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The myeloperoxidase system of neutrophils uses hydrogen perox-
ide and chloride to generate hypochlorous acid, a potent bacteri-
cidal oxidant in vitro. In a mouse model of polymicrobial sepsis, we
observed that mice deficient in myeloperoxidase were more likely
than wild-type mice to die from infection. Mass spectrometric
analysis of peritoneal inflammatory fluid from septic wild-type
mice detected elevated concentrations of 3-chlorotyrosine, a char-
acteristic end product of the myeloperoxidase system. Levels of
3-chlorotyrosine did not rise in the septic myeloperoxidase-defi-
cient mice. Thus, myeloperoxidase seems to protect against sepsis
in vivo by producing halogenating species. Surprisingly, levels of
3-bromotyrosine also were elevated in peritoneal fluid from septic
wild-type mice and were markedly reduced in peritoneal fluid from
septic myeloperoxidase-deficient mice. Furthermore, physiologic
concentrations of bromide modulated the bactericidal effects of
myeloperoxidase in vitro. It seems, therefore, that myeloperoxi-
dase can use bromide as well as chloride to produce oxidants in
vivo, even though the extracellular concentration of bromide is at
least 1,000-fold lower than that of chloride. Thus, myeloperoxidase
plays an important role in host defense against bacterial patho-
gens, and bromide might be a previously unsuspected component
of this system.

O xidants are thought to be key components of the neutro-
phil host defense system (1). Upon contact with a patho-

gen, neutrophils produce a respiratory burst characterized by
intense uptake of oxygen. The resulting superoxide dismutates
into hydrogen peroxide (H2O2) (2). The toxicity of H2O2 is
greatly enhanced by the heme enzyme myeloperoxidase, which
uses H2O2 to convert chloride (Cl2) into hypochlorous acid
(HOCl) (3–8).

Cl2 1 H2O2 1 H1 3 HOCl 1 H2O

Remarkably, myeloperoxidase is the only mammalian enzyme
known to oxidize Cl2 to HOCl at plasma concentrations of
halide (3–6).

Chloride is considered the major halide used by myeloperox-
idase. Bromide (Br2) has attracted little attention because its
extracellular concentration is at least 1,000-fold lower than that
of Cl2 (plasma [Cl2] 100 mM, plasma [Br2] 20–100 mM) (9).
However, brominating intermediates such as HOBr are also
potent antimicrobial oxidants in vitro (10, 11).

We recently demonstrated that myeloperoxidase can both
chlorinate and brominate nucleobases at plasma levels of halide
(12). In the reaction pathway, myeloperoxidase initially produces
HOCl, which reacts with Br2 to generate brominating interme-
diates (12). It has yet to be established whether this brominating
pathway is physiologically relevant.

It also is not known whether the myeloperoxidase system is
cytotoxic to bacteria in vivo, although myeloperoxidase-deficient
mice are susceptible to fungal infection (13, 14). In the current
study, we investigate the enzyme’s role in host defense against

invading bacteria by using a clinically relevant model of sepsis
(15–18) and gas chromatographyymass spectrometry (GCyMS).
Our results provide strong evidence that myeloperoxidase gen-
erates antimicrobial brominating and chlorinating intermediates
in vivo.

Experimental Procedures
Materials. All materials were purchased from Sigma or Fisher
unless otherwise indicated. Isotope-labeled amino acids were
from Cambridge Isotope Laboratories (Cambridge, MA). Rab-
bit polyclonal antibody was raised against a peptide present in
mouse myeloperoxidase (NTLPKLNLTSWKET) (14).

Animals. The Animal Studies Committee of Washington Univer-
sity School of Medicine approved all animal studies. Myeloper-
oxidase-deficient mice were generated in a 129ySvJ background;
they were backcrossed at least four generations into the
C57BLy6J background before use (14). C57BLy6J and 129ySvJ
mice were from The Jackson Laboratory. Mice were maintained
under pathogen-free conditions on a 12-h light-dark schedule
and allowed ad libitum access to rodent diet 5001 (Harlan-
Teklad, Madison, WI).

