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The rhodamine-based probe R19-S has been shown to react
with hypochlorous acid (HOCl) to yield fluorescent R19, but not
with some other oxidants including hydrogen peroxide. Here,
we further examined the specificity of R19-S and used it for
real-time monitoring of HOCl production in neutrophil phago-
somes. We show that it also reacts rapidly with hypobromous
acid, bromamines, and hypoiodous acid, indicating that R19-S
responds to these reactive halogen species as well as HOCl.
Hypothiocyanous acid and taurine chloramine were unreactive,
however, and ammonia chloramine and dichloramine reacted
only very slowly. MS analyses revealed additional products from
the reaction of HOCl with R19-S, including a chlorinated spe-
cies as a minor product. Of note, phagocytosis of opsonized
zymosan or Staphylococcus aureus by neutrophils was accompa-
nied by an increase in R19 fluorescence. This increase depended
on NADPH oxidase and myeloperoxidase activities, and detec-
tion of chlorinated R19-S confirmed its specificity for HOCl.
Using live-cell imaging to track individual phagosomes in single
neutrophils, we observed considerable heterogeneity among the
phagosomes in the time from ingestion of a zymosan particle to
when fluorescence was first detected, ranging from 1 to >30
min. However, once initiated, the subsequent fluorescence
increase was uniform, reaching a similar maximum in �10 min.
Our results confirm the utility of R19-S for detecting HOCl in
real-time and provide definitive evidence that isolated neutro-
phils produce HOCl in phagosomes. The intriguing variability
in the onset of HOCl production among phagosomes identified
here could influence the way they kill ingested bacteria.

Since Klebanoff (1–5) first demonstrated the microbicidal
activity of myeloperoxidase (MPO),4 hydrogen peroxide

(H2O2), and chloride, there is a general consensus that the
product of this reaction, hypochlorous acid (HOCl), plays an
important role in the killing of bacteria by neutrophils. How-
ever, demonstrating that HOCl is produced when neutrophils
ingest bacteria and dissecting its role in killing has been chal-
lenging, due to difficulties in detecting this highly reactive spe-
cies. Several studies involving analysis of phagosomal contents
provide evidence that HOCl is produced (3, 6 –10) but there is
debate about how much, whether this is sufficient to kill, and
whether it does so directly. Others query whether HOCl is pro-
duced at all (11, 12). To gain a greater understanding of how
MPO functions during phagocytosis, real-time monitoring of
HOCl at intracellular sites is needed.

In recent years, a plethora of probes for HOCl has been devel-
oped (13–18). One of these, R19-S, is a rhodamine-based dye
developed by Chen and colleagues (13, 19). The dye is initially a
nonfluorescent thiospirolactone that gets switched on to a
highly fluorescent rhodamine structure (R19) upon oxidation
by HOCl (Fig. 1). Chen et al. (13) showed a positive response in
phagocytosing neutrophils, and established specificity relative
to H2O2, superoxide, hydroxyl and peroxyl radicals, singlet oxy-
gen, and reactive nitrogen species. They also showed that, in
contrast to some of the other probes, R19-S is not a direct sub-
strate for MPO. However, none of these probes has been tested
for specificity against hypobromous acid (HOBr), hypoiodous
acid (HOI), and hypothiocyanous (HOSCN), which are gener-
ated by MPO and other mammalian peroxidases, or against the
chloramines or bromamines that are produced in secondary
reactions with amines or ammonia (Reactions I and II for
HOCl).

HOCl � RNH2 ¡ RNHCl � H2O
Reaction I

HOCl � RNHCl ¡ RNCl2 � H2O
Reaction II

We have extended the initial studies with R19-S to charac-
terize the products of the reaction using MS and to establish
that the probe can react with some of these other peroxidase
products. We have also used it for in-depth studies of MPO-de-
pendent HOCl production by phagocytosing neutrophils. We
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show that R19-S oxidation can be followed by flow cytometry or
fluorescence microscopy to track intracellular and extracellular
HOCl, and with live-cell imaging to follow production in real-
time in individual phagosomes. This has revealed heterogeneity
between individual phagosomes in the time course of HOCl
production following ingestion of zymosan particles, with some
showing a rapid increase in fluorescence and others remaining
nonfluorescent over the 30-min recording period.

