion to the microbicidal effect. When sites of Met(O) formation
were categorized by cellular compartment, it became evident
that both HOCI and the MPO system oxidized methionine
residues of the outer membrane and periplasm to a similar extent
(Fig. 34). Also, many methionine residues in the outer mem-
brane and periplasm were oxidized early, with little impact on
bacterial viability. Thus, among other functions, these residues
consume HOCI and may serve to shield intracellular and inner
membrane proteins from oxidative damage.

The detection of Met(O) from PMN and HOCI oxidations
does not, by itself, establish methionine oxidation as a cause of
viability loss. However, the increased sensitivity to HOCI of an
E. coli strain lacking msrA and msrB, and the greater than
wild-type resistance when the mutant was complemented with an
msrA over-expressing plasmid (15), suggest that methionine
oxidation does contribute to bacterial killing (Fig. 4).

MS/MS analysis of oxidized proteins suggested that the general
secretion (secA, ATP-dependent) and signal recognition particle
(SRP, GTP-dependent) pathways of protein export were important
targets for oxidation by MPO and HOCI. The export pathways are
essential for translocating outer membrane and periplasmic (secA)
or inner membrane (SRP) proteins to their final destinations after
synthesis in the cytoplasm. The two export pathways converge at the
inner face of the cytoplasmic membrane at a gated membrane
channel, secYEG (21).

We monitored HOCI effects on protein translocation using
fusion proteins targeted (i) for the secA export pathway, (if) for
the SRP export pathway, or (iii) for no export (22-24) (Fig. 5).
The appearance of enzyme activity after inducing fusion protein
synthesis reflected failure to translocate, as extracytoplasmic
conditions are unfavorable for proper enzyme folding and
preclude protein detection by enzyme assay (25). We observed
that HOCI induced early impairment of protein export for both
secA (Fig. 54) and SRP (Fig. 5B) pathways, whereas the capacity
of bacteria to sense an inducing stimulus and to respond with new
protein synthesis remained unimpaired until oxidations were
well advanced (Fig. 5C).

These observations prompt the hypothesis that HOCI exerts
part of its microbicidal effect by impairing function of the
essential secYEG translocon. Impairment of secYEG could
occur by depletion of energy sources (26), by oxidation of
vulnerable amino acids such as methionine or cysteine (20), or
by cross-linking secYEG to peptide chains in process of trans-
location (27), thereby jamming the channel (25, 28).

In summary, we have shown that HOCI, generated by MPO,
targets methionine residues in proteins of phagocytosed bacteria
for oxidation, and that this reaction occurs in near quantitative
yield. Formation of Met(O) is strongly associated with bacterial
killing, and modulation of an enzymatic repair system for
Met(O) modulated the microbicidal effects of HOCI, strongly
suggesting that methionine oxidation plays a role in bacterial
killing. Finally, HOCI mediates a protein translocation defect
that may contribute directly to loss of microbial viability.

Materials and Methods

Bacterial Strains. Bacterial strains were maintained at —80 °C in 60% Luria
Broth (LB), 20% glycerol. E. coli strains were ATCC11775 (EC1) and CFT073 (29,
30). The MsrA MsrB double mutant of E. coli strain CFT073 was constructed by
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lambda red recombination as described in S/ Text. Where indicated, the
double mutant was complemented with a high copy plasmid, pAR100, con-
taining msrA from K12 strain MC1061.

Myeloperoxidase. Myeloperoxidase was prepared as previously described (32)
and stored at —80 °C. HOCI formation by MPO was estimated by replacing
bacteria with 3 mM taurine and measuring the absorbance of taurine chlo-
ramine at 252 nm (e = 496 M~"-cm~") (33) after correction for absorbance by
glucose oxidase and MPO.

HOCI and H;0; Oxidations. Overnight cultures of bacteria in Mueller-Hinton
broth were washed and suspended in phosphate-buffered saline (PBS) to 4 X
10° cells per mL. Oxidant (HOCI or H,0,) at twice the desired final concentra-
tion in PBS was rapidly mixed with an equal volume of bacterial suspension,
followed by quenching with methionine (=9 mM final). Where indicated in
figure legends, bacteria were incubated for 20 min at 37° in PBS/HOCI before
quenching. Microbial viability was determined and samples were processed
for LC-ESI-MS/MS analysis.