General Procedures. Myeloperoxidase was purified from HL60
cells (19). Enzyme was apparently pure as assessed by its
absorption spectrum (A430yA280 ratio . 0.8), SDSyPAGE, and
peroxidase activity gel electrophoresis (20). Porcine eosinophil
peroxidase (A415yA280 . 0.9) was from ExOxEmis (Little Rock,
AR). Chloride-free NaOCl and HOBr were prepared as de-
scribed (12, 21, 22). Peritoneal white blood cells were elicited
with i.p. injection of 4% thioglycollate and harvested 24 h after
injection (23). SDSyPAGE was performed by using 10% Bis-Tris
NuPAGE gels (Invitrogen). The separated proteins were trans-
ferred onto a nitrocellulose membrane, which was blocked
overnight at 4°C with 5% milk and 0.05% Tween 20 in PBS (10
mM phosphatey138 mM NaCly2.7 mM KCl, pH 7.4). The blot
was then incubated (1 h) with rabbit anti-mouse myeloperoxi-
dase antibody (1:1,000) followed by goat anti-rabbit Ig antibody
(1:10,000; Santa Cruz Biotechnology) conjugated with horse-
radish peroxidase. West Pico chemiluminescent substrate
(Pierce) was added, and the membrane was exposed to autora-
diography film and developed.
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Reaction Conditions. Reactions were carried out for 60 min at 37°C
in buffer A (100 mM NaCly50 mM sodium phosphatey100 mM
diethylenetriaminepentaacetic acid) supplemented with 1 mM
N-acetyl-L-tyrosine and either 50 mM hypohalous acid or 3 nM
peroxidase and 50 mM H2O2. Buffer A was passed over a Chelex
resin column before use to remove redox active transition metal
ions. Reactions were initiated by the addition of oxidant and
terminated with 0.1 mM methionine.

Reverse-Phase HPLC Analyses of Halogenated Amino Acids. Analyses
were performed by using a flow rate of 1 mlymin and an
Ultrasphere ODS reverse-phase column (4.6 mm 3 25 cm, 5 mm;
Beckman Instruments) coupled to a Waters 484 tunable absor-
bance detector with monitoring at 275 nm. Solvent A was 0.1%
trif luoroacetic acid (pH 2.5), and solvent B was 0.1% trif luoro-
acetic acid in methanol (pH 2.5). The gradient profile was
isocratic elution at 66:34 (volyvol) AyB over 2.1 min, linear
increase of B from 34% to 40% over 30 min, isocratic elution at
60:40 AyB for 3 min, increase of B from 40% to 100% over 2 min,
and isocratic elution at 100% B for 3 min. Products were
quantified using integrated peak areas by comparison to stan-
dard curves of authentic N-Ac-chlorotyrosine and N-Ac-
bromotyrosine.

Sepsis Model. Cecal ligation and puncture of age-matched (8–16
weeks) and sex-matched mice were performed as described (16).
The peritoneum was lavaged 24 h after surgery with 5 ml of PBS
or with PBS supplemented with 50 mM butylated hydroxytolu-
eney100 mM diethylenetriaminepentaacetic acidy1 mM sodium
azidey10 mM aminotriazole. Lavage fluid was stored at 280°C
until analysis. Control experiments demonstrated that inclusion
of antioxidants had no effect on the amount of products de-
tected. For survival studies, animals were given i.p. injections of
metrinodizole (35 mgykg) and ceftriazone (50 mgykg) '1 h after
surgery. Antibiotic injections were repeated once 24 h after
surgery. Mice were allowed ad libitum access to water and food.

Cell Analysis. Cells were pelleted onto slides by centrifugation and
stained with a modified Wright’s stain (Dimscio & Associates,
Manchester, MO). Cell counts were performed by the Depart-
ment of Comparative Medicine (Washington University School
of Medicine).