Results and discussion

Products and reactivity of R19-S with HOCl

Chen et al. (13) have shown that R19-S reacts with HOCl to
give the fluorescent product, R19 (Fig. 1). To gain an apprecia-
tion of whether multiple products are formed, we analyzed the
reaction using LC-MS. R19-S (mass 430 Da, Fig. 2A) gave a peak
at 15 min with m/z of 431 representing the singly charged ion.
Addition of HOCl at a molar ratio of 0.5:1 resulted in loss of a
quarter of the R19-S peak, consistent with a 2:1 HOCl:R19-S
stoichiometry. One major product peak was observed at 12.8
min, which contained three main ion species with m/z of 415,
430, and 447 (Fig. 2B). The highest intensity m/z 415 peak can
be assigned to the singly charged [M�H]� of R19 (mass 414
Da). The other ions are consistent with the doubly charged
[M�2H]2� of a covalent R19-S dimer (mass 2 � 430 �2H) and
singly charged [M�H]� of R19�O (mass 430 � 16). Although
the structures of the product species were not characterized
further, the dimer could be a disulfide and the M�16 peak a
sulfoxide, likely intermediates or products in the multistep oxi-
dation of R-19S. At high ratios of HOCl:R19-S, R19 underwent
further oxidation to nonfluorescent species.

Upon HOCl treatment, a small shoulder appeared at 15.8
min. This contained ions with the m/z of 465 and 467 at a ratio
of 3:1, consistent with the singly charged [M�H]� of the two
isotopes of a chlorinated R19-S species, designated as R19S-Cl
(Fig. 2B). Although a minor product, the definitive chlorine 3:1
footprint is a marker of oxidation by HOCl.

To determine how effectively R19-S can compete for HOCl
in the presence of physiological targets, we carried out the reac-
tion in the presence of varying concentrations of a range of
compounds that react with HOCl with known rate constants.
For the reaction of 5 �M HOCl with 10 �M R19-S, the addition
of N-�-acetyl-Lys (k � 7.9 � 103 M�1 s�1), taurine (k � 4.8 �
105 M�1 s�1), or N-acetyl-Trp (k � 1.1 � 104 M�1 s�1) (20) at 20
�M, caused almost complete inhibition. However, as shown in
Fig. 3, the data did not fit a simple competitive model, with
N-�-acetyl-Lys showing the same inhibition curve with 10 �M

as with 100 �M R19-S. This could be explained by the reaction
of R19-S involving multiple steps, with a faster first step gener-
ating an intermediate, which is scavenged by the other com-
pounds. Further kinetic analyses are required to elucidate the

mechanism and obtain rate constants. However, the observa-
tion that low concentrations of amino acids were able to inhibit
fluorescence indicates that one step may be relatively slow, and
at concentrations typically used in cell studies R19-S would
have to compete with multiple physiological targets.

Reactivity of R19-S with other hypohalous acids and
haloamines

We compared the reactivity R19-S with HOCl, HOBr,
HOSCN, HOI, chloramines, and bromamines. With equimolar
HOCl and R19-S, the reaction was rapid and complete within 5
min (Fig. 4). HOBr also reacted rapidly but gave only half the
fluorescence yield of HOCl. HOSCN gave almost no reaction
even after 1 h, although a gradual response was seen at higher
concentrations. HOI reacted rapidly to give very high fluores-
cence, with absorbance changes indicating that (possibly
iodinated) products other than R19 were formed. To test for
chloramine and bromamine reactivity, we selected taurine
derivatives, as they are among the less reactive amino acid
haloamines, and the highly reactive mono- and di-chloramines
of ammonia (21, 22). Taurine chloramine did not react with
R19-S, and although the ammonia chloramines did react, their
reactions were very slow and at 1 h gave only 12 and 16%,
respectively, of the fluorescence seen with HOCl within 5 min.
However, taurine bromamine reacted rapidly and gave twice
the yield seen with HOCl. The reason for the different yields
with the brominated oxidants was not explored but it is likely
that they reflect formation of different proportions of R19 and
the other nonfluorescent products.

It is apparent from our results that R19-S is not specific for
HOCl, and in systems where other peroxidase products are
generated, they should be considered as potential probe oxi-
dants. However, with neutrophils it is reasonable to assume that
the probe detects HOCl production. HOBr and HOI are minor
MPO products at physiological bromide and iodide concentra-
tions. Although chloramines are likely to be formed from HOCl
in neutrophils (23), their low or negligible reactivity means they
should contribute little to probe oxidation. On the other hand,
eosinophil peroxidase and peroxidasin use bromide as a favored
substrate, and R19-S will detect HOBr and bromamines in sys-
tems where these peroxidases are active.

