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Abstract
Animal heme-containing peroxidases play roles in innate immunity, hormone biosynthesis and the
pathogenesis of inflammatory diseases. Using the peroxidase-like domain of Duox1 as a query, we
carried out homology searching of the NCBI database. Two novel heme-containing peroxidases were
identified in humans and mice. One, termed VPO1 (vascular peroxidase 1), shows highest tissue
expression in heart and vascular wall. A second, VPO2, present in humans but not in mice, is 63%
identical to VPO1, and is highly expressed in heart. The peroxidase-homology region of VPO1 shows
42% identity to myeloperoxidase (MPO) and 57% identity to insect peroxidase, peroxidasin. A
molecular model of VPO1 peroxidase region shows a structure that is highly similar to known
peroxidases, including a conserved heme-binding cavity, critical catalytic residues, and a calcium-
binding site. Absorbance spectra of VPO1 are similar to lactoperoxidase and covalent attachment of
the heme to VPO1 protein was demonstrated by chemiluminescent heme staining. VPO1 purified
from heart or expressed in HEK cells is catalytically active and shows a Km for H2O2 of 1.5 mM.
When co-expressed in cells, VPO1 can utilize H2O2 produced by Nox enzymes. VPO1 is likely to
carry out peroxidative reactions in the vascular system previously attributed exclusively to MPO.
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Introduction
In mammals, heme-containing peroxidases catalyze the oxidation of a variety of substrates by
H2O2, playing important roles in innate immunity, synthesis of thyroid hormone and
extracellular matrix as well as in the pathogenesis of a number of inflammatory diseases such
as atherosclerosis. This enzyme family has been found in organisms ranging from C. elegans
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and Drosophila to mammals. In human, it includes myeloperoxidase (MPO), eosinophil
peroxidase (EPO), lactoperoxidse (LPO), thyroid peroxidase (TPO) (reviewed in [1]), Duox1
and Duox2 (dual oxidase) [2]. Duox1 and Duox2 are less well characterized and less closely
related to the classical peroxidases. The other members of the group are highly restricted in
their tissue distributions. For example, MPO is expressed in neutrophils and mononuclear
phagocytes, while EPO is found in eosinophils and TPO is in thyroid [1].

MPO, the most thoroughly studied member of this family, has antimicrobial properties.
Klebanoff and others showed that MPO-H2O2-halide systems exhibit broad microbicidal
activity against bacteria, fungi and viruses (reviewed in [1]). Leukocytes from patients with
inherited MPO defects have impaired fungicidal activity, predisposing them to disseminated
candidiasis [3,4]. LPO plays a similar antimicrobial role in saliva, airways and milk [5,6].

TPO is a biosynthetic enzyme that plays an important role in iodide organification and
iodotyrosine coupling to form iodothyronines; its genetic deficiency causes congenital
hypothyroidism [7]. The human TPO gene encodes a 933 amino acid, membrane-bound,
glycosylated, heme-containing peroxidase [8].

The present study describes the cloning from humans and mice and initial characterization of
a heme-containing peroxidase, which we term VPO1 (Vascular PerOxidase based on its highest
tissue expression in heart and vascular wall). A closely related homolog, VPO2, was also
identified and is expressed abundantly in human heart, but is not considered in detail here. Both
are structurally similar to the insect peroxidase peroxidasin, which was previously described
[9]. In addition to its peroxidase domain, VPO1 contains several distinctive domains that are
suggestive of participation in protein complexes. VPO1 expressed in live cells can utilize
H2O2 generated from co-expressed Nox enzymes to catalyze peroxidative reactions. Some of
these Nox enzymes are normally expressed in the same vascular cells where VPO1 is expressed.
Thus, VPO1 is a novel heme-containing peroxidase and is likely to participate in H2O2
metabolism and peroxidative reactions in the cardiovascular system.

Materials and Methods
Cells and reagents

HEK293H (Invitrogen, Carlsbad, CA), Cos7 and H9c2 (Rat embryonic myocardium)
(American Type Culture Collection, Manassas, VA) cells were maintained in DMEM media
(MediaTech, Herndon, VA) with 10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml
streptomycin. Luminol, hematin, sodium butyrate (NaBu), 3,3’,5,5’-tetramethylbezidine
(TMB) and TMB liquid system, 5’-aminobenzohydrazide (ABH), N-cetyl-N,N,N-
trimethylammonium bromide (CTAB), horseradish peroxidase (HRP), LPO (from bovine
milk), MPO, cytochrome c, hemin, myoglobin, formic acid, dithiothreitol (DTT), bovine serum
albumin (BSA) and anti-tubulin monoclonal antibody were purchased from Sigma-Aldrich (St.
Louis, MO), Hanks’ solution containing 1.26 mM calcium and 0.91 mM magnesium (HBSS)
and HEPES buffer from Invitrogen (Carlsbad, CA), DNA polymerase from Clontech
(Clontech, Palo Alto, CA), restriction endonucleases and T4 DNA ligase from New England
Biolabs (Beverly, MA), DEAE-Sepharose Fast Flow from GE Healthcare (Piscataway, NJ),
chemiluminescent substrate for Western blot and heme staining from Pierce Biotechnology
(Rockford,IL), anti-MPO antibody from CALBIOCHEM (Gibbstown, NJ), anti-LPO antibody
from Santa Cruz Biotechnology (Santa Cruz, CA).

Identification of VPO1
A BLAST search of EST and genomic databases at the National Center for Biotechnology
Information (NCBI) using the peroxidase-like domain of human Duox1 as a query sequence
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identified a human genomic sequence (GenBank NT_086610) on chromosome 2p25, and
human and mouse EST clones such as D86983 and AK122223. The hypothetical protein
translated from the genomic DNA and EST sequences had 21% identity to corresponding
regions in Duox1 and 42% identity to the peroxidase domain of MPO. Current E values for
BLAST search identified of VPO1 in the human genome are 10−106 (with MPO) and 3 ×
10−24 (with Duox1).

Identification of VPO2
The same BLAST search as above also identified a human genomic sequence (GenBank
NT_008183) on chromosome 8q11 and human EST clones such as CD637080. Chimpanzee
has an orthologue (XM_519754) which is predicted by automated computational analysis at
NCBI. However, the mouse orthologue could not be identified. The peroxidase region
conceptually translated from the genomic DNA and EST sequences had 63% identity to
corresponding regions in VPO1, 21% identity in Duox1 and 38% identity in MPO (E=5 ×
10−83).

First–strand cDNA synthesis
Total RNA was extracted from cell lines with the mRNA extraction kit following the
manufacturer’s protocol (QIAGEN Inc. Valencia, CA). mRNAs were reversely transcribed
into first-strand cDNA with Supercript II (Invitrogen) using oligo-dT according the method
provided by the manufacturer.