MPO Oxidations. Components of the reaction mixture (40 mM phosphate, pH
7.0, 10 mM glucose, 100 mM sodium chloride, bacteria and MPO, at concen-
trations indicated in figure and table legends) were warmed in a 50-ml sterile
polypropylene tube at 37°. The oxidation reaction was initiated by addition of
glucose oxidase and terminated after 15 min by addition of 1/5 volume of 200
mM methionine.

Neutrophils. Neutrophils were isolated from venous blood (obtained by an
Institutional Review Board-approved protocol) from normal and MPO-
deficient individuals and individuals with chronic granulomatous disease as
previously described (34). Overnight, trypticase soy broth cultures of EC1 were
washed in 0.1 M NaySO4 and incubated for 30 min at37 °C, at 1-2 X 10 cfu/mL,
in 1.5 mL Hank’s balanced salt solution (HBSS) supplemented with 10% fresh
human serum, 4 mM CaCl, and 2 mM MgCl,. For control incubations, serum
and divalent cations were omitted. For experiments using diminished levels of
chloride, chloride-free HBSS (replacing chloride salts with gluconate) was used
to wash and suspend bacteria and PMN. Neutrophils were warmed to 37 °C for
5 min before the addition of an equal volume to the opsonized bacteria.
Incubations were tumbled end over end in 4.5-ml snap-cap polypropylene
tubes. After 10 min, samples were obtained to assess phagocytosis by
cytospin and safranin staining as previously described (34). Omission of
serum and divalent cations resulted in negligible phagocytosis of
ATCC11775 E. coli.

Samples to determine microbial viability were obtained immediately upon
addition of PMN and after 1 h of incubation. The remaining ~3 mL were
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diluted 10-fold into 0.1% sodium dodecyl sulfate (SDS), 2 mM methionine, pH
11, to lyse PMN (35). The lysate was sheared by three passes through an 18-G
needle and centrifuged over a layer of 24% sucrose, 2 mM methionine. The
pellet was washed twice and frozen in 2 mM methionine for subsequent
extraction of bacterial proteins.

LC-ESI-MS/MS. Bacteria were disrupted and fractionated as described in
SI Text. Samples were then digested with trypsin and analyzed by LC-ESI-MS/
MS, using spectral counting to quantitate results as described in S/ Text.
Met(O) was detected as Met + 16 in the MS/MS spectra.

Induction of LamB-lacZ Fusion Proteins After HOCI Oxidation. Strains (28) were
grown overnightin 30 mL LB at 37° with end-over-end tumbling, washed once,
and resuspended to one-fourth of the original volume in PBS. Bacteria were
rapidly mixed with an equal volume of HOCI, at twice the desired final
concentration in PBS and promptly quenched with one-twentieth volume of
0.2 M methionine. After oxidation, strains were induced to synthesize fusion
protein, as described in S/ Text, and then permeabilized and assayed for
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B-Galactosidase Assay. A 40-uL quantity of induced bacteria was permeabil-
ized with hexadecyl trimethyl ammonium bromide (CTAB) permeabilization
buffer and transferred to o-nitrophenyl galactoside (ONPG) assay buffer for
90 min as described in S/ Text. The reaction was stopped with 60 ul 1 M Na,COs,
and color development was recorded as Azy0-1.75*Assg in a microtiter plate
reader (Molecular Devices, SpectraMax Plus).

Statistical Analysis. ANOVA, ttests, and multiple comparisons were performed
with SigmaStat. Microbial viability data were log transformed to better fit
normality assumptions. For duplicate determinations, error bars reflect one-
half of the range; otherwise they reflect the standard error of the mean.
Statistical significance was set at « < 0.05.

Note Added in Proof. Another potential mechanism for HOCl-mediated im-
pairment of secYEG translocation would be induced degradation of secY by
ftsH protease (38).
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