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A B S T R A C T The model hydrogen peroxide-myelo-
peroxidase-chloride system is capable of generating
the powerful oxidant hypochlorous acid, which can be
quantitated by trapping the generated species with the
,-amino acid, taurine. The resultant stable product,
taurine chloramine, can be quantitated by its ability
to oxidize the sulfhydryl compound, 5-thio-2-nitro-
benzoic acid to the disulfide,5,5'-dithiobis(2-nitroben-
zoic acid) or to oxidize iodide to iodine. Using this
system, purified myeloperoxidase in the presence of
chloride and taurine converted stoichiometric quan-
tities of hydrogen peroxide to taurine chloramine.
Chloramine generation was absolutely dependent on
hydrogen peroxide, myeloperoxidase, and chloride
and could be inhibited by catalase, myeloperoxidase
inhibitors, or chloride-free conditions. In the presence
of taurine, intact human neutrophils stimulated with
either phorbol myristate acetate or opsonized zymosan
particles generated a stable species capable of oxidiz-
ing 5-thio-2-nitrobenzoic acid or iodide. Resting cells
did not form this species. The oxidant formed by the
stimulated neutrophils was identified as taurine chlo-
ramine by both ultraviolet spectrophotometry and
electrophoresis. Taurine chloramine formation by the
neutrophil was dependent on the taurine concentra-
tion, time, and cell number. Neutrophil-dependent
chloramine generation was inhibited by catalase, the
myeloperoxidase inhibitors, azide, cyanide, or ami-
notriazole and by chloride-free conditions, but not by
superoxide dismutase or hydroxyl radical scavengers.
Thus, it appears that stimulated human neutrophils
can utilize the hydrogen peroxide-myeloperoxidase-
chloride system to generate taurine chloramine. Based
on the demonstrated ability of the myeloperoxidase
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system to generate free hypochlorous acid we conclude
that neutrophils chlorinate taurine by producing this
powerful oxidant. The biologic reactivity and cyto-
toxic potential of hypochlorous acid and its chloramine
derivatives suggest that these oxidants play an impor-
tant role in the inflammatory response and host de-
fense.

INTRODUCTION

Human neutrophils can utilize the H202-myeloperox-
idase-halide system to generate a powerful oxidant
capable of destroying a variety of microorganisms and
mammalian cell targets (1-4). Chloride, bromide, io-
dide, or thiocyanate may all be effective substrates in
the myeloperoxidase system but, based on their in vivo
concentrations, Cl- is thought to be the preferred ha-
lide (1, 4). In the presence of Cl-, the final mediator
of myeloperoxidase-dependent events has been de-
bated but increasing evidence indicates that hypo-
chlorous acid (HOCI) is the responsible toxic species
(5-10). In 1976, Harrison and Schultz (10) demon-
strated that a model system consisting of H202, puri-
fied myeloperoxidase, and Cl- generated HOCI
(Eq. 1).

myeloperoxidase
H202 + C1 HOC1+ H20 (

Unlike other peroxidases that may oxidize acceptor
molecules via the formation of a chlorinating inter-
mediate (11), myeloperoxidase preferentially catalyzes
the. peroxidation of the chloride ion to free HOC1(10).

Recently, we have demonstrated that human neu-
trophils stimulated with phorbol myristate acetate
(PMA)l destroyed cell targets by a myeloperoxidase-
dependent process that could be inhibited by a variety
of compounds known to scavenge HOCI (8, 9). Al-

1 Abbreviations used in this paper: DTNB, 5-5'-di-
thiobis(2-nitrobenzoic acid); PMA, phorbol myristate ace-
tate; TNB, 5-thio-2-nitrobenzoic acid.
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though these data indicated that intact neutrophils
have the potential to generate a species with charac-
teristics similar, if not identical, with HOCI, the rates
and quantities of the chlorinating species produced are
unknown. Attempts to directly measure the generation
of chloride peroxidation products by intact cells are
hampered by the short half-life of this oxidant in bi-
ological systems containing multiple potential sub-
strates. To quantitatively detect chlorinating species
generated by neutrophils, we have taken advantage
of the ability of HOCI to rapidly react with the ,B-
amino acid taurine to form the stable oxidant, taurine
chloramine (12-14) (Eq. 2).
HOCI + H2N-CH2CH2SO3H a

Taurine

ClNH-CH2CH2SO3H+ H20 (2)

Taurine chloramine

In this manner we have examined the ability of intact,
human neutrophils to utilize the H202-myeloperoxi-
dase-Cl- system to generate a chloride peroxidation
product capable of oxidizing taurine to its chloramine.

addition of PMA(8, 9) (Consolidated Midland Corp., Forres-
ter, NY) or opsonized zymosan particles (Sigma Chemical
Co.) prepared as previously described (15). At the end of the
incubation period, catalase (50 ,g) was added and duplicate
samples assayed for taurine chloramine formation as de-
scribed below.

