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Members of the heme peroxidase family play an important role in host defense. Myeloperoxidase (MPO) is expressed in phago-
cytes and is the only animal heme peroxidase previously reported to be capable of using chloride ion as a substrate to form the
highly microbicidal species hypochlorous acid (HOCl) at neutral pH. Despite the potent bacterial killing activity of HOCl, indi-
viduals who fail to express MPO typically show only a modest increase in some fungal infections. This may point to the existence
of redundant host defense mechanisms. Vascular peroxidase 1 (VPO1) is newly discovered member of the heme peroxidase fam-
ily. VPO1 is expressed in cells of the cardiovascular system and is secreted into the bloodstream. In the present study, we investi-
gate whether VPO1 is capable of generating HOCl and its role in host defense. Like MPO, VPO1 in the presence of H2O2 and
chloride generates HOCl. VPO1-dependent HOCl generation was demonstrated by chlorination of taurine and tyrosine using
mass spectrometry. In addition, the VPO1/H2O2/Cl� system can cause the chlorination of monochlorodimedone and the oxida-
tion of 5-thio-2-nitrobenzoic acid. Purified VPO1 and VPO1 in plasma mediate bacterial killing that is dependent on chloride
and H2O2; killing is inhibited by peroxidase inhibitors and by the H2O2 scavenger catalase. In the presence of erythrocytes, bac-
terial killing by VPO1 is slightly reduced. Thus, VPO1, in addition to MPO, is the second member of the heme peroxidase family
capable of generating HOCl under physiological conditions. VPO1 is likely to participate in host defense, with bactericidal activ-
ity mediated through the generation of HOCl.

Microbiota are frequent visitors to open luminal structures of
organ systems such as the gastrointestinal tract and the air-

ways of the respiratory system in humans; there, they are dealt
with by a variety of host defense mechanisms, including phago-
cytic cells and luminally secreted microbicidal components (14,
29). The circulatory system, however, represents a fluid-contain-
ing closed luminal structure that must be kept sterile for host
survival. Nevertheless, minor and major traumas, including sur-
gery and indwelling catheters, can cause transient or prolonged
disruption in the integrity of this compartment, allowing the entry
of microbes, which must be killed or removed from circulation, as
well as microbial contamination at the site of injury.

The primary mechanism for maintenance of sterility in tissues
involves professional phagocytes, especially neutrophils, which
migrate from circulation into tissues where they utilize both oxi-
dative and nonoxidative mechanisms to kill invading microbes.
Oxidative mechanisms center around the phagocyte Nox2-con-
taining NADPH-oxidase system (28). Upon phagocytosis of mi-
crobes, Nox2, the catalytic subunit of the oxidase which is initially
present in specific granule and secretory vesicle membranes, relo-
cates to the phagosomal membrane where it produces superoxide
directed into the lumen of the phagosome. Superoxide rapidly
dismutes to form hydrogen peroxide (H2O2), which, like super-
oxide, is only weakly bactericidal. Azurophilic granules containing
myeloperoxidase (MPO) fuse with the phagosome, releasing
MPO into the phagosome. MPO in the presence of its substrates
H2O2 plus chloride anion generates hypochlorous acid (HOCl) in
a reaction that has been thought to be unique to MPO among the
animal heme peroxidases (for a review, see reference 19). HOCl,
unlike H2O2 or superoxide, is potently bactericidal. Despite the

potent bacterial killing activity of HOCl, individuals who fail to
express MPO show little or no phenotype, typically showing only
a modest increase in some fungal infections (27). In contrast, in-
dividuals with chronic granulomatous disease who fail to show
NADPH-oxidase activity and therefore fail to generate the weakly
microbicidal superoxide and H2O2 show a profound phenotype
characterized by frequent and severe infections (22). This conun-
drum might be explained by the existence of an unknown enzyme
with a bactericidal function that is redundant to that of MPO.

The human heme peroxidase gene family comprises 8 mem-
bers which primarily mediate host defense functions localized to
specialized cells (e.g., phagocytic cells) and body fluids (saliva and
breast milk) (19). VPO1 is a recently discovered heme-containing
peroxidase that is homologous to other mammalian heme-con-
taining peroxidases, including MPO, eosinophil peroxidase
(EPO), lactoperoxidase (LPO), and thyroid peroxidase. VPO1 is
unique among these peroxidases in that it contains not only a
catalytic domain at its C terminus but also a large N-terminal
domain that includes five leucine-rich repeats and four immuno-
globulin-like domains (5). VPO1 is highly expressed in the cardio-

Received 15 December 2011 Returned for modification 12 January 2012
Accepted 13 April 2012

Published ahead of print 23 April 2012

Editor: F. C. Fang

Address correspondence to Guangjie Cheng, gjcheng@uab.edu.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.06337-11

2528 iai.asm.org Infection and Immunity p. 2528–2537 July 2012 Volume 80 Number 7

http://dx.doi.org/10.1128/IAI.06337-11
http://iai.asm.org


vascular system, lung, liver, pancreas, and spleen (5), but its bio-
logical function has not been established. Unlike MPO, which is
mostly retained within phagocytes, most VPO1 proteins in vascu-
lar endothelial cells are secreted into plasma (4). We investigate
here the hypothesis that VPO1 functions in a microbicidal role
and that this is due to its generation of HOCl. We demonstrated
for the first time that the purified recombinant VPO1 (rVPO1)
and plasma VPO1 generate HOCl and potently mediate microbi-
cidal activity. We propose that VPO1 represents part of an arm of
the innate immune system that maintains sterility either in the
bloodstream itself or in regions in which the integrity of the blood-
stream is disrupted and that functions of VPO1 may overlap with
those of MPO.