5’-Rapid amplification of cDNA ends (RACE)
To determine the N-terminal sequence of VPO1 and to obtain the full-length sequence, 5’-
RACE was carried out using BD™ Marathon-Ready cDNAs of human fetal kidney, spleen,
thyroid and testis (Clontech, Palo Alto, CA) as templates using the company’s universal
primers, AP1 and AP2 (for nested PCR), and the following primers which were designed based
on the EST and genomic sequences: primer 1: 5’-AGTTGCTCTAGAGAGGCAAGTCCC-3’
and primer 2: 5’-TGTGTTCAAGTTCCTCAGCCGCCT-3’ (for nested PCR). The major PCR
fragments (about 350 bp) from above four tissues were cut out of the agarose gel and purified
by QIAquick® Gel Extraction kit (QIAGEN Inc. Valencia, CA), respectively. The fragments
were sequenced using Applied Biosystems model 377 sequencer.

PCR detection of mRNA for human and mouse VPO1
VPO1 expression patterns were determined using human and mouse Multiple Tissue PCR
panels (Clontech) with the following primers: human: 5’-
ATCGCAAACCTGTCGGGCTGTACC-3’ (forward) and 5’-
GCAGTCCTGCCACACCCGGAGGTC-3’ (backward); mouse: 5’-
CTGACCAGCATGCATACGCTGTGG-3’ (forward) and 5’-
CACTGTGTGGGCCATGGAGAACAG-3’ (backward). PCR parameters were 95°C for 30
s, 62°C for 20 s, 72°C for 1 min, 35 cycles after denaturing for 1 min 30 s at 95°C.

Molecular cloning of the VPO1 cDNAs
The PCR fragments coding the N-terminus of human and mouse VPO1 were amplified from
human heart cDNA and mouse 17 day embryo (Clontech, Palo Alto, CA) by using primers to
introduce appropriate restriction enzyme sites. These fragments then were subcloned with PCR
fragments of the C-terminus of human and mouse VPO1 from respective EST clones into a
mammalian expression vector (pcDNA3). The cDNA clones of human Nox1, Nox2, Nox3,
Nox4, Nox5, NOXO1, NOXA1, p47phox, p67phox, myc2-Rac1(G12V) were described in
[10–12]. All cDNA clones were confirmed by DNA sequencing.
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Transient transfection
Plasmids (empty vector or vector carrying cDNA) were transfected into HEK 293H cells using
FuGENE 6 (Roche, Indianapolis, IN) according to manufacturer’s instructions. After 24 hr,
NaBu (5 mM) and hematin (1 µg/ml) were added and incubated for 24 hrs. For experimental
optimization of induction of VPO1 activity, NaBu was varied in the presence of 1 µg/ml
hematin. The cells were removed from the well and washed twice with cold HBSS.

Construction of VPO1-stably expressing cell lines
pcDNA3/VPO1 was transfected into HEK 293H cells using FuGENE 6 (Roche, Indianapolis,
IN) as described above. After 48 hr, cells were re-plated and G418 (500 µg/ml) was added to
the media. Media containing G418 was exchanged every 3 days for 3 weeks. Nine G418-
resistant colonies were isolated and grown in 10 cm plates. Peroxidase activity and VPO1
expression were verified by TMB oxidation and Western blotting with anti-VPO1 antibody,
respectively. GJ-3 and GJ-4 VPO1-stably expressing cell colonies show the highest VPO1
levels and peroxidative activity.

Measurement of protein concentration
Protein concentration was determined using the Bio-Rad Protein Assay based on the Bradford
dye-binding procedure. BSA served as the protein standard.

Suspension culture of VPO1-stably expressing cells
0.5 × 107-cells/ml were grown in spinner bottles with 40 ml of 293 Serum-free Medium
(Invitrogen) at 37°C and 8% CO2 with stirring at 100 rpm. After two days, 60 ml of Serum-
free Medium was added and the culture was continued for two days. To induce VPO1
expression, NaBu (5 mM) and hematin (1 µg/ml) were added 24 hr before harvesting. Cells
were centrifuged at 1000 × g at 4°C for 10 min. VPO1 was purified from the supernatant.

Partial purification of VPO1
300 ml of the supernatant from the suspension culture of VPO1-stable cells was loaded into a
2 × 80 cm column of DEAE Sepharose Fast Flow (GE Healthcare, Piscataway, NJ) at 4°C.
The column was washed with 200 ml of 20 mM potassium phosphate, pH 8.0, containing 100
mM NaCl. Sequentially, the column was eluted by a gradient of 400 ml of 100 mM NaCl and
400 ml of 1 M NaCl in the phosphate buffer. Eluent was collected in 15 ml aliquots. The
peroxidase activity was monitored by TMB oxidation. The sample with the strongest
peroxidase activity was then used for spectroscopy.

UV visible spectra
Spectra of VPO1, LPO, MPO and myoglobin were recorded from 350 nm to 700 nm using an
AMINCO DW-2000 spectrophotometer according to the method described in [13]. Reduced
spectra were obtained by adding a few crystals of solid sodium dithionite. Pyridine
hemochrome spectra were obtained by adding pyridine to the reduced proteins to a final
concentration of 2.4 M. Absorption spectra were also recorded in 88% (v/v) formic acid.

Turnover number and Km value
5 µl each of LPO, MPO, hematin, myoglobin, cytochrome c, or partially purified VPO1, were
added to 95 µl of TMB solution containing the indicated concentration of H2O2 (Sigma-
Aldrich) and the reaction was recorded using a THERMOmax Microplate Reader (Molecular
Devices, Sunnyvale, CA) equipped with Softmax Kinetic analysis software. The turnover
numbers were calculated based on the formula: ΔA/min=εCTMB and T.N. = CTMB/Cheme
(ΔA/min: absorbance changes in a minute; ε: extinction coefficient of TMB, 3.9 ×
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104mol−1cm−1; CTMB: TMB generated in 1 minute; T.N.: turnover number, min−1 per heme;
Cheme: heme content of indicated hemoproteins). For Km determinations, 2 µl of VPO1,
hematin, myoglobin or cytochrome c was added into potassium phosphate buffer, pH 5.4 with
100 mM NaCl and 0.2 mM TMB in 100 µl reactions, respectively. The reaction was initiated
by added series of H2O2 (4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048 and 4096 µM), respectively.
Vmax and Km were obtained using a non-linear least squares fit to the Michaelis-Menten
equation. For display purposes, a Lineweaver-Burke plot is also shown. The relative activity
of VPO1, hematin, myoglobin and cytochrome c vs. LPO using luminol as substrates is also
compared. The reactions were initiated by adding 4 µl of 5 mM H2O2 into 94 µl HBSS with
1 mM luminol and 2 ul of above proteins (range from 3.5 to 5 µM), respectively. The light
emission was recorded using FluoStar™ luminometor every 30 second for 20 min.