Other additions to the myeloperoxidase or neutrophil sys-
tems included bovine superoxide dismutase (2,700 U/mg,
Sigma Chemical Co.), bovine catalase (80,000 U/mg, Wor-
thington Biochemical Corp., Freehold, NJ), sodium azide,
sodium cyanide (Fisher Scientific Co., Pittsburgh, PA),
ethanol, mannitol or 3-amino-1,2,4-triazole (aminotriazole,
Sigma Chemical Co.). Superoxide dismutase was assayed
according to the method of McCord and Fridovich (20).
Catalase was washed over an XM-100A ultrafiltration mem-
brane (Amicon Corp., Lexington, MA) and assayed before
use (19).

Taurine chloramine quantitation
The ability of HOCI to react with taurine was confirmed

by adding a known amount of reagent NaOCl (Fisher Sci-
entific Co.) to taurine. The OCI- concentration was calcu-
lated from its absorbance at 292 nm at pH 12.0 assuming
an extinction coefficient of 350 M` cm-' (21). Fig. 1 shows
the UV spectrum of a solution of OCI-/HOCl (pK. - 7.4)

METHODS

Cell preparation. Neutrophils were obtained from the
venous blood of healthy volunteers. Neutrophil preparations
were isolated by Ficoll-Hypaque density centrifugation fol-
lowed by dextran sedimentation (15). The preparations con-
tained >96% neutrophils and 2-3% eosinophils. Cells were
suspended in Dulbecco's phosphate-buffered saline (Gibco
Laboratories, Grand Island Biological Co., Grand Island, NY;
pH 7.4 with 1 mg/ml glucose). In some experiments Dul-
becco's buffer was replaced with a 0.1 M NaCl-0.029 M so-
dium phosphate buffer with 1.5 mMMgSO4 (pH 7.4) or a
halide-free 0.1 Mphosphate buffer with 1.5 mMMgSO4(16).

Assay systems
Myeloperoxidase system. Varying concentrations of H202

were incubated alone or with purified myeloperoxidase in
the presence or absence of taurine (Sigma Chemical Co., St.
Louis, MO) in Dulbecco's buffer (pH 7.4) in final volume
of 1 ml at 37°C. In some experiments the Dulbecco's buffer
was replaced with the chloride or chloride-free phosphate
buffer. The H202 concentration was calculated from the ab-
sorbance at 230 nm assuming an extinction coefficient of 81
M` cm-' (17). Purified canine myeloperoxidase was pre-
pared (18) and kindly provided by Dr. J. Schultz (Papani-
colaou Cancer Research Institute, Miami, FL). Myeloperox-
idase activity was assayed by the o-dianisidine method (19)
and activity expressed in international units. At the end of
the incubation period, 50 Mg of catalase (type C-40, 12,000
U/mg, Sigma Chemical Co.) were added to reduce residual
H202 and duplicate samples assayed for taurine chloramine
formation.

Neutrophil system. Neutrophils were incubated with
varying concentrations of taurine for indicated periods of
time at 37°C in the described buffers (pH 7.4) in a final
volume of 1 ml. Neutrophils were stimulated to generate
oxygen metabolites and release lysosomal enzymes by the
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FIGURE 1 The UV absorption spectrum of synthesized tau-
rine chloramine. Samples were incubated in Dulbecco's
buffer (pH 7.4) for 5 min at 25°C in a final volume of 1.5
ml and the spectra recorded. After the samples were scanned,
3.5 jAmol of H202 in a volume of 10 Ml were added to the
OC1-/HOCl or the taurine-OCl-/HOCl mixtures, incubated
for 5 min at 25°C and rescanned. (a) 15 Mmol of taurine
alone (- * -); (b) 3.0 Mmol of a solution of OCl-/HOCl
alone (. ); (c) 15 Mumol of taurine and 3.0 Mmol of OCl-/
HOCl (-); (d) OCl-/HOCl plus H202 (- - - -); (e) tau-
rine chloramine plus H202 ( ).
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(21) in Dulbecco's buffer (pH 7.4). Taurine does not absorb
in this region. If a solution of OCl-/HOCl (referred to as
HOCI) was added to an excess of taurine a new compound
was formed (Fig. 1). The resultant spectrum with a X max-
imum of -250 nm is characteristic of monochloramines (12,
13). Under these conditions, dichloramine formation (X max-
imum 300 nm) was not detected (14). To rule out the for-
mation of a mixture of taurine chloramine and HOCI, H202
was added to the system. H202 can reduce HOCI but does
not react with taurine chloramine (7). As expected, the ad-
dition of H202 abolished the HOC1 spectrum but had no
effect on the taurine chloramine concentration (Fig. 1). The
slight increase in the absorbance of the H202-HOCl or H202-
taurine chloramine spectrum is due to the absorbance of
H202 alone. The taurine chloramine spectrum did not
change after a 4-h incubation at 37°C. Thus, under our con-
ditions, HOC1can react with taurine to form the stable chlo-
ramine. Although taurine chloramine can be quantitated
directly by its absorbance at 250 nm, the system is not
sufficiently sensitive for the neutrophil studies because
of the low extinction coefficient of chloramine (-398 M`
cm l) (14).