Peroxidase Activity Assay. Peritoneal lavage fluid was centrifuged
at 4°C for 10 min at 16,000 3 g. Cetyltrimethylammonium
bromide buffer (0.3%, 500 ml) containing 25% glycerol and 35
mM b-alanine (pH 4.5) was added to the pellet, and the mixture
was sonicated for 10 min. After a second 10-min centrifugation
at 16,000 3 g, soluble proteins in the supernatant were subjected
to native PAGE and peroxidase activity staining (20).

GCyMS Analysis. Isotope-labeled internal standards (1 pmol of
L-3-chloro[13C6]tyrosine, 500 fmol of L-3-bromo[13C6]tyrosine,
and 10 nmol of L-[13C9,15N]tyrosine) were added to 500 ml of
peritoneal f luid and prepared for GCyMS analysis as described
(24, 25). Briefly, amino acids were isolated by using solid-phase
extraction with a C18 column followed by a Supelco Chrom P
column (24, 25). Samples were dried under anhydrous N2 and
stored at 220°C until analysis.

After derivatization with ethyl heptafluorobutyrate and N-
methyl-N-(t-butyldimethylsilyl)-trif luoroacetamide 1 1% tri-
methylchlorosilane (MtBSTFA), the samples were dried under
anhydrous N2 and resuspended in 50 ml of undecaneyMtBSTFA
(3:1 volyvol). A 1-ml sample was analyzed by selected ion
monitoring by using a Hewlett–Packard HP 6890 gas chromato-
graph coupled to an HP 5973 mass detector in the electron
capture negative chemical ionization mode. The injector, trans-
fer line, and source temperatures were initially set at 183°C,

300°C, and 250°C, respectively. The injector and transfer line
temperatures were set to increase incrementally with the tem-
perature gradient (180°C to 300°C at 40°Cymin). 3-Chloroty-
rosine and 3-bromotyrosine were quantified by using the respec-
tive ions at myz 489 ([M–halide–t-butyl-dimethylsilyl]2) and
their isotopically ring-labeled [13C6]-internal standards (myz
495). Potential artifact formation during sample work-up was
monitored as the appearance of ions at myz 499 derived from
L-[13C9,15N]tyrosine (24, 25).

Liquid Chromatography–Electrospray Ionization-MS. N-acetyl amino
acids were separated by reverse-phase HPLC and analyzed with
a Finnigan LCQ (26). Full mass scanning (myz 100–350) and
tandem MS analyses were performed in the negative ionization
mode.

Bacterial Killing. The bactericidal activity of myeloperoxidase was
quantified as described (27). Briefly, Klebsiella pneumoniae were
cultured in Luria–Bertani broth to midlog growth phase, washed
with PBS, and used at 109 bacteriayml. Bacteria were incubated
with 5 nM enzyme, 5 nM H2O2, and 100 mM NaCl in PBS (pH
5.5) for 15 min at 37°C. Serial dilutions were immediately spread
on agar plates, and the colony-forming units were determined
after overnight incubation at 37°C.

Statistical Analysis. The survival study was evaluated by using a
Fisher’s exact P test. All other data were analyzed with a
Student’s t test. Significance was accepted at P , 0.05.

Results
Myeloperoxidase Deficiency Increases Mortality in the Cecal Ligation
and Puncture (CLP) Model of Sepsis. To evaluate the potential role
of the myeloperoxidase system in host defense, we used my-
eloperoxidase-deficient mice and a clinically relevant and widely
used model of intraabdominal infection and sepsis. In the CLP
model, the blind-ended cecum is ligated and punctured (16),
releasing intestinal microflora into the abdominal cavity. Pre-
vious studies have demonstrated that 35–45% of wild-type mice
survive this procedure for longer than 7 days (16, 18). When we
subjected myeloperoxidase-deficient mice to CLP, none of the
animals were alive 5 days after surgery (Fig. 1). In contrast, 63%
of the wild-type littermate control mice were alive after 5 days,
and 38% were alive after 1 week (Fig. 1; P 5 0.02).