MATERIALS AND METHODS
Reagents. Bovine LPO (bLPO), NaI, 3,3=,5,5=-tetramethylbenzidine
(TMB) and TMB liquid system, taurine, 5,5=-dithiobis(2-nitrobenzoic
acid) (DTNB), aminobenzoic acid hydrazide (ABAH), NaN3, H2O2, cat-
alase, methionine (Met), tyrosine (Tyr), chlorotyrosine (Cl-Tyr), and glu-
tathione (GSH) were all purchased from Sigma-Aldrich (St. Louis, MO).
MPO was obtained from the Elastin Product Company (Owensville,
MO). L-012, a luminol derivative, was purchased from from Wako Chem-
icals USA, Inc. (Richmond, VA). The chemiluminescent substrate for the
immunoblots was from Pierce Biotechnology (Rockford, IL). Monochlo-
rodimedone (MCD; 1,1-dimethyl-4-chloro-3,5-cyclohexanedione) was
obtained from Bio-Research Products (North Liberty, IA). Escherichia coli
cells (strain Top10) were purchased from Invitrogen, Inc. (Carlsbad, CA).
NaCl (catalog no. S9888, lot 128K012) was purchased from Sigma-Al-
drich. In 140 mM NaCl solution, the oxidation of the trace Br� or I� was
verified to be insufficient to mediate taurine oxidation or to kill E. coli,
suggesting that the trace Br� and I� concentrations are negligible for the
generation of HOBr and HOI. 5-Thio-2-nitrobenzoic acid (TNB) was
prepared as follows. DTNB (0.08 g) was dissolved in 10 ml of 0.1 M
potassium phosphate buffer (pH 7.4). The solution was mixed with 120 �l
of 5 M NaOH, followed by incubation at room temperature for 5 min. A
total of 43 �l of 5 M HCl was added into the reaction to adjust the pH to
�7.4.

Preparation of rVPO1. rVPO1 was produced from VPO1 stably ex-
pressing cells and purified as described previously (4).

Measurement of heme concentration. The concentrations of MPO,
bLPO, and rVPO1 per heme were determined using the extinction coef-
ficients 91, 114, and 112 mM�1 cm�1 at 428, 412, and 410 nm, respec-
tively.

Assay for peroxidase activity. TMB oxidation was used to determine
peroxidase activity, as described previously (5).

Spectrophotometry of heme peroxidase-mediated Cl-tau. N-Chlo-
rotaurine (Cl-tau) was generated in a reaction containing 50 mM phos-
phate buffer (pH 5.5), 0.8 mM H2O2, 140 mM NaCl, 10 mM taurine, as
well as 750 nM VPO1, 750 nM bLPO, or 100 nM MPO at 37°C. The kinetic
trace of Cl-tau generated was immediately monitored at A252 by using a
UV-2450 UV-VIS spectrophotometer (Shimadzu). In dose-dependent
experiments, the concentration of NaCl or rVPO1, respectively, was de-
termined.

LC-MS analysis. Liquid chromatography-mass spectrometry (LC-
MS) was carried out on MDS-Sciex Applied Biosystems API-3200
equipped with a Waters Acquity UPLC system. Separations were per-
formed on a Waters UPLC BEH-C18 column (1.0 by 100 mm) with a
usable pH range from 1 to 12.

For the detection of Cl-tau, we used mobile phase A (10 mM tetrabu-
tylammonium hydroxide in H2O, pH 11.0) and mobile phase B (metha-
nol with no modifier). The gradient proceeded as follows: 0 to 2 min � 0%
phase B, 2 to 6 min � 100% B, 6 to 7 min � 100% phase B, and 7 to 7.1
min � 0% phase B, with a hold at 0% phase B for 12 min to equilibrate the
column. The flow rate was 0.125 ml/min. Detection was performed using

negative multiple reaction monitoring (MRM) mode with mass transi-
tions of 158/79.9 and 160/79.9 based on 35Cl and 37Cl, respectively. The
injection volume was 10 �l. The ion spray voltage was 4,500 V, and nitro-
gen was the only gas used throughout the runs. Standard Cl-tau was pre-
pared as described earlier (24). In brief, 20 mM HOCl in 100 mM potas-
sium phosphate buffer (pH 7.4) was added in equal volumes of 100 mM
taurine with vigorous stirring. The concentration of Cl-tau was deter-
mined from the A252 (ε � 415 M�1 cm�1). Heme peroxidase-mediated
Cl-tau was generated in a 100-�l reaction containing 50 mM potassium
phosphate buffer (pH 5.5), 5 mM taurine, 0.8 mM H2O2, 100 mM NaCl,
and either 1,000 nM/heme VPO1, 100 nM/heme MPO, or 100 nM/heme
LPO. The reaction was incubated at 37°C for 30 min. In some reactions,
NaCl was omitted.

For the detection of Cl-Tyr, mobile phase A (0.1% formic acid in H2O)
and mobile phase B (acetonitrile plus 0.1% formic acid) were used. The
gradient was as follows: 0 to 0.5 min, 15% mobile phase B; 0.5 to 2.0 min,
70% mobile phase B; 2.0 to 2.5 min, 15% mobile phase B; with a stop after
5 min. The flow rate was 0.05 ml/min. Detection was performed in MRM
mode with a mass transition of 216/170 for Cl-Tyr. The injection volume
was 10 �l. Samples were injected onto a Waters Acquity BEH-C18 column
(1.0 by 100 mm, 1.7 �m). The ion spray voltage was 5,500 V, and nitrogen
was the only gas used throughout the runs. Cl-Tyr stock was prepared as
0.5 mM in ultrapure H2O using reagent Cl-Tyr from Sigma-Aldrich.
VPO1-mediated Cl-Tyr was generated in a 100-�l reaction containing 50
mM potassium phosphate buffer (pH 5.5), 0.5 mM H2O2, 140 mM NaCl,
100 �M tyrosine, and 1,000 nM/heme VPO1. In a positive control, 50 �M
HOCl was added to 100 �M tyrosine in 50 mM potassium phosphate
buffer (pH 5.5). The reactions were incubated at 37°C overnight. In some
reactions, the VPO1 or NaCl was omitted.