Because 1 mol taurine chloramine retains 2 mol oxidizing
equivalents (7), its concentration can be sensitively deter-
mined by the ability to oxidize 2 mol of the sulfhydryl com-
pound 5-thio-2-nitrobenzoic acid (TNB) to 1 mol of the di-
sulfide, 5-5'-dithiobis(2-nitrobenzoic acid) (DTNB) or 2 mol
of I to 12 (7, 14). TNB was prepared by reducing DTNB
(Sigma Chemical Co.) (7) and its concentration determined
by its absorbance at 412 nm assuming an extinction coeffi-
cient of 1.36 X 104 M` cm-' (22). The 12 concentration was
determined spectrophotometrically in the presence of excess
1- as I- (e = 2.29 X 104 M` cm-') (23).

In experiments with the model myeloperoxidase system
or intact neutrophils, samples were assayed for taurine chlo-
ramine formation at the end of the incubation period by
adding either TNB (0.45 mM) or KI (20 mM) to the entire
mixture. The samples were immediately centrifuged (500
g for 5 min) and the absorbance recorded at 412 or 350 nm,
respectively. In selected neutrophil experiments, the super-
natant and cell button were analyzed separately for chlo-
ramine content. Catalase was added to all systems before the
addition of TNB or KI due to the ability of high concentra-
tions of H202 to slowly oxidize TNB or 1-. The addition of
catalase did not interfere with either of the assays.

High voltage paper electrophoresis
In selected experiments the presence of taurine chlora-

mine formation was examined by high voltage paper elec-
trophoresis. Supernates were removed from the test mixtures
and spotted on Whatman No. 3MMpaper (Whatman Ltd.,
England). Electrophoresis runs were carried out for 30 min
in a borate buffer (pH 9.0) at 3,000 V and a current of 150
mA. Taurine was visualized with ninhydrin spray (Sigma
Chemical Co.) and the taurine chloramine was visualized
with a 2% KI solution in acetone (13).

Hydrogen peroxide generation
H202 generation was determined in the presence of 1 mM

azide by the method of Thurman et al. (24).

RESULTS

Taurine chloramine generation by the H202-mnye-
loperoxidase-Cl- system. Under ideal conditions, the

addition of known amounts of H202 to purified mye-
loperoxidase and Cl- should result in the formation of
an equimolar concentration of HOCI. If the experi-
ment is performed in the presence of an excess of tau-
rine, then the HOC1should be trapped as the chlo-
ramine. Fig. 2 illustrates the relationship between
H202 added and taurine chloramine detected in a cell-
free myeloperoxidase system. Under the conditions
used, -100% of the H202 was converted to chlora-
mine. The presence of taurine chloramine was con-
firmed by the UV absorption spectrum of the sample.
As described in Methods, the chloramine had an ab-
sorption maximum at -250 nm and was resistant to
H202 (data not shown). The amount of taurine chlo-
ramine formed was also dependent on the taurine con-
centration. As little as 0.1 mMtaurine (100 nmol/ml)
scavenged almost all of the HOC1 (data not shown).
If 100 nmol of H202 were added to myeloperoxidase
and Cl- in the absence of taurine, incubated for 60
min and then taurine added, <5 nmol of chloramine
could be detected. Although the enzyme does not re-
quire taurine to generate HOCI, myeloperoxidase is
rapidly inactivated by this oxidant (6, 10) and any
residual HOC1would be reduced by H202 (7). Thus,
it appears that the myeloperoxidase system can utilize
H202 to generate HOCI which, in the presence of tau-
rine, leads to the formation of chloramine.