Neutrophils predominated in the cell populations elicited
from both the wild-type mice (n 5 7; 77 6 3% neutrophils, 23 6
3% macrophages, 0.3 6 0.2% eosinophils) and the myeloper-
oxidase-deficient mice (n 5 11; 77 6 4% neutrophils, 23 6 3%
macrophages, 0.9 6 0.5% eosinophils). Red blood cells, cellular
debris, and microorganisms were also apparent in the peritoneal

Fig. 1. Myeloperoxidase deficiency impairs survival in a CLP model of sepsis.
Mortality was monitored in myeloperoxidase-deficient (MPO2/2) mice and
littermate wild-type (WT) controls.
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f luid after the mice were subjected to CLP. Importantly, the
cellular response to sepsis of the myeloperoxidase-deficient
animals was comparable to that of the wild-type animals.

Levels of Free 3-Chlorotyrosine and 3-Bromotyrosine Rise Markedly
During Sepsis. To determine whether products of the myeloper-
oxidase system accumulate during sepsis, we focused on 3-chlo-
rotyrosine, a product of cytotoxic HOCl (28). To explore the
physiological significance of bromination by myeloperoxidase,
we also quantified levels of 3-bromotyrosine. To recover free
3-chlorotyrosine and 3-bromotyrosine in the cellular and extra-
cellular components of the lavage fluid, wild-type mice were
subjected to CLP. After 24 h, inflammatory fluid was harvested
from the peritoneum by lavage. The lavage fluid, which con-
tained white blood cells, bacteria, and inflammatory exudate,
was frozen. To recover free amino acids, we centrifuged thawed
fluid to pellet cellular debris and harvested the supernatant.

Amino acids were derivatized with ethyl heptafluorobutyrate
and MtBSTFA and analyzed by GCyMS in the electron capture-
negative chemical ionization mode. To prevent the generation of
halogenated tyrosines during sample preparation (24), we used
a highly sensitive (,100 amol) and specific GCyMS method that
avoids acidic conditions (24, 25).

The procedure detected compounds that exhibited major ions
and retention times identical to those of authentic 3-chloroty-
rosine and 3-bromotyrosine (Fig. 2a). Selected ion monitoring
showed that the ions derived from the amino acids coeluted with
those derived from 13C-labeled internal standards (Fig. 2 a and
b). The identity of each compound was confirmed by comparison
with authentic standards, using MtBSTFA derivatives of each
oxidized amino acid. To monitor any artifactual generation of

halogenated amino acids, we included L-[13C9,15N]tyrosine in the
samples and looked for L-3-chloro[13C9,15N]tyrosine or L-3-
bromo[13C9,15N]tyrosine (Fig. 2c). Artifact formation was neg-
ligible when either biological material or pure tyrosine was
analyzed with this method.

Peritoneal f luid from the sham-operated animals contained
only low levels of 3-chlorotyrosine and 3-bromotyrosine (Fig. 3).
Fluid from the CLP animals contained 16-fold higher levels of
3-chlorotyrosine (P 5 0.03) and 6-fold higher levels of 3-bro-
motyrosine (P 5 0.03). These observations indicate that gener-
ation of halogenating intermediates increases dramatically dur-
ing acute inflammation induced by sepsis.

Myeloperoxidase Generates 3-Chlorotyrosine and 3-Bromotyrosine
During Sepsis. To determine whether a pathway involving myelo-
peroxidase is responsible for the elevated levels of halogenated
L-tyrosines seen in inflammatory exudates, we quantified levels
of the amino acids in septic myeloperoxidase-deficient mice.
Whereas lavage fluid levels of free 3-chlorotyrosine and 3-bro-
motyrosine rose when the wild-type mice became septic, 3-chlo-
rotyrosine levels barely increased after the myeloperoxidase-
deficient animals were subjected to CLP (P 5 0.0004). The
genetically altered mice also produced 59% less 3-bromotyrosine
after CLP than the wild-type mice (P 5 0.009).