We confirmed previous findings (13) that R19-S does not
react with H2O2 or with MPO in the absence of chloride, and
observed that the fluorescence yield was similar when HOCl
was added as a reagent or was generated by MPO, chloride, and
an equivalent concentration of H2O2 (not shown). It has
recently been reported that a pH of 8.5–9 is achieved within
neutrophil phagosomes (12). We therefore tested the reactivity
of HOCl with R19-S at a higher pH. Under conditions similar to
those in Fig. 4 the fluorescence yield at pH 8.5 was 110 � 10% of
that at pH 7.4. At pH 8.5, H2O2 (100 �M) still gave no reaction.

Detection of HOCl production by stimulated neutrophils using
R19-S

Detection of extracellular and intracellular HOCl by fluo-
rimetry—The original study with R19-S used live cell imaging to
detect HOCl in neutrophils (13). We tested whether it could be
used with fluorimetry or flow cytometry. For fluorimetry, neu-

Figure 1. Structures of R19-S (left) and R19 (right).
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trophils were stimulated to ingest opsonized zymosan in the
presence of R19-S in 96-well plates. Little fluorescence was seen
in resting cells, but with zymosan added there was an initial lag,
then a progressive increase in R19 fluorescence over time (Fig.
5A). The NADPH oxidase inhibitor, diphenyleneiodonium
chloride (DPI), completely suppressed the response. This
method measures both intracellular HOCl and HOCl produced
by the neutrophils and released into the medium. To measure
predominantly intracellular HOCl, we added methionine, an
efficient HOCl scavenger that should act outside the cells and
have little intracellular impact. Most of the signal was sup-
pressed. Furthermore, when the cells and supernatant were
separated at the end of the experiment, the majority of the fluo-
rescence was extracellular and prevented by methionine (Fig.
5B). The lower fluorescence of the cell fraction was relatively
resistant to methionine. Thus neutrophil HOCl production can

be measured by this method, but it is difficult to detect intra-
cellular events.

NOX2 and MPO dependence of HOCl production demon-
strated with flow cytometry—For flow cytometry, opsonized
zymosan (20:1) was added to the neutrophils, with methionine
included to scavenge extracellular HOCl. There was a pro-
nounced increase in R19-S fluorescence in the stimulated but
not resting cells that was totally inhibited by DPI (Fig. 6, A and
B). Imaging of the neutrophils after 30 min showed phagocyto-
sis of multiple zymosan particles and R19-S fluorescence asso-
ciated with most but not all phagosomes (Fig. 6B). By flow
cytometry, two populations of cells with different fluorescent
intensity were apparent, perhaps representing varying degrees
of phagocytosis or NOX activity. Cellular R19-S fluorescence
increased rapidly after zymosan addition and slowed down by
30 min (Fig. 6C). A shorter lag was seen than in Fig. 5, probably

Figure 2. Detection of multiple products formed from R19-S and HOCl by LC-MS. A and B, total ion chromatograms of (A) R19-S (20 �M) before and (B) after
incubation with HOCl (10 �M). Insets show mass spectra for R19-S (431), and the peaks containing R19 (415) and R19S-Cl (465/467).
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because phagocytosis was more efficient in the rotating tubes
used for these experiments than in the more static plate format.

Consistent with the signal being due to HOCl, fluorescence
was much lower when the neutrophils were suspended in chlo-
ride-free buffer (Fig. 6C). Definitive proof that HOCl was
responsible for oxidation was obtained by LC-MS analysis of
the R19-S oxidation products. Both R19 and the chlorinated
product R19S-Cl were detected and decreased in parallel in the
presence of DPI (Fig. 6D).

An increase in intracellular R19 fluorescence was also detect-
able in neutrophils following phagocytosis of Staphylococcus
aureus (Fig. 6E). The response followed a similar time course to

that with zymosan. The signal with bacteria was lower, consis-
tent with their smaller size giving smaller phagosomes. When
neutrophils from a severely MPO-deficient individual (2–3% of
normal activity) (24) were stimulated with S. aureus, the fluo-
rescence response was less than 15% of that with normal neu-
trophils, thus establishing MPO-dependence.