Requirements for taurine chloramine formation by
the model myeloperoxidase system. Elimination of
H202, myeloperoxidase, or Cl- completely inhibited
the formation of taurine chloramine (Table I). As ex-
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FIGURE 2 The formation of taurine chloramine by a model
H202-myeloperoxidase-Cl- system. Known amounts of H202
were added to 16 mUof purified myeloperoxidase in Dul-
becco's buffer (pH 7.4) in a final volume of 1 ml in the
presence of 5 mMtaurine. Samples were incubated for 60
min at 370C and assayed by the TNB method. Results are
expressed as the mean±1 SD of four experiments.
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TABLE I
Taurine Chloramine Generation by the H202-

Myeloperoxidase-C1- System

Taurine chloramine
Additive' formed

ntol$

H202 + Cl- 0.0±0.0
H202 + myeloperoxidase (Cl- free) 0.0±0.0
Complete system 102.8±1.4
Complete system + catalase (50 jg/ml) 4.6±2.1
Complete system + heat-inactivated

catalase (50 jg/ml) 101.8±1.2
Complete system + superoxide dismutase

(10 jg/ml) 101.3±1.5
Complete system + azide (1 mM) 2.7±0.6
Complete system + cyanide (1 mM) 5.0±1.6
Complete system + aminotriazole (10 mM) 0.0±0.0
Complete system + ethanol (40 mM) 100.9±2.7
Complete system + mannitol (40 mM) 99.0±4.6

* The complete system consisted of 100 nmol H202, 16 mUof
myeloperoxidase, and 5 mMtaurine incubated for 60 min in Dul-
becco's phosphate-buffered saline at 37°C in a final volume of 1
ml. In the Cl- free experiments a 0.1 Mphosphate buffer was used.
The 0.1 M NaCl-phosphate buffer gave results identical to those
obtained with the Dulbecco's buffer.
t The taurine chloramine concentration was determined as de-
scribed by the TNB method. Results are expressed at the mean±1
SD of four experiments.

pected, the addition of catalase (degrades H202) mark-
edly inhibited chloramine formation, while neither
superoxide dismutase (dismutates 02-- to H202) nor
heat-inactivated catalase had any effect (Table 1).
Azide, cyanide, and aminotriazole, three classic mye-
loperoxidase inhibitors, all blocked taurine chloramine
formation, and the OH scavengers, ethanol or man-
nitol, were without an inhibitory effect. Thus, as pre-
dicted, taurine chloramine formation was dependent
on H202, functional myeloperoxidase, and Cl-.

Taurine chloramine formation by intact neutro-
phils. If intact neutrophils can utilize the H202-mye-
loperoxidase-Cl- system to generate HOCI or a species
of similar reactivity we would predict that, in the pres-
ence of taurine, stimulated neutrophils should produce
taurine chloramine. Fig. 3 demonstrates that a mixture
of 2.5 X 106 PMA-stimulated neutrophils incubated
with taurine for 2 h accumulated a species capable of
oxidizing TNB to DTNB. Resting cells did not oxidize
any of the TNB added. Addition of a reducing agent
(cysteine) resulted in the recovery of >98% of the
added TNB. The presence of taurine chloramine was
confirmed in scaled up experiments by UV spectro-
photometry. Fig. 4 illustrates the typical absorption
maximum of taurine chloramine in the supernatant of
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FIGURE3 Optical spectra of TNB oxidized by PMA-stim-
ulated neutrophils in the presence of taurine. 2.5 X 106 PMA-
stimulated neutrophils were incubated with 15 mMtaurine
for 2 h at 37°C in 1 ml of Dulbecco's buffer (pH 7.4). At
the end of the incubation period catalase was added followed
by TNB (450 nmol). The mixture was centrifuged, diluted,
and immediately scanned. After the spectrum was recorded,
a small amount of solid cysteine was added (to reduce DTNB
to TNB) and the sample scanned. (a) 225 nmol to DTNB
diluted as above, X maximum - 325 nm (-----); (b) 450 nmol
of TNB, X maximum 412 nm ( ); (c) 450 nmol of TNB
incubated with cell mixture ( ...); (d) TNB-cell mixture
following addition of excess cysteine (- *. -). Note that the
cells stimulated in the presence of taurine contained a species
that decreased the absorption peak of the TNB at 412 nm
and increased the absorption peak at 325 nm suggesting a
mixture of DTNBand TNB. The addition of cysteine to this
mixture ablated the 325-nm peak and regenerated the 412-
nm maximum.