Taurine chlorination-TMB oxidation assay for HOCl generation.
HOCl generation was detected utilizing the taurine chlorination assay in
combination with TMB oxidation in the presence of iodide as previously
reported (8) with slight modifications. In brief, 50 �M H2O2 was added to
100 �l of 50 mM phosphate buffer (pH 7.4), 140 mM NaCl, 5 mM taurine,
and 100 nM/heme rVPO1, followed by incubation at 37°C for 30 min. The
reaction was stopped by adding catalase (25 �g/ml). The reaction mixture
was then mixed with freshly made developing agent. The developing agent
consisted of 400 mM acetate buffer (pH 5.4), 1 mM TMB (predissolved in
100% dimethylformamide), and 100 �M NaI. After 5 min, absorbance at
650 mm was recorded. For verification of this assay, reagent HOCl was
added to replace the VPO1/H2O2/Cl� system. In some experiments, per-
oxidase inhibitors (ABAH and NaN3), H2O2 scavenger (catalase), and
HOCl scavenger (Met) were added as indicated. To selectively detect Cl-
tau, iodide was omitted in the reaction (8).

VPO1-mediated chlorination of MCD for detection of HOCl gener-
ation. This experiment was slightly modified from that reported in refer-
ence 16. In brief, a 100-�l reaction containing 50 mM phosphate buffer
(pH 5.0), 100 �M MCD, 140 mM NaCl, 500 nM VPO1, or 50 nM MPO
was carried out at 37°C. A total of 10 �M H2O2 was added to start the
reaction. The A290 was immediately monitored for 20 min using a UV-
2450 spectrophotometer. In some experiments, the pH of the phosphate
buffer was varied as indicated, whereas in Cl�-dependent experiments,
the NaCl concentration was varied. GSH (0.1 mM) or Met (0.1 mM) was
also added in some experiments.

TNB assay for detection of HOCl generation. TNB has a chro-
mophore that has maximal absorbance at 412 nm, while its reaction prod-
uct with HOCl, DTNB, is colorless. By detecting a decrease in the absor-
bance at 412 nm, the VPO1 activity is measured. In brief, 500 nM VPO1
was added to 50 mM phosphate buffer (pH 6.5) containing 100 �M TNB
and 100 mM NaCl. MPO or LPO at 20 nM was used as a positive or
negative control, respectively. The reaction was initiated by adding 100
�M H2O2. The absorbance at 412 nm was recorded at 37°C every 30 s for
10 min by using a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA). In dose-dependent experiments, VPO1 was added into
the reactions with 0, 50, 100, and 500 nM, respectively.
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Bacterial killing experiments. E. coli cells were incubated in 50 mM
phosphate buffer (pH 6.2) containing 140 mM NaCl, 10 �M H2O2, and
the indicated amounts of MPO, bLPO, or rVPO1 at 37°C for 1 h. Cell
mixtures were plated on lysogeny broth medium (LB) agar plates (tryp-
tone, 10 g/liter; yeast extract, 5 g/liter; NaCl, 10 g/liter; agar, 15 g/liter),
followed by incubation at 37°C overnight. In control experiments, only
H2O2 (10 �M) or Cl� (140 mM) was present. The CFU were counted. The
percentage of CFU in the experimental group compared to the control
group was calculated. In some experiments, peroxidases were omitted and
replaced by plasma, dialyzed plasma, or fractions of plasma VPO1 or
MPO. These experiments were carried out at pH 7.2.

For verification of HOCl-mediated bacterial killing, the reagent HOCl
was utilized instead of peroxidase-generated HOCl. HOCl was prepared,
and its concentration was determined as previously described (8). E. coli
was incubated with 50 mM phosphate buffer (pH 6.2) containing the
indicated amounts of HOCl at 37°C for 30 or 60 min. Cell mixtures were
plated on LB agar plates, followed by incubation at 37°C overnight. The
CFU were counted and analyzed. In Cl�- and H2O2-dependent experi-
ments of bacterial killing, the NaCl or H2O2 concentration was varied as
indicated.

VPO1-mediated bacterial killing in the presence of RBCs. The ex-
periment for examining VPO1-mediated bacterial killing in the presence
of red blood cells (RBCs) was slightly modified from one reported earlier
(1). In brief, human blood was withdrawn from the finger of a healthy
volunteer. RBCs were washed with 1� phosphate-buffered saline (PBS)
twice and resuspended in 1� PBS to 109 RBCs/ml. E. coli cells were incu-
bated in 100 �l of 50 mM phosphate buffer (pH 6.2) containing 140 mM
NaCl, the indicated amounts of H2O2 and 50 nM MPO, or 200 nM rVPO1
in the presence or absence of 107 RBCs at 37°C for 1 h. Cell mixtures were
plated on LB agar plates as described above. The CFU were counted after
incubation at 37°C overnight. The percentage of CFU in the experimental
group compared to the control group (E. coli only) was calculated.

Measuring the effects of MPO or VPO1/H2O2/Cl� systems on RBCs.
A total of 100 �l of 50 mM phosphate buffer (pH 6.2) containing 107

RBCs, 140 mM NaCl, 10 �l or 20 �M H2O2, and 50 nM MPO or 200 nM
rVPO1 was incubated at 37°C for 1 h. The RBCs were spun down by
centrifugation at 1,000 rpm for 5 min. The supernatant was used for
hemoglobin detection. RBCs were lysed in 100 �l of distilled water, and
the released hemoglobin was detected. The detection of hemoglobin was
determined as the absorbance at 415 nm. The concentrations of hemoglo-
bin in the supernatant and pellet were calculated based on a hemoglobin
extinction coefficient of 128 mM�1 cm�1 at 415 nm. The rate of RBC
damage was assessed by analysis of hemoglobin distribution in the super-
natant or pellet divided by total amount of hemoglobin (supernatant plus
pellet) (1).