The myeloperoxidase-deficient animals used for these ex-
periments had been backcrossed at least four generations into
the C57BLy6J background. To ensure that variability in the
animals’ genetic background had no bearing on our results, we
performed CLP on two groups of wild-type mice that repre-
sented the two backgrounds of the myeloperoxidase-deficient
mice. The C57BLy6J (n 5 11) and 129ySvJ (n 5 9) wild-type

Fig. 2. Electron capture-negative chemical ionization GCyMS analysis of the
ethyl heptafluorobutyrate, MtBSTFA derivatives of 3-bromotyrosine and
3-chlorotyrosine in peritoneal inflammatory fluid of a wild-type mouse sub-
jected to CLP. Note the simultaneous monitoring of endogenous (myz 489; a),
isotope-labeled (myz 495; b), and artifactual (myz 499; c) 3-chlorotyrosine
(3-Cl-Tyr) and 3-bromotyrosine (3-Br-Tyr).

Fig. 3. Isotope dilution GCyMS quantification of 3-chlorotyrosine (3-Cl-Tyr;
a) and 3-bromotyrosine (3-Br-Tyr; b) in the peritoneal inflammatory fluid of
sham-operated and CLP-subjected mice. Oxidation products were monitored
in myeloperoxidase-deficient (MPO2/2) mice and in wild-type (WT) mice in the
129ySvJ and C57BLy6J background.

Gaut et al. PNAS u October 9, 2001 u vol. 98 u no. 21 u 11963

BI
O

CH
EM

IS
TR

Y



animals displayed similar patterns of tyrosine chlorination and
bromination.

We were unable to detect myeloperoxidase when we immu-
noblotted peritoneal cells (predominantly macrophages) iso-
lated from the sham-operated animals. Peritoneal cells from
wild-type mice subjected to CLP had markedly higher levels of
immunoreactive myeloperoxidase, as would be expected for an
acute neutrophilic inflammatory response (data not shown). In
contrast, peritoneal cells isolated from the septic myeloperoxi-
dase-deficient mice contained no immunoreactive protein.
These results indicate that the number of myeloperoxidase-
containing cells increases markedly in the normal mouse peri-
toneum during sepsis and that myeloperoxidase-deficient mice
lack immunoreactive enzyme.

The decreased ability of myeloperoxidase-deficient animals to
generate 3-bromotyrosine suggested that myeloperoxidase pro-
duces brominating intermediates in vivo. Alternatively, the ge-
netic manipulation might have deleted eosinophil peroxidase as
well as myeloperoxidase. In humans, the gene for this bromi-
nating enzyme (11) lies near the myeloperoxidase gene, on
chromosome 17 (29). To exclude the possibility of a double
deletion, we measured peroxidase activity (20) in inflammatory
cells isolated from wild-type and myeloperoxidase-deficient
mice subjected to CLP. The wild-type cells generated a single
major band of material with peroxidase activity that comigrated
with human myeloperoxidase (data not shown). This material
was undetectable in cells isolated from myeloperoxidase-
deficient CLP-treated mice. Thus, the peroxidase in the inflam-
matory cells that appears in the peritoneum after CLP is
myeloperoxidase rather than eosinophil peroxidase.

In contrast, extracts of white blood cells isolated from the
peritoneal cavity of wild-type mice injected with thioglycollate
produced two bands of peroxidase activity on nondenaturing
PAGE (data not shown). The rapidly and slowly migrating bands
comigrated with human eosinophil peroxidase and human my-
eloperoxidase, respectively. Cell extracts from the myeloperox-
idase-deficient mice produced only the rapidly migrating band
that corresponded to eosinophil peroxidase. These results sug-
gest that both the wild-type mice and the genetically altered mice
were able to make eosinophil peroxidase. Collectively, these
observations strongly suggest that myeloperoxidase was the
enzyme that generated 3-chlorotyrosine and 3-bromotyrosine in
septic wild-type mice subjected to CLP.