20 X 106 PMA-stimulated neutrophils after a 2-h in-
cubation in the presence of taurine. No peak was ob-
served in this region with resting cells (Fig. 4). As
expected, the addition of H202 did not reduce the chlo-
ramine (data not shown). Identical results were ob-
tained with opsonized zymosan-stimulated neutro-
phils. The presence of taurine chloramine was also
reinforced by high voltage paper electrophoresis. In
this system, taurine standards migrated 5.5 cm, while
synthesized taurine chloramine migrated 17.0 cm (to-
ward the anode), and could be visualized by its ability
to oxidize I- to I2. Electrophoresis of supernates ob-
tained from PMA- or zymosan-stimulated neutrophils
revealed an 1- reactive material that comigrated with
synthesized taurine chloramine (i.e., 17 cm toward the
anode). Thus, we conclude that intact, stimulated neu-
trophils can generate taurine chloramine.
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FIGURE 4 Optical spectra of oxidant generated by PMA-
stimulated neutrophils in the presence of taurine. 20 X 106
neutrophils were incubated with or without 15 mMtaurine
in the presence or absence of PMA(100 ng/ml) for 2 h at
370C in 2 ml of Dulbecco's buffer (pH 7.4). At the end of
the incubation period the samples were centrifuged, diluted,
and scanned. The reference cuvettes contained resting or
stimulated cells in the absence of taurine. (a) Resting cells
vs. resting cells with taurine (-----) and (b) stimulated cells
vs. stimulated cells with taurine ( ). Stimulated cells re-
leased material that absorbed strongly below 240 nm mask-
ing the descending shoulder of the chloramine.

Quantitation of taurine chloramine generation by
neutrophils. Both PMA- or zymosan-stimulated neu-
trophils generated increasing amounts of taurine chlo-
ramine as the taurine concentration was increased un-
til a plateau was reached at - 15 mMtaurine (Fig. 5).
The dose of PMA(30 ng/ml) and zymosan (1.25 mg/
ml) used gave maximal results. Resting cells did not
generate detectable amounts of taurine chloramine.
In addition, 15 mMtaurine did not depress the neu-
trophils' respiratory burst as assessed by 02 consump-
tion, O2-- generation (data not shown), or by H202
release from azide. 2.5 X 105 PMA- or zymosan-stim-
ulated neutrophils in the presence of 1 mMazide gen-
erated 39.7±4.6 and 32.0±8.3 nmol H202/h alone
while producing 43.0±3.7 and 32.0±10.0 nmol/h, re-
spectively, in the presence of 15 mMtaurine (mean±1
SD, n = 3).

Taurine chloramine generation was dependent on

the length of the incubation period and was essentially
complete after a 2-h incubation (Fig. 6A). The rela-
tionship between neutrophils number and taurine
chloramine formation is illustrated in Fig. 6B. In 15
experiments 2 X 106 PMA-stimulated neutrophils gen-
erated 126.4±13.0 nmol chloramine during a 2-h in-
cubation, while zymosan-stimulated cells produced
108.0±11.1 (mean±1 SD). In three paired experi-
ments, chloramine concentrations determined by the
TNB method varied <5% from those obtained with
the KI technique. PMA-stimulated cells generated
129.7±11.1 nmol of taurine chloramine by the TNB
method and 123.5±9.7 nmol with the KI method,
while zymosan-stimulated cells formed 119.1±8.5
nmol and 116.7±8.7 nmol by the TNBand KI methods,
respectively. Although chloramine determinations were
routinely made on the entire incubation mixture, sep-
arate analysis of the supernatant and the cell button
revealed that -10% of the oxidant remained associ-
ated with the neutrophil.

These results indicate that neutrophils can produce
significant amounts of taurine chloramine, but the
quantitation assumes that the generated chloramine
is stable in the complex cell system. To assess the sta-
bility of taurine chloramine in the neutrophil system,
we examined our ability to recover 50 nmol of exog-
enous taurine chloramine from mixtures of both rest-
ing and PMA- or zymosan-stimulated cells. After a 2-
h incubation, >95% of the exogenous taurine chlora-
mine could be recovered from either the resting or
stimulated cell mixtures. Thus, this quantitative tech-
nique appears to accurately reflect the total amount
of taurine chloramine generated.

Requirements for taurine chloramine formation by
neutrophils. If taurine chloramine generation by the
stimulated neutrophil is mediated by HOC1or a sim-
ilar species, we would expect a requirement for H202,
myeloperoxidase, and Cl-. As shown in Table II, cat-
alase significantly inhibited taurine chloramine gen-
eration by 2 X 106 PMA- or zymosan-stimulated neu-
trophils. The inhibitory effect of catalase increased to
90 and 65% with 1 X 106 PMA- or zymosan-stimulated
cells, respectively (PMA control 53.8±9.3; n = 5, zy-
mosan control 53.7±10.4; n = 3). Heat-inactivated cat-
alase had no inhibitory effect with either stimulus
(Table II). The addition of superoxide dismutase did
not inhibit chloramine generation by the neutrophils
with either stimulus. The heme-enzyme inhibitors,
azide, cyanide, and aminotriazole were each capable
of inhibiting chloramine formation, while neither
ethanol nor mannitol had any inhibitory effect
(Table II).