Homology modeling
A homology molecular model for the VPO1 peroxidase domain was constructed using the
INSIGHTII/HOMOLOGY package from Accelrys Software, Inc. (San Diego, CA). Initially,
the VPO1 sequence was aligned using CLUSTAL W with the sequences of the solved structural
homologues MPO, LPO, and the more distantly related prostaglandin synthase (PGS). Several
related sequences including mammalian and invertebrate Duox peroxidase-like protein
domains were included in the alignment to provide additional clues. The structures of the basis
set proteins were aligned using Homology; the PGS structure had to be aligned manually. The
CLUSTAL alignment was edited within INSIGHT to bring structurally equivalent residues of
the solved proteins into alignment; in practice, this required some adjustment of the alignment
of PGS vs. the two solved peroxidases. Some manual editing was also necessary to align VPO1
with the basis set proteins.

Peroxidase activity assay in cell lysates
Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40,
0.25% sodium deoxycholate, 1mM EDTA) with 0.1% CTAB. 50 µg of protein was added to
100 µl TMB Solution (Sigma). The reaction mixture was incubated at room temperature for
30 min. The absorbance was recorded at 650 nm. Peroxidase activity in the cell lysate was also
measured using luminol-based chemiluminescence, slightly modified according as in [9]. 25
µg of protein was mixed with 200 µM of luminol and H2O2 as indicated in 200 µl.
Luminescence was immediately quantified using a FluoStar™ illuminometer (BMG Labtech,
Durham, NC) and luminescence was recorded every 10 to 50 second for 1 hr upon the numbers
of samples.

Peroxidase activity assay in live cells
Because luminol is cell permeable, it can be used to detect peroxidase activity in live cells,
essentially according to previous reports [14]. Briefly, for each well in a 96-well plate, 2 ×
105 cells (transient-transfected or VPO1 stable cells) in HBSS or 10 mM potassium phosphate
(pH 7.4) were mixed with 200 µM luminol and an indicated concentration of H2O2 in a total
volume of 200 µl. In some experiments, H2O2 was omitted, demonstrating the utilization of
endogenously produced H2O2. In these experiments, Nox enzymes along with their regulatory
subunits were cotransfected with pcDNA3/VPO1 into HEK293H cells as described [10–12].
Luminescence was quantified using a FluoStar™ luminometer and luminescence was recorded
every 10 to 20 second for 1 hr.

Anti-VPO1 antibody
A region of the VPO1 peroxidase domain with highly predicted antigenicity was chosen using
DNAStar™ software (Madison, WI). The peptide (corresponding to residues 1197–1211) was
synthesized, purified by reverse phase high performance liquid chromatograph and conjugated
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with keyhole limpet hemocyanin by Sigma-Genosys (The Woodlands, TX). Anti-VPO1
antibody was raised in rabbit against the conjugated peptide [Sigma-Genosys (The Woodlands,
TX)]. Antibody was purified using Protein-G agarose beads according to standard procedures.
The specificity of the antiserum was determined by Western blotting using the overexpressed
VPO1 and compared with MPO (purified, Sigma-Aldrich), bovine LPO (purified, Sigma-
Aldrich), EPO (cell lysat of EPO-transfected HEK293 cells) and TPO (cell lysat of TPO-
transfected HEK293 cells). The antibody was specific for VPO1 and did not cross-react with
MPO, LPO, TPO or EPO as shown in supplementary data, Figure 1S.

Western blot analysis
Cells or homogenized tissues were lysed in RIPA buffer or RIPA buffer with 0.1% CTAB
containing protease inhibitor mixture (Sigma). Lysate (50 µg of protein) was resolved by 12%
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes using a Mini
Tank Transfer System (Bio-Rad Laboratories, Hercules, CA) at 80 V for 1.5 hr. Proteins were
detected using Western blotting, visualized by chemiluminescence (Pierce, SuperSignal West
Pico Chemiluminescent Substrate).

Immunohistochemistry
Immunohistochemistry was carried out according to [15] using the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA). Sections of mouse carotid arteries were incubated with
a 1: 800 dilution of anti-VPO1 antibody and stained with diaminobenzidine tetrahydrochloride
(DAB) and hematoxylin. The negative control was treated with PBS instead of primary
antibody.

Detection of covalently-bound heme
Covalently-bound heme was detected using a chemiluminescence-based method that detects
the peroxidase activity of heme retained in protein subjected to SDS-PAGE and blotting [16].
In brief, approximately 2 µg of myoglobin, cytochrome c and 1 µg of partially purified VPO1
were prepared in loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.5% bromphenol blue
and 20% glycerol). The samples were run on 15% SDS-PAGE and transferred to PVDF
membrane. The membrane was washed three times with 1 X PBS and covered with Pierce’s
chemiluminescent substrates (luminol/enhancer) for 5 min. The membrane was exposed to X-
ray film to detect luminescence. The same membrane was subject to Coomassie’s Blue staining
according to standard procedures.

RESULTS
Identification and cloning of human and mouse VPO1

Fig. 1A shows a dendrogram of human heme-containing peroxidase family including VPO1
and VPO2, described herein (only the peroxidase domains are compared). VPO1 and VPO2
were initially identified by BLAST searching of the NCBI EST and genomic database using
the peroxidase domain of human Duox1 as a probe; analysis of genome databases shows that
the VPO1 gene is located on chromosome 2p25 while VPO2 is on 8q11. VPO1 and VPO2 are
approximately 63% identical, and fall within a subfamily that also contains MPO, EPO, LPO
and TPO. They are more distantly related to the Duox peroxidase-like domains, but are closely
related both in sequence and domain structure to the previously described insect peroxidase
peroxidasin [9] (see Discussion).