We also determined the effect on intracellular HOCl produc-
tion of two potent inhibitors of MPO: 2-thioxanthine TX1,
which acts as a suicide inhibitor, and hydroxamate HX1, which
is a tight binder (25, 26). Flow cytometry analyses following
ingestion of S. aureus (Fig. 6F) showed that both TX1 and HX1
decreased fluorescence by �50%. Previously, these inhibitors
have been shown to fully inhibit HOCl production by MPO
(27). Consistent with this, we measured complete inhibition of
extracellular R19 fluorescence with phorbol 12-myristate
13-acetate-stimulated cells (not shown). Compared with the
near complete lack of R19-S oxidation in MPO-deficient cells,
these potent inhibitors were unable to completely suppress the
activity of MPO released into the neutrophil phagosome. A
possible explanation is low permeability, but other contributors
may be the high MPO concentration in the phagosome (6).

Superoxide reacts directly with HOCl and interacts with
MPO to modulate HOCl production (28, 29). To test whether
these interactions affect HOCl production in the phagosome,
where large amounts of superoxide are generated, we attached
SOD to the surface of the zymosan so that it would be taken
up during phagocytosis and examined the effect on R19-S
fluorescence. Analyses performed with dihydroethidium as a
superoxide detector (30) showed that the attached SOD sig-
nificantly decreased the fluorescent signal of the cells (Fig.
7). Coupled SOD gave a small but significant increase in R19
fluorescence above either normal zymosan, or zymosan cou-
pled to inactivated SOD. These results are consistent with
the superoxide generated in the phagosome causing a slight
decrease but not a major impact on the availability of HOCl
in the phagosome.

Following phagosomal HOCl production by live-cell imaging—
The images in Fig. 6B show clearly that R19-S fluorescence is
closely associated with individual phagosomes following inges-

Figure 3. Assessment of reaction kinetics between R19-S and HOCl by
competition with N-�-acetyl-lysine. 10 (E) or 100 �M (F) R19-S was mixed
with increasing concentrations of N-�-acetyl-Lys in PBS, then 5 �M HOCl was
added while vortexing. Fluorescence (excitation 515/emission 550) was mea-
sured immediately upon transfer of the reaction mixture into a platereader.
The fluorescence in the absence of N-�-acetyl-Lys is the control value for
formation of fluorescent R19. Each data point is the mean � S.D. of the %
inhibition measured in three separate experiments.

Figure 4. Fluorescence response of R19-S to hypohalous acids, chlora-
mines, and bromamines. Reactions were carried out in PBS by mixing 10 �M

R19-S and 10 �M of each oxidant while vortexing. The fluorescence response
was measured at 5 (gray bars) and 60 min (black bars) using a platereader.
TauCl, taurine chloramine; TauBr, taurine bromamine. Results are expressed
as a percent of the fluorescence observed with HOCl at 60 min (white-filled
bar) and are mean � S.D. from three independent experiments. The products
with HOI, as well as having high fluorescence, showed a different UV-visible
spectrum from that with HOCl, with higher absorbing peaks in the 515 nm
excitation band region.

Figure 5. Detection of R19-S oxidation by phagocytic neutrophils using
fluorimetry. A, total R19-S fluorescence detected for neutrophils stimulated
with opsonized zymosan (1:20) in the absence (F) or presence of DPI (Œ) or
methionine (�). Control cells (E) have no zymosan added. Incubations were
carried out in HBSS in 96-well plates and fluorescence (excitation 515/emis-
sion 550 nm) was measured at intervals up to 65 min. B, fluorescence of extra-
cellular (black) and intracellular (gray) fractions prepared from neutrophils
after 70 min incubation with zymosan � methionine (1 mM) as in A. Statisti-
cally significant decrease in fluorescence of the extracellular (*, p � 0.013,
paired t test) but not intracellular fractions. Results are mean � S.E. from three
independent experiments.
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Figure 6. Detection of HOCl production within neutrophils stimulated by zymosan or bacteria, and dependence on NOX2 activity and MPO. A, flow
cytometry scattergrams from unstimulated neutrophils (polymorphonuclear (PMN), top) and neutrophils stimulated with 20:1 zymosan in HBSS containing 1
mM methionine, in the absence (middle) and presence (bottom) of DPI, recorded after 30 min. The gated neutrophil populations (left panels) were analyzed for
R19 fluorescence (middle panels) and represented as histograms (right panels). B, corresponding merged R19 fluorescence (red) and bright field (Cy3/DIC)
images of neutrophils treated for 30 min as in A and recorded by fluorescence microscopy. C, time course of mean fluorescence increase for the entire
neutrophil population treated as in A for neutrophils that were unstimulated (E) or stimulated with zymosan in the absence (F) or presence (Œ) of DPI or
treated in chloride-free gluconate buffer (�). Results show mean � S.E. from three independent experiments. Data points are normalized against the
fluorescence (93 FU) of phagocytic neutrophils at 30 min. D, detection of R19 and R19S-Cl by LC-MS in neutrophils (106) harvested and lysed following 30 min
stimulation as in A. Data are means of duplicates � S.D. from a representative of two independent experiments. E, R19-S fluorescence increase over time
measured by flow cytometry as in A following addition of S. aureus (at 10:1) to normal neutrophils in the absence (F) or presence (Œ) of MPO inhibitor TX1, and
neutrophils from an individual with MPO deficiency (�), compared with normal neutrophils incubated without bacteria (E). Results show mean � S.D., the
mean maximum fluorescence of normal neutrophils after phagocytosing bacteria was 13 FU. F, inhibition of R19 fluorescence by MPO inhibitors. Neutrophils
were incubated with S. aureus (at 10:1) in the presence of 1 mM methionine for 30 min with and without pre-exposure for 10 min to 10 �M TX1 or HX1. *,
significance relative to S. aureus with no inhibitor as determined by one-way analysis of variance with Dunnett’s post-test correction for multiple comparisons
(p � 0.0001).

