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Peroxidasin is a heme peroxidase that oxidizes bromide to
hypobromous acid (HOBr), a powerful oxidant that promotes
the formation of the sulfilimine crosslink in collagen IV in
basement membranes. We investigated whether HOBr released
by peroxidasin leads to other oxidativemodifications of proteins,
particularly bromination of tyrosine residues, in peroxidasin-
expressing PFHR9 cells. Using stable isotope dilution LC-MS/
MS, we detected the formation of 3-bromotyrosine, a specific
biomarker of HOBr-mediated protein modification. The level of
3-bromotyrosine in extracellular matrix proteins from normally
cultured cells was 1.1 mmol/mol tyrosine and decreased signifi-
cantly in the presence of the peroxidasin inhibitor, phloroglu-
cinol. A negligible amount of 3-bromotyrosine was detected
in peroxidasin-knockout cells. 3-Bromotyrosine formed both dur-
ing cell growth in culture and in the isolated decellularized extrac-
ellular matrix when embedded peroxidasin was supplied with
hydrogen peroxide and bromide. The level of 3-bromotyrosine was
significantly higher in extracellular matrix than intracellular pro-
teins, although a low amount was detected intracellularly. 3-Bro-
motyrosine levels increased with higher bromide concentrations
and decreased in the presence of physiological concentrations of
thiocyanate and urate. However, these peroxidase substrates
showedmoderate tominimal inhibition of collagen IVcrosslinking.
Our findings provide evidence that peroxidasin promotes the for-
mation of 3-bromotyrosine in proteins. They show that HOBr
produced by peroxidasin is selective for, but not limited to,
the crosslinking of collagen IV. Based on our findings, the use
of 3-bromotyrosine as a specific biomarker of oxidative dam-
age by HOBr warrants further investigation in clinical condi-
tions linked to high peroxidasin expression.

Peroxidasin is a heme peroxidase that is widely distributed
throughout the animal kingdom (1–3). In mammals, its known
physiological function is to catalyze the formation of an essen-
tial sulfilimine bond (S=N) between specific methionine and
hydroxylysine residues in collagen IV (4). This intermolecular
bond is crucial for the functionality and integrity of the base-
ment membrane, a specialized form of the extracellular matrix
(ECM). The mechanism involves the oxidation of bromide to
hypobromous acid (HOBr), which then promotes the crosslink
between specific methionine and hydroxylysine residues in the
noncollagenous domain (NCD) to join two protomers of colla-
gen IV (5). Other pathophysiological roles of peroxidasin have

been suggested, such as antimicrobial defense (6, 7), redox
sensing through interaction with the transcription factor Nrf2
(8), promotion of angiogenesis (9), and kidney fibrosis (10, 11).
Homozygous deletion of peroxidasin causes eye defects (12),
and high expression has been identified as a determinant of
melanoma cell invasion (13).
Mammalian peroxidasin is a typical heme peroxidase that

catalyzes the two-electron oxidation of thiocyanate and iodide
as well as bromide (14). It also oxidizes typical peroxidase sub-
strates including tyrosine, urate, and nitrite (15). Furthermore,
HOBr is a strong oxidant that reacts with numerous biological
molecules. Its favored reactions are the oxidation of cysteine
and methionine residues and the conversion of amine groups
to bromamines (16, 17). HOBr also converts tyrosine to 3-bro-
motyrosine (3-Br-Tyr) and 3,5-dibromotyrosine at an appreci-
able rate (16, 18). These brominated products are stable and
unique making them ideal biomarkers for detecting the forma-
tion of HOBr and its reactions with proteins.
A key question is whether the HOBr produced by peroxidasin

forms the collagen IV cross-link exclusively or undergoes other
reactions. Our earlier work showed that peroxidasin releases free
HOBr as detected by the conversion of added NADH to its bro-
mohydrin (19). Here, by monitoring the formation of 3-Br-Tyr in
proteins, we show that the activity of peroxidasin during cell
growth and in isolated decellularized ECM leads to HOBr-medi-
ated protein modification. We used mouse epithelial-like PFHR9
cells, which are differentiated embryonal carcinoma cells that
secrete appreciable amounts of basement membrane proteins.
This cell line has been used in many studies to characterize the
cross-linking of collagen IV (4, 20). When PFHR9 cells produce
ECM, they secrete peroxidasin which is embedded in the matrix
and able to catalyze the formation of the crosslink.

Results

Peroxidasin catalyzes the formation of 3-bromotyrosine
during cell growth

As previously reported, PFHR9 cells express peroxidasin,
which catalyzes the formation of the sulfilimine crosslink in the
collagen IV that they release during the deposition of ECM in
culture (4, 19, 21). This unusual crosslink was characterized by
Vanacore et al. (21) as a linkage between the sulfur of Met93

and the amine nitrogen of hydroxy-Lys211 in the NCD (Fig. 1A).
We first confirmed the formation of dimer in the NCD of colla-
gen IV in our system by isolating the ECM after 6–8 days’ cul-
ture and analyzing the NCD by SDS-PAGE and densitometry
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quantification. The majority (.70%) of the isolated NCD of
collagen IV from WT cells was crosslinked (Fig. 1, B and C).
The NCD can be joined by one or two sulfilimine bonds, result-
ing in two dimers with different electrophoretic mobility: dimer
1 (upper band) and dimer 2 (lower band) (Fig. 1B). Phloroglu-
cinol (PHG) (1,3,5-trihydroxybenzene) is an effective, reversi-
ble inhibitor of peroxidasin (22). The crosslinking decreased to
;15% in ECM isolated fromWT cells grown in the presence of
PHG or from peroxidasin-knockout cells.
We then measured 3-Br-Tyr levels in the ECM from PFHR9