Physiological Concentrations of Br2 Modulate the Bactericidal Activity
of Myeloperoxidase in Vitro. Having shown that mice without
myeloperoxidase are more vulnerable to sepsis than wild-type
mice and also generate much lower levels of halogenated ty-
rosines, we looked directly at the effects of halides and myelo-
peroxidase on a bacterial pathogen, K. pneumoniae. The com-
plete myeloperoxidase-H2O2-Cl2 system killed 47% of the
bacteria in the incubation mixture. Adding a low concentration
(1 mM) of Br2 markedly increased bacteria killing (72% dead);
higher concentrations (10 mM) of Br2 were completely inhibi-
tory. Therefore, physiologically plausible variations in [Br2]
markedly affect the ability of myeloperoxidase to kill K. pneu-
moniae in vitro.

Myeloperoxidase Brominates Tyrosine in Vitro. We explored possi-
ble mechanisms of this cytotoxic effect of bromide by determin-
ing whether the transhalogen pathway that brominates nucleo-
sides and nucleobases (12) can also halogenate tyrosine, which
was brominated in our CLP experiments. For these experiments,
we used N-acetyl-L-tyrosine rather than L-tyrosine itself to avoid
chloramine formation and to prevent the conversion of L-
tyrosine to p-hydroxyphenylacetaldehyde (22).

After we exposed N-acetyl-L-tyrosine to enzyme, H2O2, and
plasma concentrations of halide (100 mM Cl2 and 10 mM Br2),

reverse-phase HPLC detected early and late eluting products
that, respectively, comigrated with authentic N-acetyl-L-3-
chlorotyrosine and N-acetyl-L-3-bromotyrosine (Fig. 4). Nega-
tive-ion electrospray ionization tandem mass spectrometry con-
firmed the identities of the halogenated amino acids (data not
shown).

Both chlorination and bromination of N-acetyl-L-tyrosine
were optimal under acidic conditions, but significant levels of the
halogenated amino acids were also generated at neutral pH (Fig.
5a). Under acidic (pH 5.9) and neutral conditions, bromination
by myeloperoxidase required both enzyme and H2O2; it was
inhibited by catalase (a peroxide scavenger), sodium azide (a
heme poison), and taurine (a scavenger of hypohalous acids).

Myeloperoxidase Brominates N-Acetyl-L-Tyrosine at Physiologically
Plausible Concentrations of Halide Ion. We next determined
whether myeloperoxidase prefers to use bromide or chloride
when it oxidizes tyrosine under physiological conditions. In the
presence of 100 mM Cl2 alone, N-acetyl-L-3-chlorotyrosine was
the principal product when either reagent HOCl or the myelo-
peroxidase-H2O2 system oxidized N-acetyl-L-tyrosine under
acidic (Fig. 6 a and b) or neutral conditions (data not shown).
Adding mM levels of Br2 (in the presence of 100 mM Cl2) to
either oxidation system generated N-acetyl-L-3-bromotyrosine
and caused a corresponding decrease in N-acetyl-L-3-
chlorotyrosine production (Figs. 5a and 6 a and b). The relative
yields of N-acetyl-L-3-bromotyrosine and N-acetyl-L-3-
chlorotyrosine depended on the pH and [Br2] in the reaction
mixture (Figs. 5a and 6 a and b).

Under mildly acidic conditions (pH 5.9), taurine—a scavenger
of HOCl—inhibited the formation of N-acetyl-L-3-bromoty-
rosine by the HOCl-Cl2-Br2 system (Fig. 6c). In striking con-
trast, it stimulated N-acetyl-L-3-bromotyrosine formation by
hypobromous acid (HOBr), suggesting that bromamines are
potent brominating agents. Taurine also inhibited L-tyrosine
bromination by the myeloperoxidase-H2O2-Cl2-Br2 system (Fig.
6d). However, it failed to affect production of N-acetyl-L-3-
bromotyrosine by the eosinophil peroxidase-H2O2-Cl2-Br2 sys-
tem (Fig. 6d). These observations strongly imply that myeloper-
oxidase first oxidizes Cl2 to HOCl and that HOCl then reacts
with Br2 to generate reactive brominating intermediates.