VPO1-E. coli binding experiments. Approximately 108 E. coli cells
were incubated with 20, 80, or 200 nM rVPO1 or 50 nM MPO in 1� PBS
(pH 7.4) at 37°C for 1 h in a 50-�l reaction. The control groups contained
200 nM rVPO1 or 50 nM MPO alone, without E. coli. After 1 h, the E. coli
cells were spun down at 5,000 rpm for 5 min and then washed twice with
1 ml of 1� PBS. The E. coli pellet was used for two types of approaches to
verify the binding of VPO1 to E. coli. (i) The pellet was lysed in 50 �l of
radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4], 150
mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EDTA)
and sonicated. The lysate (25 �l of lysate/lane) was resolved by SDS–12%
PAGE and transferred to polyvinylidene difluoride membranes. VPO1
and MPO were detected by using anti-VPO1 and anti-MPO antibody,
respectively, and visualized by chemiluminescence as previously de-
scribed (1). (ii) The pellet was resuspended in 300 �l of 1� PBS plus 5 �M
L-012. Then, a 95-�l mixture was taken, and 5 �l of 1 mM H2O2 was
added. The relative light units (RLU) were immediately recorded at room
temperature every 30 s for 20 min using a SpectraMax luminescence mi-
croplate reader (Molecular Devices, Sunnyvale, CA).

Dialysis of plasma. Human plasma (3 ml) was added to a Thermo
Slid-A-Lyzer dialysis cassette (20 kDa [molecular mass cutoff]) and dia-
lyzed against 20 mM phosphate buffer (pH 7.4) for 24 to 30 h at 4°C with
four changes of the buffer.

Separation of plasma VPO1 from plasma MPO. Portions (3 ml) of
human plasma were loaded onto a Sephacryl S-300 column (1 by 110 cm)
and eluted with phosphate buffer (pH 7.2). The eluents were collected (4
ml/tube), and the absorbance levels at 280 and 412 nm were determined.
The peroxidase activity of the eluted fractions was also measured using
TMB oxidation. Fractions 10 to 20 were subjected to analysis by SDS-
PAGE and immunoblotting with antibodies to VPO1 or MPO.

RESULTS
VPO1 generates HOCl. To demonstrate VPO1-mediated HOCl
generation, we first compared the general peroxidase activities of
MPO, bLPO, and rVPO1 using the oxidizable substrate TMB.
Taking into account the difference in heme concentration, the
peroxidase activity of rVPO1 was approximately one-tenth of the
MPO activity and one-fifth of the bLPO activity (Fig. 1A), which is
similar to the findings of a previous report (5). These data indicate
that rVPO1 can catalyze TMB oxidation and its relative activities.

We then examined whether VPO1 is capable of catalyzing
HOCl production. HOCl is a potent oxidant and rapidly reacts
with a variety of amino acid, proteins, lipids, and DNA. Taurine is
an abundant free amino acid and exists in intercellular and intra-
cellular spaces. HOCl readily reacts with taurine to generate Cl-

FIG 1 HOCl generation by VPO1. (A) Comparison of the peroxidase activities of MPO, bLPO, and rVPO1 determined using TMB as a substrate as described
in Materials and Methods. A 110-�l reaction contained 100 �l of TMB, 10 nM/heme MPO, 50 nM/heme bLPO, or 50 nM/heme rVPO1. The reaction (n � 9)
was carried out at 37°C for 30 min, and the absorbance at 650 nm was recorded. (B) Detection of Cl-tau generation by the A252. Cl-tau generation was carried out
in a 100-�l reaction that contained 50 mM potassium phosphate buffer (pH 5.5), 5 mM taurine, 0.8 mM H2O2, 100 mM Cl�, and either 100 nM/heme MPO, 100
nM/heme bLPO, or 1 �M/heme rVPO1. Reactions without Cl� were also performed. The absorbance at 252 nm was recorded every 30 s for 15 min.
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tau. We detected VPO1-mediated HOCl generation by monitor-
ing Cl-tau generation at A252 (25). The A252 increased in the
reaction containing VPO1/H2O2/Cl�/taurine over the time as
much as that in MPO/H2O2/Cl�/taurine, whereas no A252 was
observed in the reaction containing LPO/H2O2/Cl�/taurine (Fig.
1B). Omitting Cl� from the reaction, no A252 was observed (Fig.
1B); the same occurred when either peroxidase or H2O2 was omit-
ted (data not shown). These data strongly suggested that VPO1
catalyzes HOCl generation.

To directly demonstrate VPO1-mediated HOCl generation,
we detected the Cl-tau production by using negative MRM mode
LC-MS. Standard Cl-tau revealed the retention time at �4.16 min
in mass transitions of 158/79.9 and 160/79.9 based on principally
stable isotopes of 35Cl and 37Cl. The ratio of intensity of 35Cl-tau
and 37Cl-tau was �2.8:1, a level similar to the mole fraction 0.7576
versus 0.2424 of 35Cl versus 37Cl found in nature (6). Generation
of Cl-tau in a reaction of VPO1/H2O2/Cl�/taurine was observed
at 4.24 min in mass transitions of 158/79.9 and 160/79.9. This is
consistent with Cl-tau generated in positive-reaction MPO/H2O2/
Cl�/taurine (Fig. 2). Both intensity ratios of 35Cl-tau and 37Cl-tau
generated in VPO1 or MPO/H2O2/Cl�/taurine were �3:1, which
is similar to the ratio of standard 35Cl-tau and 37Cl-tau Cl. The
production of Cl-tau at 1,000 nM/heme rVPO1 versus 100 nM/
heme MPO at the described conditions is 338 �M versus 456 �M,
which is similar to the relevant activities measured by TMB oxi-

dation (Fig. 1A). No Cl-tau was observed in LPO/H2O2/Cl�/tau-
rine (Fig. 2), confirming a previous report (9) that concluded that
bLPO does not produce HOCl. Using LC-MS, Cl-Tyr was de-
tected in the reaction of VPO1/H2O2/Cl�/tyrosine and not in the
reaction of VPO1/H2O2/tyrosine or H2O2/Cl�/tyrosine (Table 1).
Cl-Tyr was also detected from the reaction of reagent HOCl and
tyrosine (Table 1). However, the level of Cl-Tyr was relatively low
compared to the concentration of tyrosine (0.0162% and 0.0275%
for VPO1-mediated and reagent HOCl-mediated Cl-Tyr genera-
tion, respectively) (Table 1). These mass spectrometric data con-
firm the generation of Cl-tau and Cl-Tyr, further supporting the