Herein, we focus on the identification and characterization of VPO1 since it appears to be more
highly expressed than VPO2 in adult vascular tissues. VPO1 represents the complete sequence
of a gene product that was previously hypothetically identified by Mitchell et al [17] as a
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homolog of the interleukin 1 receptor antagonist using subtractive hybridization and EST
sequence assembly. Mitchell et al [18] reported the gene (termed it Melanoma-associated Gene
50 or MG50), which is located on chromosome 2p25.3, was overexpressed in melanoma.
However, the authors did not determine the 5’-end nucleotide of the hypothetical sequence in
the assembly. In the present study, the complete sequence includes 5’-end was determined by
the 5-RACE (see below). Horikoshi et al. [19] reported a short form of this gene, which contains
approximately half sequence of the complete sequence of VPO1, and included the peroxidase
region and VWC domain. This sequence may represent an alternative splicing form of VPO1.
This short form was induced by p53 in colon cancer cells and was therefore termed p53 response
gene 2 (PRG2). As shown in Fig. 1B, 5’ RACE from four human tissues (fetal kidney, spleen,
testis, and thyroid) showed a major band at 350 bp, and these fragments were verified as 5’
region of VPO1 by automatic sequencing. This region was also confirmed in mouse heart and
17-day mouse embryonic tissue (data not shown). This region includes an ATG initiation
codon; the open read frame (TCGGCCatgG) that corresponds to a classical Kozak consensus
sequence (GCCRCCatgG), where R represents purine [20]. During the course of our studies,
an updated computational sequence (GenBank accession number XM_056455.6) shows a gene
with a predicted protein sequence identical to the VPO1 sequence reported here. The entire
VPO1 amino acid sequence is also identical to a sequence contained in the KIAA0230 clone,
which was originally isolated from a cDNA library from a human myeloid cell line enriched
for relatively long cDNA transcripts [21]. Thus, the reported sequence represents the major
form of VPO1 in multiple tissues although other minor N-terminal splicing forms cannot be
ruled out. This VPO1 sequence is deposited in GenBank with accession number EF090903.
VPO2 was identified by a similar strategy, and the sequence is deposited with accession number
EU170240.

By alignment, human and mouse VPO1 show 91% identity at the amino acid level, similar to
the 86% identity shared by human and mouse MPO. Analysis of the gene sequence (GenBank)
shows that the VPO1 gene is about 110 kb and contains 23 exons and 22 introns. Interestingly,
VPO1 is located tail-to-tail with TPO at 2p25. The domain structure of VPO1 and VPO2 is
shown in Fig. 1C, and indicates that the peroxidase domain located in the C-terminal half of
the molecule. At 165 kDa, the peroxidase is predicted to be much larger than MPO (89 kDa,
precursor form) and the other classical peroxidases. The N-terminus contains a signal peptide
sequence as predicted by the SignalP server (Technical University of Denmark). MPO also has
a signal peptide sequence; a portion of this enzyme is secreted while the majority is retained
in cells [22]. The N-terminal half of VPO1 is comprised of multiple predicted subdomains
including: 1) leucine-rich repeats (LRRs); 2) leucine-rich repeat N-terminal or C-terminal
domains, which are often located N- or C-terminal to LRRs; 3) immunoglobulin C-2 type
domains. VPO1 also contains a von Willebrand factor type C domain (VWC) at the extreme
C-terminus following the peroxidase domain. These structural domains (except for the
peroxidase domain) have been found in other proteins to mediate protein-protein interactions,
but the binding partners for VPO1 are unknown.

The peroxidase domain of VPO1 has 42%, 41%, 39%, 41%, 21% and 19% identity to the
corresponding region of MPO, EPO, LPO, TPO, Duox1 and Duox2, respectively. Fig. 1D
shows the alignment of the peroxidase domain of the human heme-containing peroxidase
family. Like MPO, EPO, LPO and TPO, VPO1 contains the catalytically-important conserved
axial ligand and distal histidine residues as well as many conserved residues in the heme binding
cavity known to participate in heme binding in other peroxidases. Thus, the heme-binding and
catalytic site of VPO1 is similar to the other classical members of this family.

While the present study is the first to describe and characterize mammalian VPO1, in fact the
gene is also widely distributed among animal species including C.elegans, Drosophila, cow,
and monkey. Nelson et al. [9] reported a Drosophila homolog, peroxidasin (referring to
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peroxidase in insect), which functions in the biogenesis of extracellular matrix during
embryogenesis of hematocytes (see Discussion). VPO1 and VPO2 have similarly predicted
domain structures, implying evolutionary conservation and perhaps orthologous biological
function.

Molecular model of VPO1
Fig. 2 shows a molecular model of the VPO1 peroxidase domain, constructed as described in
Materials and Methods. The model reveals 10 conserved cysteine residues that formed five
cys-cys cross bridges in the other peroxidases (except for prostaglandin synthase, PGS),
conserved proximal histidine (axial heme ligand) and distal histidine [23], conserved amino
acid residues that bind to the heme propionate group (Asp830, Arg1071 and Arg1161) [24],
and two conserved acidic residues which in LPO and MPO are covalently linked to heme vinyl
groups (Asp826 and Glu980) [24]. However, the third position, which is covalently linked to
a heme vinyl group in MPO (Met409) and contributes to its unique Soret peak at 430 nm, is
not conserved in VPO1, which instead contains Gln981 at the corresponding position. This is
consistent with the Soret peak of VPO1 at 410 nm (see spectrum of VPO1, Fig.5). In addition,
four conserved residues (corresponding to residue numbers 334 and 338–340 in MPO) and the
conserved aspartic acid residue (residue number 262 in MPO) form a high affinity calcium-
binding site, a common feature of most animal peroxidases (but not PGS). A large number of
other residues within the structural core of the VPO1 molecule were highly conserved for
presumed structural reasons. The presence of a large number of important conserved residues
over much of the length of the sequence lends confidence in the general accuracy of structural
model.

Coordinate assignment was carried out using MPO and LPO structures and to a lesser extent
using PGS. Over 98% of the structure could be assigned directly from the basis set. Three short
surface loops differed by one residue from the basis set structure and required loop replacement
from the Protein Data Bank (PDB). One five-residue insertion in a surface loop remote from
the access channel required similar treatment. These are the only regions of low confidence.
Minor relaxation of side chains and loops using DISCOVER (Accelrys Software) produced an
energetically reasonable structure with no serious steric overlaps.

The VPO1 peroxidase domain shares the common core structure of the three basis set proteins
(MPO, LPO and PGS). The fold forms a helical cage with an unusually wide ‘slot’ providing
access to the catalytic site. A small amount of beta structure is present, primarily at one edge
of the fold. The extreme C-terminal region, covering about 50 residues, is conserved among
LPO, MPO and VPO1, but not with PGS, and forms a characteristic mammalian peroxidase
C-terminal motif including short helical regions and a conserved cys-cys bond.

The common core appears to contain at least 25 conserved helical regions characteristic of the
mammalian peroxidases. LPO structures have these helices and three very short (four or five
residues) additional regions defined as helical; MPO has the twenty five conserved helices and
one very short helix that LPO lacks. While small differences in Ramachandran angles and
backbone H bonding exist, the main chain in these proteins follows a similar path in these
regions and the helical character of the four short nonconserved helical regions is of secondary
importance. The very small amount of beta structure appears conserved.