Under neutral conditions, taurine completely inhibited the

Fig. 4. Reverse-phase HPLC analysis of N-acetyl-L-tyrosine (N-Ac-tyrosine)
exposed to the myeloperoxidase-H2O2-Cl2-Br2 system. Reactions proceeded
for 60 min at 37°C in Chelex-treated buffer A (100 mM NaCly50 mM sodium
phosphatey100 mM diethylenetriaminepentaacetic acid, pH 4.5) supple-
mented with 3 nM myeloperoxidase, 1 mM N-Ac-tyrosine, 10 mM NaBr, and 50
mM H2O2. The reactions were initiated with H2O2 and terminated with 0.1 mM
methionine. MPO, myeloperoxidase; Ac, acetyl.
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formation of N-acetyl-L-3-bromotyrosine by the HOCl-Cl2-
Br2 system but only partially inhibited the myeloperoxidase-
H2O2-Cl2-Br2 system (Fig. 5 c and d). In contrast, it stimulated
N-acetyl-L-3-bromotyrosine formation by HOBr and had little
affect on the eosinophil peroxidase-H2O2-Cl2-Br2 system
(Fig. 5 c and d). These results suggest that myeloperoxidase
oxidizes Br2 by two different pathways. In the major pathway,
the enzyme initially generates HOCl, which then oxidizes Br2.
In the minor pathway myeloperoxidase directly oxidizes Br2.

Discussion
More than 30 years ago, Klebanoff proposed that halogenating
intermediates generated by myeloperoxidase are of major im-
portance in killing bacteria (30). However, the enzyme’s role in
host defense against invading pathogens has remained unclear.
Our experiments reveal that myeloperoxidase-deficient mice are
more likely than wild-type mice to die after CLP, a clinically
relevant model of sepsis that releases bacteria into the perito-
neum. This observation supports the hypothesis that myeloper-
oxidase generates bacterial cytotoxins in vivo. Moreover, the
enzyme was able to use halides to kill K. pneumoniae in vitro. We
have since discovered that myeloperoxidase-deficient mice are
more likely than wild-type mice to die after K. pneumoniae is
injected into the peritoneum (unpublished results). Thus, my-

eloperoxidase seems critical to antibacterial defense mecha-
nisms in mice.

Further evidence that myeloperoxidase contributes to anti-
bacterial defense in vivo came from our observation that levels
of 3-chlorotyrosine, one of the enzyme’s characteristic products,
rise markedly in peritoneal lavage fluid after wild-type mice are
subjected to CLP. Levels of 3-bromotyrosine were also in-
creased. Septic mice that were deficient in myeloperoxidase
failed to generate 3-chlorotyrosine at levels above those ob-
served in sham-operated animals, indicating that myeloperoxi-
dase is the major source of chlorinating oxidants in this sepsis
model. Levels of 3-bromotyrosine were also markedly lower in
the septic myeloperoxidase-deficient animals, although they
were slightly higher than in nonseptic wild-type mice, presum-
ably because of eosinophil peroxidase activity. These observa-
tions indicate that myeloperoxidase generates chlorinating and
brominating oxidants; the production of the latter was previously
ascribed solely to eosinophil peroxidase (11, 31, 32). Thus, both
myeloperoxidase-dependent chlorination and myeloperoxidase-
dependent bromination may represent physiologically relevant
pathways for bacterial killing. Hypothiocyanite and other oxi-
dants derived from thiocyanate may also play a role because this
pseudohalide is present at high concentrations in extracellular
fluids and is readily oxidized by peroxidases (33). In contrast,
other reactive intermediates generated by myeloperoxidase,
such as amino acid-derived aldehydes, are likely to be less
important because they are only weakly bactericidal in vitro
(J.P.G., unpublished observation).