Because endogenous myeloperoxidase was appar-
ently required for chloramine formation, we examined
the effect of exogenous peroxidase in the neutrophil
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FIGURE 5 The effect of taurine concentration on the formation of taurine chloramine by
neutrophils. 2 X 106 neutrophils were incubated with varying concentrations of taurine for 2
h at 37°C in 1 ml of Dulbecco's buffer (pH 7.4). Neutrophils were incubated in the presence
of 30 ng/ml of PMA(- 0 - 0 -) or 1.25 mg/ml of opsonized zymosan (-0-* -- -). Taurine
formation was quantitated by the TNB method. Results are expressed as the mean±1 SD of
three experiments.
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FIGURE 6(A) Taurine chloramine formation by neutrophils as a function of time. 2 X 106
neutrophils were incubated with 15 mMtaurine for varying periods of time at 37°C in 1 ml
of Dulbecco's buffer (pH 7.4). Neutrophils were incubated in the absence of a stimulus
(- * - * -) and in the presence of 30 ng/ml of PMA (- -- -) or 1.25 mg/ml of opsonized
zymosan (-0- 0-). Taurine chloramine formation was quantitated by the TNB method.
Results are expressed as the mean±1 SD of five experiments. (B) Taurine chloramine formation
as a function of neutrophils number. Varying numbers of neutrophils were incubated with 15
mMtaurine for 2 h at 370C in 1 ml of Dulbecco's buffer (pH 7.4). Neutrophils were stimulated
with either 30 ng/ml of PMA (- -- -) or 1.25 mg/ml of opsonized zymosan particles
(- 0 - 0 -). Taurine chloramine formation was quantitated by the TNB method. Results are
expressed as the mean±1 SD of five experiments.
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TABLE II
Characteristics of Taurine Chloramine Generation

by Neutrophils

Percentage of controlt

Additive' PMA Zymosan

Catalase (40 Ag/ml) 16.7±2.7 51.2±3.8
Heat-inactivated catalase

(40 Mg/ml) 100.0 96.5
Superoxide dismutase (10

Mg/ml) 105.8±3.4 113.6±11.7
Azide§ (0.1 mM) 3.4±4.4 2.6±4.2
Azide (10 uM) 3.0±3.6 6.3±4.0
Azide (1 MM) 37.7±1.5 76.4±7.5
Azide (0.1 MM) 87.7±5.9 97.3±3.1
Cyanide§ (0.5 mM) 1.2±1.1 3.4±4.8
Cyanide (0.1 mM) 20.3±6.7 33.7±4.5
Cyanide (10 MM) 95.3±4.2 98.0±3.5
Aminotriazole

(10.0 mM) 0.0±0.0 2.8±3.4
Ethanol (40 mM) 106.1±4.8 93.4±4.0
Mannitol (40 mM) 103.9±7.2 105.4±5.0
Chloride-free system 8.0 8.7
Chloride-free + H202

(100 nmol) 8.4 7.2
Chloride-free

+ myeloperoxidase
(16 mU) 10.0 3.5

Chloride-free + H202
+ myeloperoxidase 12.0 7.6

o The complete system consisted of 2 X 106 neutrophils incubated
with 15 mMtaurine in Dulbecco's buffer (pH 7.4) in a final volume
of 1 ml at 37°C for 2 h. The cells were stimulated with either PMA
(30 ng/ml) or zymosan (1.25 mg/ml). Neutrophils were preincu-
bated with azide, cyanide, or aminotriazole for 5 min at room
temperature before addition of the stimulus. The chloride-free ex-
periments were performed in the 0.1 Msodium phosphate buffer
with MgSO4(pH 7.4).
I Results are expressed as the mean percentage of control ± 1 SD
of six paired experiments with catalase, superoxide dismutase,
azide, cyanide and aminotriazole. Heat-inactivated catalase was
studied in two-paired experiments. The control taurine chloramine
generation for PMA- and zymosan-stimulated cells were 115.1±15.3
and 98.2±20.4, respectively. The results for the Cl-free experiments
are expressed as the mean of two-paired experiments. The controls
were performed in a 0.1 MNaCl-phosphate buffer and the values
for 2 X 106 PMA- and zymosan-stimulated neutrophils were 122.0
and 85.5 nmol taurine chloramine, respectively.
§ If the azide concentration was increased to 1 mM, the TNB ox-
idation was inhibited only 50%. Further studies revealed that in
the presence of 1 mMazide, high concentrations of H202 were
formed capable of mediating TNB or 1- oxidation. In contrast,
higher concentrations of cyanide did not increase TNB oxidation.
However, cyanide along with other nucleophiles can directly re-
duce DTNB (25). In this system the addition of <1 mMcyanide
reduced <5 nmol of DTNB.

system. PMAis a poor stimulus for myeloperoxidase
release (26, 27) and exogenous enzyme might be ex-
pected to enhance chloramine generation. Indeed, in
three experiments the addition of 16 mUof purified
myeloperoxidase enhanced chloramine generation by
2 X 106 PMA-stimulated neutrophils from 124.0±8.0
nmol to 178.0±4.0 nmol during a 2-h incubation. Zy-
mosan-stimulated neutrophils were not affected by the
addition of myeloperoxidase (119.1±3.5 vs. 116.7±3.7
nmol taurine chloramine; n = 3).