FIG 2 Detection of VPO1-mediated Cl-tau by MS. Cl-tau generation and LC-MS were carried out as described in Materials and Methods. Standard Cl-tau (Std)
was prepared as follows. First, 20 mM HOCl in 100 mM potassium phosphate buffer (pH 7.4) was added in equal volumes of 100 mM taurine with vigorous
stirring. Then, 10 �l of Cl-tau at 80 �M was analyzed. Heme peroxidase-mediated Cl-tau was generated in a 100-�l reaction containing 50 mM potassium
phosphate buffer (pH 5.5), 5 mM taurine, 0.8 mM H2O2, 100 mM NaCl, and either 1,000 nM/heme VPO1, 100 nM/heme MPO, or 100 nM/heme LPO. The
reaction was incubated at 37°C for 30 min. The injection volume for LC-MS was 10 �l. The ion spray voltage was 4,500 V, and nitrogen was the only gas used
throughout the runs. The data are representative of at least two independent experiments.

TABLE 1 VPO1-mediated formation of Cl-Tyr detected by mass
spectrometrya

Sample Cl-Tyr concn (�M) Cl-Tyr/Tyr (%)

NaCl � H2O2 0 0
H2O2 � VPO1 0 0
NaCl � H2O2 � VPO1 0.0162 0.0162
HOCl 0.0275 0.0275
a 140 mM NaCl, 500 �M H2O2, and/or 1,000 �M VPO1 were added to 50 mM
phosphate buffer (pH 5.5) containing 100 �M Tyr. The mixture was incubated at 37°C
overnight. HOCl (50 �M) was added into 100 �M Tyr solution in 50 mM phosphate
buffer (pH 5.5) as a positive control. The sample (10 �l) was analyzed by LC-MS. The
Cl-Tyr concentration was calculated from the Cl-Tyr standard curve.
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FIG 3 Detection of VPO1-mediated HOCl by multiple approaches. (A) Taurine chlorination-TMB oxidation assay for reagent HOCl. Details of the procedures are
described in Materials and Methods. The data are from three independent experiments. (B) Optimal pH for HOCl generation by heme peroxidases. Reactions (100 �l)
containing 50 mM phosphate buffer (with the pH as indicated), 140 mM NaCl, 50 �M H2O2, 5 mM taurine, and either 10 nM/heme MPO, 100 nM/heme LPO, or 100
nM/heme rVPO1 were carried out at 37°C for 30 min. The reaction was stopped by adding catalase (25 �g/ml). The stopped reaction solution was then mixed with a
developing agent. After 5 min, the absorbance at 650 mm was recorded. (C) Dose-dependent HOCl generation by VPO1 compared to that by MPO. The experiments
were carried out as in panel B at pH 7.4. The concentration of NaCl is indicated. (D) Inhibition of HOCl generation by inhibitory reagents. Experiments were carried out
as described in panel B with reaction solution (pH 7.4) containing 140 mM chloride, ABAH (200 �M), NaN3 (1 mM), catalase (25 �g/ml), or Met (0.5 mM) as indicated.
The data are representative from �3 independent experiments. Error bars indicate the standard deviations (SD). (E) VPO1-mediated MCD chlorination. A 100-�l
reaction containing 50 mM phosphate buffer (pH 5.0), 100 �M MCD, 140 mM NaCl, and either 500 nM VPO1 or 50 nM MPO was carried out at 37°C. H2O2 was added
to start the reaction. The absorbance at 290 nm was immediately monitored. (a) pH-dependent MCD chlorination. (b) NaCl dose-dependent MCD chlorination. (c)
VPO1-mediated MCD chlorination in presence or absence of GSH (0.1 mM) or Met (0.1 mM). (F) VPO1-mediated TNB oxidation. VPO1 at 500 nM was added to 50
mM phosphate buffer (pH 6.5) containing 100 �M TNB and 100 mM NaCl; 20 nM MPO or LPO was used as a positive or negative control. The reaction was initiated
by adding 100 �M H2O2. The absorbance at 412 nm was recorded at 37°C every 30 s. (a) Comparison of VPO1-mediated TNB oxidation to that of MPO and LPO. (b)
VPO1 dose-dependent TNB chlorination. The data are representative of three independent experiments.
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catalysis of chloride oxidation and HOCl production by VPO1. It
was proposed that Cl-Tyr is a specific biomarker of MPO-cata-
lyzed chlorination (13). Based on our observations above, VPO1
may contribute to Cl-Tyr formation in vivo and, presumably, Cl-
Tyr is no longer a specific biomarker of MPO-catalyzed chlorina-
tion.

Properties of VPO1-catalyzing generation of HOCl. HOCl
generation by VPO1 was further evaluated by an assay that com-
bines chlorination of taurine and TMB oxidation in the presence
of iodide ion, as previously reported (8). We first confirmed that
the chlorination of taurine and TMB oxidation are dose depen-
dent on reagent HOCl (Fig. 3A). We then measured HOCl gener-
ation by the VPO1/H2O2/Cl� system compared to that of MPO
and LPO. As shown in Fig. 3B, VPO1 generated HOCl from pH
4.0 to 7.4, as did MPO, whereas LPO did not produce HOCl as
expected. The optimal pH for HOCl generation by both VPO1
and MPO was at pH 6.0 (Fig. 3B). VPO1 at 100 nM/heme gener-
ated approximately two-thirds as much HOCl as MPO at 10 nM/
heme, an observation consistent with the MS data above. At a
physiological pH, HOCl generation by VPO1 was dose dependent
on the chloride concentration (Fig. 3C). The taurine chlorination
by VPO1, as well as by MPO, was impaired by a variety of perox-
idase inhibitors (ABAH and NaN3), H2O2 scavenger (catalase),
and HOCl scavenger (Met) (Fig. 3D).