Hypochlorous acid in neutrophil phagosomes

J. Biol. Chem. (2018) 293(40) 15715–15724 15719



tion of zymosan particles. To gain a greater insight into HOCl
production within the neutrophils, time-lapse videos were
taken (see Movie S1) with a sequence of shots taken over a
30-min period as shown in Fig. 8A. Over time, more neutrophils
and zymosan particles entered the frame as they settled to the
base of the dish, with 15 neutrophils visible by 30 min in the
field shown. Each neutrophil sequentially took up multiple par-
ticles into individual phagosomes, and after a lag period there
was a progressive increase in fluorescence intensity. This pro-
cess appeared to occur independently in each phagosome.

To gain quantitative data on the time course of ingestion and
fluorescence, we used imaging software to track individual pha-
gosomes. Two parameters were monitored, the time between
phagocytosis and detectable fluorescence, and the time
between detectable and maximal fluorescence. As shown in Fig.
8B, the lag-timebetweenzymosaningestionanddetectable fluo-
rescence varied widely. Most phagosomes became fluorescent
within 10 min of ingestion (average lag-time 5.8 min) but some
took longer and remained nonfluorescent at the end of the
video recording. The observed variability existed within each
neutrophil rather than between neutrophils. As shown in Fig.
8C, for the cells in which multiple phagosomes were followed,
some showed uniformly short lags, but those containing pha-
gosomes that responded slowly invariably contained others
that showed a rapid response.

Development of fluorescence within each phagosome was
much more uniform (Fig. 8D). As soon as the signal was detect-
able, it increased rapidly over about 2 min, then continued to
increase at a slower rate to reach a maximum that remained
steady for the duration of the time-lapse events. The whole
process was complete within about 10 min. A possible explana-
tion for the plateauing of fluorescence is that all the R19-S was
consumed. However, this is unlikely because when MPO was
partially inhibited by TX1, both the rate of increase and the
maximum fluorescence in each phagosome were decreased (64

and 52%, respectively) but the kinetic profile was similar (Fig.
8D). The percentage of fluorescent phagosomes was not altered
on addition of TX1. Furthermore, R19-S was still detectable by
LC-MS in the experiment described in Fig. 6D, indicating that it
should not have been limiting. It is likely, therefore, that the R19
fluorescence signal monitors the duration of HOCl production
in each phagosome.

Conclusions

Our results provide good validation of R19-S as a detector of
real-time HOCl production in neutrophils. We have also shown
that the probe reacts well with HOBr and bromamines. This
extends its usefulness for monitoring systems such as eosino-
phils or collagen IV-producing cells, where these species are
produced by eosinophil peroxidase or peroxidasin. The non-
specificity of the probe is unlikely to be an issue with isolated
neutrophils. However, in more complex systems such as whole
animals it will not distinguish which oxidant is being detected.
We have shown that R19 is not the only product, and that com-
peting reactions in a physiological environment should result in
R19-S capturing only a fraction of the HOCl being generated.
Although this makes absolute quantification difficult, it has an
advantage for neutrophil studies, as otherwise the probe could
be consumed too rapidly.