Highly conserved secondary structural features include two long helices that form a twisted
helical hairpin structure that provides the spine of the proteins’ fold. Three additional well-
conserved helices run across the faces of the heme. These helices and immediately adjacent
loop regions supply the distal and proximal histidines, propionate group ligands, and many of
the hydrophobic residues that line the heme pocket. The heme pocket and catalytic site have
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an unusually wide access channel, suggesting that a variety of substrate structures may gain
access to the active site.

The Ca+2 binding site is well conserved among these peroxidases [25]. Three of the Ca+2

ligands are supplied within a compact loop region as shown in the alignment, but the fourth
ligand is located within one of the regions which is involved in heme binding and catalytic site
conformation. The ligand is directly adjacent to the distal histidine and close to propionate
group ligands and one of the acidic groups that forms a covalent bond with a vinyl group on
the heme periphery. This indicates strong coupling between the binding of calcium and the
conformation of the heme pocket and catalytic site.

Tissue distribution
RT-PCR (Fig. 3A) revealed VPO1 mRNA expression in multiple adult and embryonic tissues
including heart, liver, lung, pancreas and placenta. Lesser expression was observed in brain
and skeletal muscle. In addition, VPO1 message is expressed in spleen, testis and thyroid (Fig.
3A). VPO1 message is also present in mouse embryo (7 to 17 days). Because for some proteins,
protein expression differs considerably from mRNA expression, western blot analysis was
carried out using Protein-G purified anti-VPO1 antibody. As shown in Fig. 3B, VPO1 protein
was abundant in mouse heart and H9c2 cells, but was not detected in other tissues, indicating
that mRNA expression does not correspond exactly to protein expression. Using
immunohistochemistry, significant levels of VPO1 were also detected in vascular wall, both
in endothelium and smooth muscle (Fig. 3C). These data indicate that VPO1 protein is highly
expressed in the cardiovascular system. Thus, we refer to the protein as VPO1 or “Vascular
PerOxidase 1”, conforming to the convention of naming mammalian heme-containing
peroxidases according to their major tissue expression.

Measurements of VPO1 activity
To determine whether the cloned VPO1 has peroxidase activity, full-length VPO1 was
transfected into HEK293H cells. After 48 hr incubation, the cells were harvested and lysed in
RIPA/CTAB buffer. The peroxidase activity was detected by TMB oxidation. However,
activity initially was indistinguishable from vector control. Because VPO1, like other members
of this family, is a heme-containing protein, the lack of activity may have been due to
inadequate incorporation of heme into VPO1 apoprotein. Therefore, 1 µg/ml of hematin was
incubated with VPO1-transfected HEK293H cells for 24 hr. However, the peroxidase activity
increased only slightly, and VPO1 protein expression was as low as measured by Western blot
(data not shown). NaBu is an inhibitor of histone deacetylases and can selectively induce the
expression of certain genes [26], both in transient transfection and stable cells [27,28]. Fig. 4A
shows that the VPO1-dependent TMB oxidation was effectively reconstituted in VPO1-
transfected HEK293H cells in the presence of both hematin and NaBu. The dependence of
peroxidase activity on hematin and NaBu in cells stably expressing VPO1 was the same as in
the transiently transfected cells (data not shown).

While neither hematin nor NaBu alone significantly increase VPO1 activity, NaBu alone
induced VPO1 protein expression about five fold (Fig 4B). In the presence of both hematin
and NaBu, VPO1 activity increased significantly implying that significant VPO1 apoprotein
expression is induced by NaBu, but exogenous heme is needed to optimally reconstitute active
holoenzyme (Fig.4B). Fig. 4C shows that VPO1 activity is dependent on NaBu in a dose-
dependent manner in the presence of hematin. The optimal concentration of NaBu for VPO1
expression was found to be 5 mM; at higher concentrations, NaBu caused significant apoptosis
after 24 hr, consistent with previous reports [29]. The effect of these supplements was time
dependent, showing optimal induction at 24 hr. The longer incubation, even at 5 mM NaBu,
induced apoptosis (data not shown). As shown in Fig. 4D, VPO1 activity in live cells was

Cheng et al. Page 9

Free Radic Biol Med. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H2O2-dose dependent. As shown in Fig. 4E, the VPO1-dependent peroxidase activity was
inhibited in a dose-dependent manner by ABH, a broadly specific inhibitor of heme-containing
peroxidases. Taken together, these data establish the in vivo activity of the novel heme-
containing peroxidase VPO1.

Spectral characterization and covalent heme binding in VPO1
Fig. 5A shows the native ferriheme UV-visible absorbance spectrum of partially purified
oxidized VPO1 as well as VPO1 in formic acid, pyridine and the reduced form in pyridine.
The ferric enzyme has a sharp Soret maximum at 410 nm. The reduced form of VPO1 in
pyridine is compared with those of MPO, LPO (containing a covalently-bound heme) and
myoglobin (containing non-covalently bound heme) in Figs. 5B, with the alpha and beta bands
expanded in Fig. 5C. UV-visible absorbance spectral properties of the homologous peroxidase
perxidasin were not previously reported.

The spectrum of the reduced form of VPO1 in pyridine was similar to that of LPO under the
same conditions and differed significantly from that of myoglobin (Fig. 5B and 5C). As in
LPO, there is a split Soret band with features at 393 and 413 nm. Because of slight turbidity
in the VPO1 preparation, the latter peak is visible as a shoulder. The alpha band of the reduced
pyridine complex of VPO1 is significantly blue-shifted compared to the corresponding
myoglobin-derived complexes (550 versus 554 nm, respectively) (Fig. 5C). In contrast, the
LPO complex has a red-shifted alpha band, with the peak at 559 nm. The reduced MPO pyridine
hemochrome spectrum is radically red shifted (peak reported at 580 to 586 nm in various
preparations [30, 31] compared to LPO. The atypical spectra of LPO and MPO are due to
covalent attachment of the heme to the polypeptide, which prevents the complete removal of
protein-heme interactions in the pyridine hemochrome experiment, and allows the protein to
perturb what would otherwise be identical to a hematin-pyridine spectrum. The covalent
attachment is observed in crystal structures of LPO and MPO, and involves acidic amino acid
residues that are covalently linked to peripheral heme vinyl groups. These acidic residues are
conserved in VPO1 making similar attachments likely. Thus, the most probable interpretation
of the split Soret bands in VPO1 is that there are several forms of the enzyme in the sample
representing covalently and possibly non-covalently-bound hemes.