In addition, we carried out experiments with MCD and TNB as
substrates for VPO1-mediated chlorination or oxidation com-
pared to MPO and bLPO. As shown in Fig. 3E, VPO1 mediated
Cl�- and pH-dependent chlorination of MCD, whereas the chlo-
rination of MCD was inhibited by GSH or Met. A lower pH im-
proved the chlorination of MCD. VPO1, like MPO, also mediated

TNB oxidation, whereas LPO did not (Fig. 3Fa). The TNB oxida-
tion was dependent on VPO1 (Fig. 3Fb).

Thus, in the present study, we provide several types of evidence
to demonstrate that VPO1 can generate HOCl from H2O2 and Cl�

at a physiological pH, and we show that MPO is not unique among
peroxidases in generating this highly reactive species. Although
the rate of chlorination is low compared to MPO, if sufficient
quantities of VPO1 are present, the enzyme would be expected to
have antibacterial properties.

The VPO1/H2O2/Cl� system kills bacteria. VPO1 in the pres-
ence or absence of H2O2 and Cl� was therefore investigated for its
ability to kill bacteria and was compared to the MPO/H2O2/Cl�

system (18, 19). We first evaluated the ability of reagent HOCl to
kill E. coli. HOCl was generated from sodium hypochlorite as de-
scribed in reference 8. E. coli cells were incubated at 37°C for 30
and 60 min, respectively. As shown in Fig. 4A, 4 �M HOCl com-
pletely killed E. coli at 60 min of incubation, whereas 98% of E. coli
was killed at 30 min of incubation at a 4 �M HOCl concentration.
Thus, HOCl is a potent oxidant for bacterial killing. E. coli was
then incubated at 37°C for 1 h with or without H2O2 and/or Cl�,
along with the indicated peroxidase. An aliquot was plated on LB
plates, which were incubated overnight at 37°C prior to counting
colonies. A low concentration of MPO (50 nM) in the presence of
H2O2 and Cl� was highly effective in killing bacteria, whereas the
omission of either H2O2 or Cl� resulted in the loss of bacterial
killing (Fig. 4B). A 20-fold-higher concentration of rVPO1 also
completely killed all of the bacteria; this was approximately the
concentration seen in human plasma (see below), and this also
required both H2O2 and Cl� (Fig. 4B). rVPO1 at 200 nM (approx-
imately one-fifth of the plasma concentration) killed �90% of E.

FIG 4 Bactericidal activity of rVPO1. (A) Bactericidal activity of reagent HOCl. E. coli was incubated in 50 mM phosphate buffer (pH 6.2) and the indicated
amount of reagent HOCl at 37°C for 30 min and 1 h, respectively. The cell mixture was plated on LB plates. In control experiments, no HOCl was present. The
data are from three independent experiments. (B) E. coli was incubated in 50 mM phosphate buffer (pH 6.2) containing 140 mM NaCl, 10 �M H2O2, and the
indicated amount of MPO, bLPO, or rVPO1 at 37°C for 1 h. Cell mixtures were plated on LB plates. In control experiments, only H2O2 (10 �M) or Cl� (140 mM)
was present. The data are representative of �3 independent experiments. Error bars indicate the SD. (C) NaCl- and H2O2-dependent bactericidal activities by
VPO1. Experiments were carried out as described for panel B with 200 nM VPO1. In the NaCl dose-dependent experiments (a), H2O2 was maintained at 10 �M
and the NaCl concentrations are indicated, whereas in the H2O2-dose dependent experiments (b), NaCl was maintained at 140 mM and the H2O2 concentrations
are indicated. MPO at 50 nM was used as a control. (D) VPO1 binds to E. coli. E. coli cells were added into VPO1 or MPO as indicated in 1� PBS (pH 7.4). The
mixtures were incubated at 37°C for 1 h. E. coli cells were spun down at 5,000 rpm for 5 min. The cells were washed twice and subjected to immunoblotting with
anti-VPO1 or anti-MPO antibody (a) and chemiluminescence assay with L-012 (b).
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FIG 5 Bactericidal activity of plasma VPO1 and MPO. (A) Effect of dialysis on bactericidal activity of plasma. E. coli was incubated in 100 �l of 20 mM phosphate
buffer (pH 7.2) containing 5 �l of plasma or dialyzed plasma at 37°C for 2 h. The cell mixtures were plated on LB plates. In control experiment B, the mixture
contained only E. coli. The numbers are the plasma sample identifications. The data are representative of a minimum of three independent experiments for each
group. (B) Bactericidal activity of plasma peroxidases. E. coli was incubated in 100 �l of 20 mM phosphate buffer (pH 7.2) containing 10 �l of dialyzed plasma
sample each from 19 unrelated healthy individuals, H2O2 (10 �M), NaCl (140 mM), ABAH (500 �M), and 50 �g of catalase/ml as indicated at 37°C for 2 h. The
cell mixtures were plated on LB plates and incubated at 37°C overnight. The colonies were counted, and the data are expressed as the percentages of colonies
compared to the number seen with plasma plus E. coli alone. The data are representative of two independent experiments (n � 6) (means � the SD). (C)
Separation of plasma VPO1 from MPO. Portions (3 ml) of human plasma were loaded onto a Sephacryl S-300 column (1 by 110 cm) and eluted with phosphate
buffer (pH 7.2). The eluent was collected (4 ml/tube), and the absorbance at 280 and 412 nm was monitored. The peroxidase activity of eluted fractions 10 to 20
was measured using TMB oxidation (inset). Fractions 10 to 20 were also subjected to analysis by SDS-PAGE and immunoblotting with antibodies against VPO1
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coli, dependent upon H2O2 and Cl� (Fig. 4B). In contrast, few if
any E. coli cells were killed at the same concentration of LPO in the
presence of H2O2 and Cl�, although �93% were killed at 1,000
nM LPO (Fig. 4B), possibly due to the direct action of LPO and
H2O2 on the bacteria at this high concentration of enzyme. H2O2

or Cl� alone, as well as peroxidase/H2O2 or peroxidase/Cl�, did
not significantly affect bacterial viability (Fig. 4B). VPO1-medi-
ated E. coli killing is dependent on both Cl� and H2O2 concentra-
tions (Fig. 4C).