Our results with R19-S provide convincing evidence that
HOCl is produced within phagocytosing neutrophils, and sub-
stantiate other studies where this has been measured less
directly (3, 8, 18, 31, 32). HOCl production can be monitored in
a fluorescence platereader, but intracellular probe oxidation is
best monitored by flow cytometry or live-cell imaging. Inges-
tion of zymosan can be readily followed as well as the lower
fluorescence associated with uptake of smaller bacteria.

The value of live-cell imaging is that individual phagosomes
can be tracked independently within the same neutrophil. The
most striking feature of these results was the heterogeneity of
phagosomes. Quantitative analysis gave a duration of HOCl
production from the time of first detection of �10 min. This, as
well as the amount of signal produced, was reasonably consis-
tent between phagosomes, and agrees well with other less direct
measurements of the length of the neutrophil oxidative burst
(33). However, there was surprising variability in the time
between phagocytosis of a zymosan particle and the onset of
R19-S oxidation. This ranged from a minute to longer than the
30-min video recording. Our data suggest that if monitored for
long enough all the phagosomes would eventually show detect-
able HOCl, but it is possible that some would never do so. Con-
tributors to the lag could be assembly of the membrane-bound
and soluble NOX2 components required for activation and
superoxide generation, fusion of azurophil granules and release
of their MPO, and initial scavenging of HOCl by highly reactive
targets. Although it is likely that R19-S competes for only a
fraction of the HOCl produced, it seems unlikely that the avail-
ability of scavengers would differ sufficiently between phago-
somes to account for the variations in lag. Non-uniform distri-
bution of the cell-permeable dye also seems unlikely. A more
likely scenario is that there is variability in the timing of NOX2
assembly, with the possibility that this does not occur in every
phagosome. This is supported by the findings of Dinauer and

Figure 7. Effect of delivering zymosan-bound SOD to neutrophil phago-
somes. Neutrophils (5 � 106/ml) were pretreated with either 10 �M dihydro-
ethidium (gray bars) or 10 �M R19-S (black bars), and then incubated with the
zymosan preparations (5 � 107/ml) for 30 min at 37 °C. Mean intracellular
fluorescence of the neutrophils was measured by flow cytometry, and values
are expressed relative to the fluorescence with normal zymosan. *, dihydro-
ethidium fluorescence significantly decreased and R19 fluorescence signifi-
cantly increased with SOD-linked zymosan compared with phagocytosis of
normal zymosan or inactive SOD-zymosan (p � 0.01, paired t test). Results are
mean � S.D. from three separate experiments.
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co-workers (34), who followed the assembly of NOX2 in neu-
trophils after particle ingestion, and showed that within the
same cell the cytoplasmic components p47phox and p67phox

migrated to the membranes of some but not other individu-
al phagosomes. This intriguing observation has implica-
tions for possible heterogeneity in the killing of ingested
microorganisms.

Another useful application of R19-S is for monitoring how
well small molecule inhibitors act against MPO within the neu-
trophil. Various compounds that inhibit MPO are currently
used to probe the involvement of MPO in experimental systems
or are in development as potential drugs for use in conditions
such as cardiovascular disease where MPO is implicated in the
pathology (25, 26, 35, 36). Our results show that even potent

Figure 8. HOCl production in individual phagosomes of neutrophils stimulated with opsonized zymosan as assessed by live-cell fluorescence imag-
ing. A, time-lapse frames at 0, 10, 20, and 30 min from a movie of neutrophils and R19-S incubated with zymosan particles (1:20). Images show merged Cy3/DIC
channels, and the full video is available in Movie S1. B, analysis of 233 phagosomes from 54 neutrophils monitored in a typical experiment as in A. The change
in time is the interval between frames when phagocytosis of a particle occurred and R19 fluorescence first appeared. Each phagosome is plotted as a red dot
against the time it took to start fluorescing. White dots represent phagosomes that formed in the first 20 min of the movie, but failed to fluoresce within the
plotted time change until the end of the video. C, mean lag-times for fluorescence in neutrophils with three or more phagosomes. Each plotted circle represents
one of 43 monitored neutrophils, where the mean lag-time � S.D. was calculated for the initial appearance of detectable fluorescence in its phagosomes after
ingestion of a zymosan particle. The neutrophils are arranged vertically in increasing order of how many phagosomes were monitored per neutrophil. The
mean lag-time across all 197 fluorescent phagosomes was 5.8 min, indicated by the dotted line. D, the development of fluorescence in phagosomes was
compared for neutrophils incubated with zymosan in the absence (F) or presence (E) of MPO inhibitor TX1 (10 �M). The increase in fluorescence intensity is
plotted against time, starting from when it was first detectable. Data points are the mean � S.E. from 20 phagosomes analyzed in three separate experiments.
A low fluorescence intensity was set and each video frame was analyzed until maximum fluorescence was obtained using Cell R software.
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inhibitors of MPO in isolation are only partially effective inside
the cell. This could be desirable for therapeutic applications
aimed at inhibiting extracellular MPO without affecting micro-
bicidal activity, but in other applications it could be a disadvan-
tage. A rapid screen with R19-S and flow cytometry would
enable intracellular potency to be assessed.