To investigate directly whether heme was covalently bound to VPO1 protein, protein was
subjected to SDS-PAGE and blotted, and covalently-associated heme was detected using a
chemiluminescence method as in [16]. Using this method, hemoproteins containing non-
covalently bound heme such as myoglobin are not detected because heme is lost during SDS-
PAGE. In contrast, heme is retained by hemoproteins containing covalently bound heme. As
previously reported [16,32], heme is detected in the control protein, cytochrome c (Fig. 6, upper
panel). As expected, no heme was detected in myoglobin, despite abundant protein staining
(Fig. 6, lower panel). Heme was detected in VPO1 following SDS-PAGE and blotting as with
cytochrome c (Fig. 6). This indicates that at least a portion of VPO1 contains covalently bound
heme, consistent with the molecular model showing conservation of two of the three residues
that in MPO form a covalent bond with the heme.

The low spin species with peaks at ~417 nm (yielding the Soret shoulder at 413 nm), 550 nm
(alpha band), and 520 nm (beta band) is a six coordinate low spin complex which may be bis-
pyridine or a mixed ligand complex with pyridine and a protein-derived ligand (e.g., histidine).
The 393 nm band is typical of a high-spin Soret feature and may represent a heme population
with only one axial ligand, almost certainly pyridine. The likely cause of the heterogeneity is
the existence of different levels of peroxide driven covalent linkage to the acidic residues
mentioned above. Molecules with no links, one link and two links may be simultaneously
present.
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To obtain an extinction coefficient for VPO1, the enzyme was dissolved in an 88% solution
of formic acid. The heme spectrum of VPO1 in formic acid was almost identical to the spectrum
of LPO under the same conditions [13] with a Soret peak at about 397 nm (Fig. 5A). Using
LPO in formic acid as a standard, we calculated the concentration of VPO1 heme in solution
and obtained an extinction coefficient for the ferric Soret band of native VPO1 as approximately
112 ±10 mM−1cm−1, the same within experimental error as the Soret band extinction
coefficient of LPO. Using heme concentrations obtained from this extinction coefficient, the
alpha band of the reduced pyridine hemochrome of VPO1 is calculated to have an extinction
coefficient of around 22 mM−1cm−1, very similar to that of the corresponding band for LPO
[33]. This provides independent confirmation of the extinction coefficient. Because the effects
of turbidity are less at longer wavelengths, the use of this band is preferable for calculating
concentration from the pyridine hemochrome in turbid samples.

Based on the heme content calculated using the above extinction coefficients, and the protein
amount in preparations, the best preparations of VPO1 can be calculated to have a heme content
of 1.64 nmol/mg protein, compared with a theoretical heme content of 6.0 nmol/mg protein
based on a molecular weight of 165,274 Daltons. Thus, preparations of VPO1 can be estimated
to be approximately 30% pure, consistent with SDS-PAGE showing numerous smaller bands
in addition to the predicted 165 kDa band. This less-than-theoretical purity may also reflect a
significant content of VPO1 apoprotein. Extensive attempts to further purify the material were
not successful and resulted in loss of most of the activity (data not shown)

Turnover number and catalytic parameters of VPO1
Based upon the heme extinction coefficient and activity towards oxidation of TMB and
luminol, we determined the turnover number (mols substrate oxidized per min per mol heme)
of VPO1, and compared it to the peroxidase activities of LPO, hematin, myoglobin and
cytochrome c (Table 1). The turnover number of VPO1 with TMB is much higher than that of
hematin, myoglobin and cytochrome c, and is inactivated by heat, in contrast to the heat stability
of pseudoperoxidase activities of hematin, myoglobin and cytochrome c. The activity towards
TMB, while quite significant, was considerably lower (about 0.44%) than that of LPO (Table
1). Likewise, VPO1 activity was considerably higher towards luminol than the
pseudoperoxidase activities of hematin, myoglobin and cytochrome c, but lower (about 4%)
than the activity of LPO (Table 2).

It is not clear whether the lower turnover number of VPO1 compared with LPO reflects the
intrinsic catalytic activity of the native enzyme, whether this is due to the purification which
might remove important activators, or if this results as an artifact of the recombinant
overexpression system. Interestingly, peroxidasin also shows a low peroxidase activity (about
2–5% compared with ovoperoxidase, MPO and LPO) [9]. VPO1 activity was also tested at a
range of calcium concentrations from 100 nM to 1 mM, which was without significant effect
on the activity (data not shown). In addition, the pH was varied from 3.6 to 8.0, and the optimal
pH of 6.0 (data not shown) was used in these experiments. As discussed above, recombinant
partially purified VPO1 exists in multiple states, which probably reflects various modes of
heme linkage to the protein; it is possible that such inhomogeneity might contribute to the
lower turnover number of VPO1 vs. LPO if some of these states have low activity. This is
typical of animal peroxidases [e.g., as described in [13]]. While the activity of VPO1 in cells
appears to be considerable (see Fig. 4), it has not yet been possible to calculate an in situ
turnover number. Thus, whether other co-factors or protein-binding partners up-regulate VPO1
activity remains to be elucidated.

The Km value (1.5 mM ) of VPO1 for H2O2 was determined using a non-linear least squares
fit of H2O2 concentration versus rate data (Fig. 7), using TMB as a substrate as described in
Materials and Methods, while the Km for MPO and LPO are 0.5 mM and 0.2 mM, respectively
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[34,35]. The data indicate that the Km of VPO1 is about 3-fold and 7.5-fold higher than MPO
and LPO, respectively.

Cellular VPO1 can utilize H2O2 generated from Nox enzymes
Sources of cellular H2O2 reportedly include the mitochondrial electron transfer chain, xanthine
oxidase (XO), and NADPH-oxidases (Noxes). The Nox enzymes have recently gained
attention as the major sources of ROS under a variety of physiological and pathological
situations [36]. Most enzymes of the Nox family form H2O2 by generating superoxide, which
dismutates to form H2O2. Nox2 is the predominant source of H2O2 in phagocytes, but
accumulating evidence now points to Nox enzymes as a predominant source of H2O2 in many
non-phagocytic cells such as the cells of vascular walls [37]. Luminol, a cell-permeant substrate
for heme-containing peroxidases, has been extensively used to investigate MPO activity in live
polymorphonuclear leukocytes, and to detect Nox-dependent H2O2 generation in the presence
of HRP. We previously used luminol oxidation in the presence of HRP to demonstrate that the
various Nox enzymes, when co-transfected with their cognate regulatory subunits, generate
H2O2 in cells [10–12]. To determine whether VPO1 utilizes H2O2 generated by cellular
expressed Noxes, VPO1 was co-transfected with the various Nox enzymes together with their
respective regulatory subunits. In this assay, exogenous HRP was omitted so that the luminol
oxidation would occur solely from endogenous peroxidase activity. As shown in Fig. 8, Noxes
alone or VPO1 alone produced only a small rate of luminol oxidation. However, the signal
greatly increased in VPO1 transfected cells when any of the Nox enzymes were present in an
active form. Thus, VPO1 can utilize H2O2 generated in cells by expressed Nox1, Nox2, Nox3,
Nox4 and Nox5. These data suggest that VPO1 may catalyze peroxidations in the
cardiovascular system by utilizing H2O2 generated by Nox enzymes.