It has been proposed that MPO binds to pathogens as a result
of its higher cationic surface charge (pKa � 10) in the acidic envi-
ronment of the phagosome (2). This binding has been demon-
strated with some degree of selectivity and enhanced bacterial kill-
ing (1). Whether VPO1 is able to bind to bacteria has not yet been
explored. We carried out experiments to investigate its binding
ability. VPO1 or MPO was added to an E. coli suspension, followed
by incubation at 37°C for 1 h. MPO binding to E. coli was con-
firmed by both immunoblotting and L-012 chemiluminescence
(Fig. 4Da and b). Very interestingly, VPO1 also interacted with E.
coli in a VPO1 dose-dependent manner (Fig. 4Da and 4Db). Thus,
our data strongly suggest that VPO1 binds to bacteria.

Plasma contains heme peroxidases that kill bacteria in the
presence of H2O2 and Cl�. We next evaluated whether plasma
contains heme peroxidases that may kill bacteria in the presence of
H2O2 and Cl�. It is well known that plasma contains low-molec-
ular-weight bactericidal species, including a variety of antimicro-
bial peptides (23, 30). To eliminate the low-molecular-weight bac-
tericidal species, plasma was subjected to dialysis. Dialyzing
plasma decreases its ability to kill bacteria spontaneously (Fig.
5A). Dialysis also removes Cl� and H2O2, which are required sub-
strates for MPO and VPO1. To test whether a peroxidase in dia-
lyzed plasma can kill bacteria, we investigated the ability of plasma
at neutral pH to kill bacteria, its dependence on Cl� and H2O2,
and the ability of the peroxidase inhibitor, ABAH, to inhibit bac-
tericidal effects. Consistent with a role for one or more HOCl-
generating peroxidases, the E. coli-killing ability of plasma de-
pended upon chloride and was inhibited by ABAH (Fig. 5B; killing
activity was characterized in plasma samples from 19 unrelated
healthy individuals). Bacterial killing was also markedly inhibited
by catalase, demonstrating the requirement for H2O2 (Fig. 5B).
These data indicate that plasma contains at least one peroxidase
capable of generating bactericidal HOCl.

Human plasma VPO1/H2O2/Cl� system kills bacteria. Our
previous studies showed that VPO1 was present in human plasma
at concentrations ranging from 0.2 to 2.4 �M (average, 1.1 �M)
and in murine serum at 1.7 to 3.7 �M (average, 2.6 �M) (4). In
comparison, MPO has been reported to be present in serum at
concentrations of 450 to 950 pM (26), which is 3 orders of mag-

nitude less than plasma VPO1. Because both MPO and VPO1 are
peroxidases that can produce significant quantities of HOCl, we
sought to identify whether one or both of these enzymes is respon-
sible for the bactericidal effects of dialyzed plasma. We first at-
tempted to immunoprecipitate VPO1 from plasma using a poly-
clonal antibody; however, the antibody was not able to bind to
VPO1 in the presence of other plasma components (G. Cheng,
unpublished data). Therefore, we used gel filtration chromatog-
raphy to fractionate plasma. Separation of VPO1 from MPO was
verified by their different molecular masses on Western immuno-
blotting (Fig. 5C). TMB oxidation showed two peaks of activity
corresponding to the peaks of VPO1 and MPO immunostaining.
E. coli-killing experiments were performed using the separated
plasma VPO1 and MPO fractions. Both VPO1- and MPO-con-
taining fractions killed 50 to 75% of E. coli—an effect that was
dependent on the presence of H2O2 and chloride—and it was
inhibited by ABAH (Fig. 5D). The final concentrations of VPO1
and MPO in the reactions were ca. 50% of the concentration of
these species in native plasma. These data indicate that the total
bactericidal activity of VPO1 in plasma is at least as potent as that
of MPO, combining their peroxidase activity and concentration.

RBCs have higher levels of catalase. Therefore, RBCs may pro-
vide catalase as well as serve as competitive substrates to consume
H2O2 (1). RBCs thus reduce MPO-mediated bacterial killing; they
may also be destroyed by the MPO/H2O2/Cl� system (1). The
inhibition of MPO-mediated bacterial killing by RBCs is selective.
The inhibition is decreased when MPO-bacterium binding in-
creases. This is due to the proximity of the MPO-mediated oxi-
dant in MPO-binding bacteria (1). As presented above, VPO1 is
able to bind to E. coli. We then evaluated the effects of RBCs in the
VPO1/H2O2/Cl� system. At 10 and 20 �M H2O2, the VPO1/
H2O2/Cl� system did not destroy RBCs significantly (Fig. 5Ea).
RBCs displayed only a slight inhibition of VPO1- and MPO-me-
diated E. coli killing (Fig. 5Eb), which is consistent with a previous
report (1).