Experimental procedures

Reagents

R19-S was purchased from FutureChem Co. (Seoul, Republic
of Korea) or synthesized as described (19). Stock solutions of
�1 mM in acetonitrile were prepared weekly with concentra-
tions determined by measuring absorbance at 308 nm (�308
14,000 M�1 cm�1).

Myeloperoxidase inhibitors TX1 (3-isobutyl-2-thioxo-7H-
purine-6-one) and HX1 (2-(3,5-bistrifluoromethylbenzyl-
amino)-oxo-1H-pyrimidine-5-carbohydroxamic acid) were
gifts from AstraZeneca (Mölndal, Sweden). Hydrogen peroxide
(H2O2 30% solution, Lab-Serv Pronalys) was purchased from
Biolab (Auckland, New Zealand). Other chemicals were from
Sigma.

Sodium hypochlorite (from household bleach, Sara Lee Ltd.,
New Zealand) was standardized by measuring A292 at pH 12
(�292 350 M�1 cm�1) then diluted in PBS (137 mM NaCl in 10
mM phosphate buffer, pH 7.4). HOBr was prepared by adding
HOCl to a 1.6-fold molar excess of NaBr in PBS. Its concentra-
tion was determined by absorbance at pH 12 (�329 332 M�1

cm�1). HOSCN was prepared from lactoperoxidase, sodium
thiocyanate, and H2O2 as described (37). HOI was prepared by
mixing equal volumes of 10 mM HOCl and 15 mM potassium
iodide, and used within 2 min of mixing. The initial concentra-
tion of HOI was based on the assumption of 100% conversion of
HOCl to HOI. Taurine chloramine and taurine bromamine
were prepared by adding HOCl or HOBr with mixing to a
10-fold molar excess of taurine, and NH2Cl by adding HOCl to
a 10-fold excess of ammonium acetate. Concentrations were
determined assuming 100% conversion of HOCl or HOBr.
NHCl2 was prepared by adding a 2-fold excess of HOCl to
ammonium acetate in 20 mM phosphate, pH 5.5, at 4 °C. Its
concentration was determined from the absorbance of the solu-
tion and �294 270 M�1 cm�1. These oxidants were used imme-
diately after preparation.

Neutrophils and stimulants

Human neutrophils were isolated from heparinized periph-
eral blood of healthy donors and an individual with severe MPO
deficiency (24), with informed consent approved by the South-
ern Health and Disability Ethics Committee, New Zealand.
Neutrophils were prepared by dextran sedimentation followed
by Ficoll-Paque centrifugation and hypotonic lysis of contami-
nating erythrocytes (38) and resuspended in Hanks’ buffered
salt solution (HBSS; PBS containing 1 mM CaCl2, 0.5 mM

MgCl2, and 1 mg/ml of glucose).
S. aureus (strain 502a, ATCC 27217) from overnight cultures

was washed with PBS and opsonized by incubating with human
serum (20% in HBSS) at 37 °C for 20 min immediately before
use. Zymosan A (from Saccharomyces cerevisiae, Sigma) was
prepared in advance for opsonization by sonicating and boiling,

then stored in frozen aliquots (39). Within 2 h of use it was
incubated with human serum (50% in HBSS) at 37 °C for 30
min, washed by centrifugation, and resuspended in HBSS (5
mg/ml for 3 � 108/ml).

To covalently attach SOD, zymosan (14 mg/ml) and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (18
mg/ml) (ThermoFisher) were suspended in MOPS buffer
(0.025 M, pH 6) and treated with SOD (320 �g/ml) according to
the manufacturer’s instructions. The zymosan-SOD particles
were collected by centrifugation, washed, and resuspended in
PBS (20 mg/ml). Attachment of active SOD was confirmed by
the ability of the particles to inhibit cytochrome c reduction
with xanthine oxidase as the source of superoxide. The zymo-
san-linked SOD was inactivated by incubating at 37 °C for 1.5 h
with 20 mM diethyldithiocarbamate (40). Intraphagosomal
superoxide production was detected using dihydroethidium
and measuring its fluorescent oxidation products (30) by flow
cytometry (excitation 488/emission 575).