DISCUSSION
Animal containing peroxidases are conserved in organisms ranging from invertebrates to
humans. The structural conservation of the peroxidase domain and localized expression
patterns are consistent with their fundamental tissue-specific biological functions. TPO, for
example, catalyzes the iodination of thyroid hormone, while MPO, LPO and EPO all have an
antimicrobial activity resulting from oxidation of microbial biomolecules. While the function
of VPO1 is not yet known, one can speculate that there is a role in the cardiovascular system,
where the VPO1 protein is highly expressed. (This is in contrast to its mRNA, which shows a
fairly widespread expression, consistent with an earlier report [19].) Such a role in the
cardiovascular system could involve defense against microbes that enter or colonize the
vasculature; an analogous role is seen with LPO in the salivary gland and bronchi where it has
an antimicrobial effect in the alimentary and upper airway systems [38]. Alternatively, VPO1
may carry out peroxidative reactions in the vascular system that were previously attributed
exclusively to MPO, and these might participate in the development of atherosclerosis. A role
in modification of extracellular matrix proteins is also possible, based on the analogous role
of the VPO1 homolog peroxidasin in insects [9].

VPO1 and VPO2, which are similar to peroxidasin in molecular structure [9], are unique among
the members of the mammalian peroxidase family in the structure of their N-termini. VPO1
contains multiple motifs that in other proteins participate in protein-protein interactions and
protein-lipid interactions. The C-terminus also contains a potential protein-protein interaction
motif not present in other peroxidases. The LRR regions are widely distributed amphpathic
motif that frequently mediate protein-protein and protein-lipid interactions, e.g., as in cell
adhesion of fibronectin-leucine-rich transmembrane protein [39]. LRR also mediate the
binding of enzymes to regulatory proteins such as the interaction between adenylyl cyclase
and Ras [40]. The immunoglobulin constant chain domains are ~100 amino acids in length and
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are related to an extracellular domain found in both class I and class II major histocompatibility
complex (MHC) alpha and beta chains. Immunoglobulin-like domains are typically involved
in protein-protein and protein-ligand interactions, as with vascular cell adhesion molecule-1
(VCAM-1) binding to integrins increasing leukocyte adhesion to endothelium [41]. In addition,
the VWC domain is found in multidomain protein/multifunctional proteins, and is thought to
mediate complex formation and to participate in numerous biological events including cell
adhesion, migration, and signal transduction such as bone morphogenetic protein signaling
modulated by chordin and chordin-like 2 [42]. In contrast to VPO1 and VPO2, other heme-
containing peroxidases do not possess obvious motifs for protein-protein interactions. Such
LRR, immunoglobulin constant chain domains and VWC domain are also present in
peroxidasin [9]. The latter protein was reported as a trimer, based on the evidence of its electron
micrographs and native SDS-PAGE, so it is possible that these regions participate in
homotrimerization of VPO1 and VPO2. Alternatively, these regions may mediate binding of
the peroxidase to specific target biomolecules, and this may act to direct peroxidase in reactions
with towards specific substrates. Such protein-protein interactions might mediate activation or
targeting of the peroxidase activity under specific biological conditions such as inflammation
or infection. It is currently unknown whether activation of VPO1 occurs under some conditions,
but this is consistent with the fact that VPO1 as well as peroxidasin have a relatively low
peroxidative activity in vitro (Table 1,2 and [9]).

VPO1 when expressed in HEK293H cells exhibited significant activity towards the cell-
permeant substrate luminol, and utilized both exogenously added H2O2 and H2O2 generated
from any of the expressed Nox enzymes tested. When partially purified, the enzyme exhibited
peroxidative activity towards both luminol and TMB, both general substrates for peroxidases.
The activity, while low compared with several other peroxidases such as MPO and LPO, is
significant and much higher compared with the pseudoperoxidase activities of hematin and
several non-peroxidase hemoproteins such as myoglobin and cytochrome c. Furthermore, the
VPO1 peroxidase activity is destroyed by heating, in contrast with the pseudoperoxidase
activities of other non-peroxidase hemoproteins. Finally, characteristic features of peroxidase
heme binding sites/active sites are preserved based on sequence homology and molecular
modeling. Many other features, including multiple conserved Cys-Cys disulfides, a structural
calcium-binding site, and amino acid residues that bind to the heme propionate side chains are
also conserved. Therefore, VPO1 is clearly a true peroxidase, although it remains to be resolved
whether the relatively low peroxidase activity of the partially purified enzyme is due to loss of
activity during purification, peroxidative inactivation of the heme, missing regulatory factors,
or other unknown factors.

The question arises as to the origin of H2O2 in the vasculature to support VPO1-dependent
peroxidations. In a number of cases, Nox/Duox enzymes provide H2O2 (secondarily formed
by dismutation of superoxide) for various functionally paired peroxidases. MPO is functionally
coupled to Nox2-derived H2O2 in phagocytes while TPO and LPO utilize H2O2 produced by
Duox in thyroid and lung, respectively [38,43]. It is therefore reasonable to ask whether specific
Nox partner(s) also produce H2O2 for use by VPO1. Nox1, Nox2, Nox4 and Nox5 are
distributed in blood vessel wall and myocardium [44–48], and Nox enzymes appear to be the
major source of ROS in vasculature [45,48]; their tissue distribution in vasculature is similar
to that of VPO1 (Fig. 3). The present studies (Fig. 8) show that VPO1 can utilize H2O2
generated from expressed Nox enzymes to support its H2O2-dependent luminol oxidizing
activity.