DISCUSSION

We demonstrate here that VPO1 is an enzymatic component in
plasma that is capable of bacterial killing. Whereas MPO is pri-
marily secreted (or “leaked”) from phagocytic cells, VPO1 is con-
stitutively secreted by vascular endothelial cells, suggesting a pri-
mary role for VPO1 in maintaining the sterility of circulating
plasma. This function of VPO1 may be critical in the clinical con-
texts of sepsis, traumatic injury, postsurgical wounds, or indwell-
ing vascular catheters or devices. In the presence of its substrates,
H2O2 and Cl�, VPO1 produces HOCl; bacterial killing is depen-
dent upon the generation of this highly reactive species. Previ-
ously, MPO was thought to be uniquely capable among the animal

and MPO (inset). These data are representative of at least three separations using different plasma samples. (D) Four human plasma samples were individually
subjected to fractionation as described for panel C. The eluents with the strongest peroxidase activity (fractions 13 and 16 for VPO1 and MPO, respectively) were
concentrated 10-fold to facilitate bacterial killing experiments. E. coli killing was carried out as described for panel B, except that 20 �l of fractionated plasma
containing either VPO1 or MPO was added. The final concentrations of VPO1 and MPO were ca. 50% of that in native plasma. The numbers are plasma sample
identifications. The data are representative of three independent experiments. Error bars indicate the SD. (E) VPO1-mediated bactericidal activity in the presence
of RBCs. (a) Effects of VPO1 or MPO/H2O2/Cl� systems on RBCs. A total of 107 RBCs were incubated with 140 mM NaCl, 10 or 20 �M H2O2, and either 200
mM VPO1 or 50 nM MPO at 37°C for 1 h. Hemoglobin was determined by measuring the A415 of the supernatant and pellet, and the percentage of distribution
was calculated using the A415 divided by the total A415 of the supernatant plus the pellet. (b) E. coli cells were incubated in 100 �l of 50 mM phosphate buffer (pH
6.2) containing 140 mM NaCl, the indicated amounts of H2O2, and either 200 nM rVPO1 or 50 nM MPO in the presence or absence of 107 RBCs at 37°C for 1 h.
The cell mixtures were plated on LB agar plates, followed by incubation at 37°C overnight. The percentages of the CFU in the experimental group compared to
the control group (E. coli only) were calculated.
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heme-containing peroxidases of generating HOCl. However, ge-
netic deficiency in MPO was not associated with an obvious defect
in innate immune function, since affected individuals are not in-
ordinately susceptible to infections (27). This is in marked con-
trast to individuals with chronic granulomatous disease in which
mutation or absence in individual components of the phagocyte
NADPH-oxidase results in a severely immunocompromised phe-
notype (28). The present study indicates that VPO1, like MPO,
can generate HOCl. VPO1 is also likely to be present at sites of
injury and infection; the absence of a phenotype in MPO-deficient
individuals may be a result of a redundant role of VPO1. Taken
together, our data strongly support a role for a novel heme perox-
idase, VPO1, in supporting microbicidal activity and maintaining
the sterility of circulating plasma.

VPO1 lacks a Met at the position that corresponds to Met409
in MPO and was therefore expected to lack chlorinating activity.
Met at this position is a unique feature of MPO that has been
proposed to be a key determinant of its unique ability to catalyze
chlorination reactions (19). The covalent linkage of this residue to
heme is responsible for the unusually red-shifted Soret band at
428 nm. MPO with Gln replacing Met409 shows decreased overall
peroxidase activity, the loss of its chlorinating activity, and a blue
shift of the Soret band from 428 to 411 nm, the latter being typical
of heme-containing peroxidases (15, 20). However, substituting
the corresponding Gln376 of bovine LPO with Met is not suffi-
cient to confer either a red shift of the Soret band or chlorinating
activity, underlining the complexity of interactions in the heme
environment of mammalian peroxidases (31). The corresponding
residue in VPO1 is Gln981, and the enzyme shows a Soret band at
�410 nm (5), similar to LPO. In addition, EPO, with the corre-
sponding residue Thr381, has chlorinating activity at pH 5 but is
not considered to generate HOCl at neutral pH (10). These data
demonstrate that VPO1 is a new member of this family with the
ability to generate HOCl at physiological conditions. These find-
ings strongly suggest that Met409 is not necessary but is able to
enhance HOCl production in peroxidases and emphasize the
complexity of interactions in the heme environment.

It was reported that the selective binding of MPO to bacteria
benefited the bacterial killing and decreased damage of RBCs (1).
Although there is no predicted structure motif in MPO binding to
bacteria, there may be electrostatic binding. It has been proposed
that MPO binds to bacteria as a result of its higher cationic surface
charge (pKa � 10) (2). Our data show that VPO1 is able to bind to
E. coli at a physiological pH (Fig. 4D). The pI value of VPO1 was
predicted to be �7 (5). It seems that VPO1 is much less charged in
physiological conditions. Analysis of the VPO1 amino acid se-
quence revealed that VPO1 possesses a unique N-terminal region
containing five leucine-rich repeats and four immunoglobulin
domains. These repeats and domains are frequently involved in
protein-protein and protein-ligand interactions (3, 17). We pre-
dict that the N-terminal region of VPO1 may contribute to its
binding to E. coli. The detailed mechanism of the interaction of
VPO1 and E. coli is being investigated in an ongoing project.

In luminal structures such as the airway and oral cavity, invad-
ing pathogens are killed in part by LPO-generated hypothiocyan-
ite, which is generated from H2O2 and thiocyanate in an LPO-
dependent oxidation (11). Hypothiocyanite shows weaker
antimicrobial activity than HOCl but is likely to be less toxic to
host epithelial cells. Whereas neutrophils are effective in tissues,
where they release HOCl primarily into their phagolysosomal ves-

icle, less is known about how organisms handle bacteria in blood.
A small fraction of MPO from phagocytes that includes proMPO
(the monomeric precursor of MPO, which contains heme and has
peroxidase activity) is released into circulation (12), achieving se-
rum levels ranging from 450 to 950 pM measured by enzyme-
linked immunosorbent assay (26). H2O2 in blood is present at 1 to
7 �M (7, 21), as well as 100 mM Cl�. Thus, plasma itself possesses
both the substrates and low levels of the enzyme MPO, which is
capable of generating HOCl in blood. Other peroxidases includ-
ing EPO and LPO are undetectable in plasma (X. Qiu and G.
Cheng, unpublished data). Our finding demonstrates that VPO1
can be effective in physiological environments and plays an im-
portant role in innate immunity in plasma. Considering the grow-
ing threats posed by drug-resistant bacterial infection, our find-
ings have realistic significance and merit further studies.
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