Reactions of R19-S with oxidants

Reactions were typically performed with R19-S (10 or 20 �M

in PBS) and HOCl or one of the other oxidants (usually either
equimolar or at half the R19-S concentration) added while vor-
texing. Samples were analyzed by LC-MS or fluorescence was
followed over time with a Varioskan Flash platereader (Thermo
Scientific, Finland) using 515 nm excitation and 550 nm
emission.

Measurement of HOCl production by stimulated neutrophils

Typically, neutrophils were stimulated by incubating at 1 �
106/ml in HBSS at 37 °C with either opsonized zymosan (2 �
107/ml) or S. aureus (1 � 107/ml). R19-S (10 �M) and other
reagents were added 10 min before stimulation. For fluorime-
try, incubations were performed in 96-well plates with gentle
shaking. Fluorescence measurements (excitation 515/emission
550 nm) were recorded over 60 min. To analyze extracellular
and intracellular fractions, aliquots from reaction mixtures
were spun at 300 � g for 5 min, and the fluorescence of super-
natants and resuspended cell pellets were analyzed. For flow
cytometry, incubations were performed in tubes with end-
over-end rotation. Samples were removed at intervals for anal-
ysis using an FC500 MPL flow cytometer (Beckman Coulter)
with gating on the neutrophil population, and red fluorescence
intensity was measured by 488 nm laser excitation and a 575 nm
emission detector.

Live-cell imaging

Single phagosome production of HOCl was measured by
live-cell fluorescence microscopy. Neutrophils in HBSS at 37 °C
were allowed to settle on a 35-mm glass bottomed dish before
stimulation by zymosan or S. aureus. R19-S and other additives
were added 10 min prior to stimulation. Time-lapse images of
Cy3 and DIC channels were taken every 10 s over 30 min using
an Olympus IX81 live-cell inverted microscope equipped with
an XM10 monochrome fluorescence charge-coupled device
camera and Cell R software (Olympus Soft Imaging Solutions,
Münster, Germany) with �20 magnification, exposure 100 ms
(Cy3) and 10 ms (DIC). The Cell R software was used to mea-
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sure the fluorescence development of single phagosomes with
time.

Mass spectrometry

For LC-MS analysis, 50-�l samples were loaded onto a Jupi-
ter C18 HPLC column (150 � 2 mm, 5 �m, 100 Å, Phenome-
nex) and separated using a Surveyor HPLC system (Thermo
Scientific) by running a gradient from 95% solvent A (0.1% for-
mic acid in water) to 95% solvent B (0.1% formic acid in aceto-
nitrile) over 7 min at 200 �l/min and a column temperature of
40 °C. Solvent B was held at 95% for 10 min followed by column
equilibration for 8 min with 95% solvent A. The HPLC was
coupled to an electrospray ionization source of a Velos Pro ion
trap mass spectrometer (Thermo Scientific). Voltage was 4 kV,
the temperature of the heated capillary was 275 °C, and the
vaporizer temperature was 400 °C. MS data were acquired in
positive ion mode between 3.5 and 20 min of each chromato-
graphic run. The ions for R19, R19-S, R19-S dimer, R19-SO,
and R19S-Cl were detected at m/z 415, 431, 430, 447, and 465,
respectively.

R19 and R19S-Cl were measured in lysates of 1 � 106 stim-
ulated neutrophils by LC-MS/MS. Neutrophils were lysed by
three 10-s bursts on ice with a Sonic Ruptor 400 micro-tip son-
icator (Omni International), and proteins were precipitated by
the addition of 4� volume of ice-cold ethanol followed by spin-
ning at 12,000 � g for 10 min. Supernatants were dried by vac-
uum evaporation, resuspended in 100 �l of 0.1% formic acid in
water, and 45 �l was analyzed by LC-MS/MS. Full collision-
induced dissociation-MS/MS spectra from m/z 200 to 2000
were acquired for R19 (415 m/z) and R19S-Cl (465 m/z). The
window for precursor selection was 1 Da on either side of the
m/z; the normalized collision energy was 45 and activation time
30 ms. Scan data were post-acquisition filtered for the �28
fragment (loss of an ethylene group) for each of the precursors
and the resulting peak was integrated.
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