A possible requirement for Cl- was examined by
performing the neutrophil experiments in a Cl--free
buffer (Table II). In the absence of Cl- chloramine
generation was significantly inhibited. Although the
functional activity of the neutrophil in a Cl--free sys-
tem is questionable, neither the addition of exogenous
H202 nor myeloperoxidase alone or in combination
stimulated chloramine generation. Thus, it appears
that both PMA- or zymosan-stimulated neutrophils
utilize the H202-myeloperoxidase-Cl- system to gen-
erate taurine chloramine.

DISCUSSION

Neutrophils can generate H202 and release myelo-
peroxidase into a Cl- containing environment to form
a powerful oxidizing agent capable of attacking mi-
croorganisms, mammalian cells (1, 4), and a variety
of soluble inflammatory mediators (for recent exam-
ples, see references 28 and 29). In the presence of H202
and Cl-, purified myeloperoxidase can continuously
generate free HOC1 via a mechanism that does not
require the presence of organic chloride acceptors (10).
Apparently, the enzyme system does not directly chlo-
rinate substrates nor does it generate other chloride
oxidation products. In solution, HOCI may be in equi-
librium with other oxychloro compounds, but HOC1
and its anion OC1- are the predominant species under
physiologic conditions (30).

Both HOCI and OC1- are powerful oxidants capable
of reacting with amines, amino acids, sulfhydryls, di-
sulfides, thioethers, aromatics, and a variety of poten-
tially important biological substrates (30-32). Because
of this reactivity, steady-state concentrations of HOC1
and OC1- would be difficult to detect in complex bi-
ological systems. In this study, we chose taurine as a
model compound capable of reacting with HOCI/
OC1- at diffusion controlled rates to form a stable and
quantitable chloramine derivative (12-14). The ap-
plicability of this technique was initially examined in
a model H202-myeloperoxidase-Cl- system wherein
H202 was stoichiometrically oxidized to a product ca-
pable of chlorinating taurine. Based on the known abil-
ity of the myeloperoxidase system to generate free
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HOCI (10), it would seem that this oxidant was re-
sponsible for taurine chloramine formation. Thus, it
appeared that taurine might allow us to trap and quan-
titate chloride peroxidation products generated by the
intact neutrophil.

In the presence of taurine, PMA- or zymosan-stim-
ulated neutrophils generated large quantities of a spe-
cies capable of oxidizing TNB to DTNBor I- to I2.
Both UV spectrophotometry and high voltage paper
electrophoresis helped confirm the formation of tau-
rine chloramine. Although monochloramines can be
oxidized to dichloramines (13, 14, 30), we found no
evidence for the generation of this oxidant by the neu-
trophil in the presence of a large excess of taurine.
These data indicate that neutrophils can form an ox-
idant capable of attacking the amine group of taurine
to form the N-Cl derivative.

Chloramine generation by the neutrophils plateaued
as the concentration of exogenous taurine reached 15
mM. The optimal concentration of taurine was signif-
icantly higher than that used in the model myelo-
peroxidase system and probably reflects the increased
number of potential substrates in the more complex
neutrophil system. Similarly, at low taurine concen-
trations, increased amounts of chloramine were de-
tected with PMAas the stimulant as opposed to zy-
mosan particles. Higher concentrations of taurine
might be required to scavenge the oxidant with zym-
osan because the chloride peroxidation product can
react with the opsonized particle.2 Alternatively, zym-
osan is internalized and high taurine concentrations
could favor an increased intravacuolar concentration
of the scavenger. It is interesting to note that even in
the absence of exogenous taurine, small amounts of a
stable oxidant could be detected with either stimulant
(Fig. 5). Whether this represents the formation of an
endogenous chloramine or some other stable oxidant
remains to be determined.

Analysis of the oxidant distribution in the super-
natant and cell button revealed that the majority of
the chloramine was in the extracellular milieu, but we
cannot be certain that this necessarily reflects extra-
cellular chloramine generation. Either the chloride
peroxidation products or the chloramine itself might
be generated within the vacuole and then diffuse out
of the cell. At present, the amounts of taurine available
within the vacuolar space to scavenge the oxidant are
unknown. Alternatively, neutrophils do release H202
and myeloperoxidase extracellularly (1, 4), and we
might be detecting only those chloramines generated
outside the cell. In other studies, myeloperoxidase-

2 S. J. Weiss. Unpublished observations.

mediated iodination products generated by neutro-
phils are also preferentially localized in the extracel-
lular rather than the intracellular environment (1, 16).