In summary, we report the identification of mammalian VPO1 and VPO2, novel animal heme-
containing peroxidases, and the initial characterization of VPO1. VPO1, orthologous to
peroxidasin has a classical heme-containing peroxidase domain that shows significant
homology and structural similarity to LPO and MPO. VPO1 protein is primarily expressed in
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the cardiovascular system and exhibits constitutive peroxidase activity. In addition, the data
suggest that VPO1 can utilize H2O2 generated by Nox enzymes in live cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Identification of VPO1. A. Shown is a dendrogram showing the similarity based on sequence
identity among the peroxidase domains of human heme-containing peroxidases. B. Shown are
results from 5’-RACE of VPO1 from four human tissues. 5’-RACE was carried out as described
in Materials and Methods. The 350 bp bands (arrow) from the four tissues were extracted from
the gel and verified by DNA sequencing. M is DNA size marker and its size is shown on left.
C. Shown are predicted domain or motif structures of VPO1, VPO2 and other heme-containing
peroxidases. D. Alignment of amino acid sequences of the peroxidase domains of the human
heme-containing peroxidases. Filled circles indicate conserved residues that in MPO are
predicted to form heme binding cavity[24]. The residues of axial and distal histidine are at
1074 and 827, respectively. The highly conserved sites for binding to calcium are indicated by
filled square (Asp828) and the horizontal superior line. All these conserved residues are shown
in homology model of VPO1 (Fig.2).
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Fig. 2.
Predicted molecular structure of VPO1. A structural homology model was constructed as
described in Materials and Methods, and utilized LPO, MPO and PGS as a basis set. Heme is
indicated in yellow. Calcium ion is shown in purple and predicted residues binding to calcium
are Asp828, Thr907 Tyr909 and Asp911. There are two putative N-acetylglucosamine (NAG)
sugar moieties shown. Residues comprising the conserved heme-binding cavity are shown.
These include conserved axial and distal histidines (1074 and 827, respectively), residues cross-
linking to the vinyl groups of heme (Asp826 and Glu980) and residues interacting with the
heme propionate group (Asp830, Arg1071,and Arg1161) [24]. The highly conserved Cys-Cys
disulfides are also indicated.
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Fig. 3.
Tissue distribution of VPO1. A. RT-PCR was used to detect VPO1 in a variety of tissues as
indicated using human- and mouse-specific PCR primers as described in Materials and
Methods. The identity of the PCR fragment from human heart and mouse 17 day embryo was
confirmed by DNA sequencing. B. A Western blotting was carried out as described in Materials
and Methods using Protein-G purified anti-VPO1 polyclonal antibody in mouse (left); and in
the rat myocardium cell line H9c2 (right). The lower panel uses anti-tubulin antibody as loading
control. C. Immunohistochemistry of mouse carotid artery. Immunohistochemistry was
performed as described in Materials and Methods. In the left panel primary antibody is omitted.
The primary antibody used in the right panel was the same anti-VPO1 antibody as in B.
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Fig. 4.
Reconstitution of VPO1 activity. A. Effect of NaBu and hematin on cellular peroxidase activity.
Empty vector (1) or expression vector encoding VPO1 (2) was transfected into HEK 293H
cells as described in Materials and Methods. The cells were cultured in 5 mM of NaBu and 1
µg/ml of hematin at 37%, 5% CO2 for 24 hrs before harvest. The TMB oxidation was carried
out using lyzed cells. Error bars show the range of three independent experiments. Inset shows
a Western blot indicating VPO1 expression in one of the experiment. B. VPO1-stably
expressing cells were incubated with 5 mM NaBu and 1 µg/ ml hematin for indicated time.
Western blotting was carried out to determine the VPO1 expression levels using anti-VPO1
antibody while the same membrane was blotted with anti-tubulin antibody as a loading control.
C. Optimization of NaBu concentration. Cells were grown to 80% confluence, and 1 µg/ml
hematin plus the indicated concentration of NaBu were added to the media and cells were
cultured for an additional 24 hrs. TMB oxidation was carried out as described in A. GJ-3 and
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GJ-4 are two cell colonies that stably-expressing VPO1 and are derived from HK293H cells
as described in Materials and Methods. D. Peroxidase activity in living cells. Luminol-based
chemiluminescence was measured in living cells as described in Materials and Methods at the
indicated concentrations of exogenously added H2O2. Data are representative of three
independent experiments. RLU refers to relative light units. E. Inhibition of VPO1-dependent
peroxidation of TMB by ABH. HEK293H and GJ-4 cells were incubated with 5 mM NaBu
and 1 µg/ ml hematin for 24 hrs before harvesting. TMB oxidation was measured as described
in A except that the indicated concentration of ABH was added to the incubation.

Cheng et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
UV-visible absorbance spectra of human partially purified full-length VPO1. A. Spectra of
expressed, partially purified VPO1 are shown, including oxidized VPO1, oxidized VPO1 in
pyridine (pyr), reduced VPO1 in pyridine, and oxidized VPO1 in 88% formic acid. B. Reduced
spectra of pyridine hemochrome. Reduced spectra of pyridine hemochrome were obtained by
addition of pyridine to 2.4 M and a few crystals of sodium dithionite. The reduced spectrum
showed a split Soret band with features at 393 and 413 nm. The presence of the symmetrical
Soret peak of VPO1 in above conditions provides evidence for a native environment for the
heme. C. Spectra from 450 nm to 700 nm of B.
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Fig. 6.
VPO1 covalently binds to heme. The experimental procedures are described as in Materials
and Methods. The blot in the upper panel was developed with Pierce’s chemiluminescent
substrate and chemiluminescent signal was detected by exposure to X-ray film. After extensive
washing, the same blot was stained with Coomassie’s Blue and destained using standard
procedures (lower panel). 1. myoglobin; 2. cytochrome c; 3. VPO1. Molecular size scale is
shown on the left.
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Fig. 7.
Lineweaver-Burk plot of TMB oxidation by VPO1. Inverse rate data were plotted as a function
of the inverse of H2O2 concentration. The Km for H2O2 using TMB as a substrate was
determined as described in Materials and Methods. Data are the average of three independent
experiments.
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Fig. 8.
VPO1 utilizes H2O2 generated by Nox enzymes. Plasmids encoding the indicated Noxes or
Nox regulatory proteins were transfected into HEK293H cells as described in Materials and
Methods. After 24 hr, NaBu and hematin were added as in Fig. 4 and cells were allowed to
continue in culture for an additional 24 hrs. Luminol-based chemiluminescence was then
detected in the absence of added H2O2.The data are representative of three independent
experiments. For the Nox2 group, the cells were treated with 200 nM phorbol 12-myristate 13-
acetate at 37°C for 10 min prior to the assay.
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Table 1
Turnover number of VPO1
Turnover number (min− per heme) is measured by TMB oxidation and calculated as in Materials and Methods. Data
are the representative of three independent experiments.

Hemoprotein Native Heat inactivated

VPO1 1235 38

LPO 2.8 × 105 224

Hematin 288 278

Myoglobin 155 92

Cytochrome c 408 463
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Table 2
Relative activity comparing with LPO
Relative activity is expressed as percentage of LPO activity. Luminol oxidation was carried out in HBSS solution with
1 mM luminol and 100 µM H2O2.RLU was recorded using a FluoStar™ luminometer. Data are the average of three
independent experiments.

Component Luminol assay (Relative %)

LPO 100

VPO1 4.0 ± 0.2

Hematin 0.5 ± 0.1

Myoglobin 0.6 ± 0.1

Cytochrome c 1.0 ± 0.1
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