The halogenated intermediates produced by myeloperoxidase
include HOCl (3, 4), a potent cytotoxic oxidant that converts
tyrosine to 3-chlorotyrosine (28). Our observations indicate that
myeloperoxidase will also brominate tyrosine in vitro at plasma
concentrations of halide ions. Remarkably, the bromination
pathway operates when Cl2 concentrations are 1,000-fold to

Fig. 5. Reaction requirements for the generation of N-acetyl-L-3-
bromotyrosine by phagocyte peroxidases and hypohalous acids at neutral pH.
Reactions were carried out in buffer A (Fig. 4) supplemented with 10 mM Br2.
(a) Effect of pH on the generation of N-acetyl-bromotyrosine by myeloperox-
idase. (b–d) Effect of taurine (200 mM) on the generation of N-acetyl-
bromotyrosine by HOCl, HOBr, myeloperoxidase, or eosinophil peroxidase at
pH 7. Amino acids were quantified by reverse-phase HPLC. Results are repre-
sentative of those found in three independent experiments. MPO, myeloper-
oxidase; EPO, eosinophil peroxidase; Ac, acetyl.

Fig. 6. Reaction requirements for the generation of N-acetyl-L-3-
chlorotyrosine and N-acetyl-L-3-bromotyrosine by phagocyte peroxidases and
hypohalous acids under acidic conditions. Effect of [Br2] on the generation of
N-acetyl-chlorotyrosine and N-acetyl-bromotyrosine by: HOCl (a) or myelo-
peroxidase (b). Effect of taurine on the generation of N-acetyl-chlorotyrosine
and N-acetyl-bromotyrosine by hypohalous acid (HOCl, HOBr) (c) or phagocyte
peroxidases (MPO, EPO) (d). Reactions for a and b were carried out as de-
scribed in the legend to Fig. 4. Reactions for c and d were performed as
described in the legend to Fig. 4, except the pH was 5.9. Amino acids were
quantified by reverse-phase HPLC. Results are representative of those found
in three independent experiments. MPO, myeloperoxidase; EPO, eosinophil
peroxidase; Ac, acetyl.
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10,000-fold higher than Br2 concentrations. Therefore, it may be
physiologically relevant.

N-Acetyl-bromotyrosine production by myeloperoxidase oc-
curred at neutral pH but was optimal under acidic conditions. In
vivo, therefore, myeloperoxidase might halogenate tyrosine ex-
tracellularly at neutral pH and also in the phagolysosome (or
hypoxic inflamed tissue) under acidic conditions. At acidic pH,
taurine almost completely inhibited bromination, suggesting that
HOCl is an intermediate in the pathway. In contrast, taurine only
partly inhibited N-acetyl-L-bromotyrosine production by myelo-
peroxidase at neutral pH, suggesting the existence of a bromi-
nation pathway not involving HOCl. One possibility for this
second pathway is that myeloperoxidase might directly oxidize
Br2 to HOBr, as does eosinophil peroxidase (11, 20). At neutral
pH and 10 mM Br2, myeloperoxidase produced similar concen-
trations of N-acetyl-L-bromotyrosine and N-acetyl-L-chloroty-
rosine, suggesting that the enzyme could produce halogenating
intermediates in the extracellular environment. In contrast, Wu
et al. (34) found that neutrophils generated protein-bound
3-chlorotyrosine much more effectively than 3-bromotyrosine.
One possible explanation for the discrepancy is that Wu et al.
studied halogenation of proteins, whereas we focused on halo-
genation of free amino acids.

These observations indicate that mice lacking functional
myeloperoxidase are more likely to die from polymicrobial
sepsis, that in vivo levels of free 3-chlorotyrosine and 3-bro-
motyrosine rise during sepsis, and that production of these
halogenated amino acids is markedly reduced when myeloper-
oxidase is absent. Thus, myeloperoxidase can produce a variety
of chlorinating and brominating intermediates that seem ca-
pable of defending mice against CLP-induced sepsis. In the
enzyme’s absence, end products of these intermediates fail to
accumulate in peritoneal f luid, and mice become more vul-
nerable to infection.
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