Studies designed to determine the requirements for
taurine chloramine generation by the neutrophil clearly
indicated a pivotal role for H202, myeloperoxidase,
and Cl-. First, the ability of the cell to generate the
chloramine was inhibited in the presence of catalase.
Although catalase inhibited taurine chloramine gen-
eration by either PMA- or zymosan-stimulated cells,
it was more effective in the PMAsystem. PMA-stim-
ulated cells release large amounts of oxygen metabo-
lites extracellularly but only small quantities of my-
eloperoxidase (26, 27), while zymosan-stimulated neu-
trophils generate oxygen metabolites and release large
amounts of myeloperoxidase into the phagocytic vac-
uole. Thus, in the presence of PMA, catalase may not
have to gain access into the small vacuolar space to
inhibit chloramine formation and, in addition, would
be competing for H202 with a lower concentration of
myeloperoxidase. Second, a role for myeloperoxidase
was underlined by the ability of azide, cyanide, and
aminotriazole to inhibit taurine chloramine genera-
tion. Although cyanide and aminotriazole can directly
inhibit myeloperoxidase, they can also react with
HOC1 (30). It should be noted that a variety of per-
oxidase inhibitors seem to mediate their effects by in-
teracting with the activated halide rather than directly
with the enzyme (33, 34). Finally, a Cl- requirement
was based on the inhibitory effects of Cl--free con-
ditions on chloramine formation. These results are not
surprising since the oxidant being measured is itself
a chlorinated derivative. Although neutrophils incu-
bated in Cl--free buffers may have altered functions,
neither exogenous H202 nor myeloperoxidase stimu-
lated chloramine generation. Thus, it appears that in-
tact neutrophils can utilize the H202-myeloperoxidase-
Cl- system to generate an oxidant capable of chlori-
nating taurine. Based on the demonstrated ability of
the myeloperoxidase system to peroxidize Cl- to
HOCI, it would seem that this is the most likely species
responsible for chloramine formation. Although this
conclusion is indirect, it should be reemphasized that
myeloperoxidase does not directly chlorinate organic
Cl- acceptors and has not been demonstrated to gen-
erate any other chloride oxidation products (10, 11).

HOC1is a powerful oxidant capable of reacting with
a host of biologically important molecules (30-32). We
have previously shown that a human tumor cell line
is sensitive to low concentrations of HOC1(8) and Tho-
mas (17) has demonstrated its strong bactericidal po-
tential. Indeed, neutrophils are capable of incorporat-
ing chloride into insoluble fractions of phagocytosed
bacteria (35). The reactivity of HOC1 also suggests

Evidence for Hypochlorous Acid Generation by Neutrophils 60V5



potential control mechanisms for limiting its produc-
tion. HOCI generation by neutrophils would be de-
pendent on the quantity of H202 produced, the rate
of H202 catabolism by endogenous catalase or the glu-
tathione redox system, the amount of myeloperoxidase
released, and the availability of potential substrates for
HOCI. If sufficient myeloperoxidase is released but
there are no available substrates for HOCI, either mye-
loperoxidase (6, 10) or possibly NADPHoxidase itself
(36) could be rapidly inactivated. In our system, 2
x 106 zymosan-stimulated neutrophils generated -260
nmol of H202 (based on values obtained for 2.5 X 105
cells) compared with -100 nmol of taurine chlora-
mine. Weconclude that -40% of the detected H202
was utilized by the myeloperoxidase system to gen-
erate HOCI. Although the utilization of H202 by mye-
loperoxidase may be maximized in our system via the
maintenance of high concentrations of taurine, chlo-
ramines are oxidants that may be capable of inacti-
vating myeloperoxidase (37). In the presence of an
acceptor molecule that does not form an oxidant, even
more effective utilization of H202 by myeloperoxidase
might be attained.

In this study, taurine was used to trap and quantitate
HOCI, but these results also suggest that neutrophils
may use amines present at inflammatory sites to gen-
erate stable chloramine derivatives. Chloramines can
oxidize sulfhydryl containing compounds, thioethers,3
iodide, and may slowly hydrolyze to regenerate HOCI
(38). Indeed, Thomas (38) has recently demonstrated
the bactericidal potential of a variety of chloramines.
Thus, neutrophils could also utilize the myeloperoxi-
dase system to generate long-lived oxidants capable of
mediating inflammatory effects long after the termi-
nation of the respiratory burst. Based on the demon-
strated reactivity of HOCI and its chloramine deriv-
atives, these neutrophil-derived oxidants should play
an important role in host defense and the inflamma-
tory response.
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