cells cultured under the same conditions. 3-Br-Tyr and Tyr were
detected using LC–MS/MS with isotopically labeled internal
standards (Fig. 2A). As shown in Fig. 2B, Tyr and both bromine
isotopes of 3-Br-Tyr were detected in ECM from WT cells (left
panel), whereas the 3-Br-Tyr peaks in ECM isolated from peroxi-
dasin-knockout cells were scarcely detectable (right panel). Using
the standard calibration curve, the level of 3-Br-Tyr in ECM iso-
lated from theWT cells was calculated to be 1.1 mmol/mol tyro-
sine and decreased significantly to 0.14mmol/mol whenWTcells
were grown in the presence of PHG (Fig. 2C). 3-Br-Tyr formation
mirrored the profile for dimer formation seen in Fig. 1C.
To test substrate requirement for the formation of 3-Br-Tyr

during growth of cells, PFHR9 cells were cultured inmedia sup-
plemented with 50 or 100 mM bromide. It should be noted that
a trace amount of bromide (;6 mM in 100 mM NaCl) is present
in culture medium as contamination in sodium chloride (5).
The level of 3-Br-Tyr increased with increasing bromide con-
centration and appeared to plateau above 50 mM bromide (Fig.
3A). Analysis of dimer formation in the same samples showed
that crosslinking was near maximal with the trace amounts of
bromide present in the culture medium (Fig. 3B).

Levels of 3-bromotyrosine are higher in ECM than in
intracellular proteins

To establish whether 3-Br-Tyr is formed on intracellular as
well as extracellular proteins, lysates from PFHR9 cells were
separated into intracellular extract (ICE), ECM, and NCD. The

three fractions were hydrolyzed and analyzed by LC-MS/MS.
The level of 3-Br-Tyr detected in the intracellular fraction,
(0.13 mmol/mol Tyr) was ;10% of that in the total ECM,
whereas the level in the NCD was 1.4-fold higher (Fig. 4). 3-Br-
Tyr levels in each fraction increased 1.2- to 1.4-fold when cells
were grown in the presence of added bromide and substantially
decreased when PHG was present or in ECM from peroxida-
sin-knockout cells (Table 1).

Formation of 3-bromotyrosine in the isolated decellularized
ECM

We also investigated whether peroxidasin embedded in the
decellularized ECM promotes 3-Br-Tyr formation. Uncros-
slinked ECM was isolated from WT cells grown in the pres-
ence of PHG and treated with hydrogen peroxide and bro-
mide. The level of 3-Br-Tyr measured at 1 h increased
significantly in the presence of both bromide and hydrogen
peroxide, but not when either reagent was added separately
(Fig. 5A). A similar trend was observed for collagen IV cross-
linking (Fig. 5B). The levels of 3-Br-Tyr increased progres-
sively over time (Fig. 6A), and with increasing concentrations
of bromide and hydrogen peroxide (Fig. 6, B and C). Dimer
formation reached near maximal levels at an earlier time
point (Fig. 6D) and at lower concentrations of bromide and
hydrogen peroxide (Fig. 6, E and F).

Thiocyanate modulates the formation of 3-bromotyrosine

Thiocyanate (SCN2) is a pseudohalide that competes with
bromide as a substrate for peroxidasin (14). Previously, we
showed that physiological concentrations of thiocyanate inter-
fere with the crosslinking of collagen IV (19). Here we investi-
gated whether thiocyanate modulates the formation of 3-Br-
Tyr. PFHR9 cells were grown in culture medium supplemented
with thiocyanate (0–400mM), either without or with added bro-
mide (50 and 100 mM) to test for substrate competition. The
levels of 3-Br-Tyr in ECM isolated from the cells decreased pro-
gressively from 1.2 6 0.3 to 0.27 6 0.03 mmol/mol tyrosine

Figure 1. Formation of the sulfilimine crosslinks in the ECM during cell growth in culture. A, the structure of the sulfilimine bond between Met93 and Hyl211 at
the NCD interfaces between two juxtaposed protomers of collagen IV. B, formation of dimers in the NCD of collagen IV in ECM isolated from PFHR9 cells cultured for
6–8 days in the absence (Untreated) or presence of PHG, or isolated from peroxidasin-knockout PFHR9 cells (PXDN-KO). ECM was digested with collagenase and the
NCDwas analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. The NCD can be joined by one or two sulfilimine bonds, resulting in two dimers with different
electrophoreticmobility: dimer 1 (upper band) and dimer 2 (lower band). C, densitometry analysis of gels from�3 independent experiments,mean6 S.D. The percent-
age of crosslinks was calculated after performing densitometry analysis of the dimers andmonomer within each lane as per the equation%Dimer = (D11 (D23 2))/
(D11 (D23 2)1M)3 100,whereD1 is the density of Dimer 1 (upper band) which contains one sulfilimine link andD2 is Dimer 2 (lower band) which contains two sul-
filimine links, thus ismultiplied by 2 to account for both bonds. ****, p,0.0001 by one-way ANOVA analysis followedby Tukey’smultiple comparisons.
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with increasing concentration of thiocyanate in the medium
(Fig. 7A). Supplementing the medium with bromide increased
the starting level of 3-Br-Tyr and the IC50 for inhibition by thio-
cyanate. Dimer formation in the NCD was also progressively
inhibited by increasing thiocyanate concentration but to a
lesser extent than tyrosine bromination (Fig. 7B).
We also studied the effect of thiocyanate in the isolated

ECM system. Uncrosslinked ECM from PFHR9 cells grown
in the presence of PHG was decellularized and treated with
increasing concentrations of thiocyanate (0–400 mM), in
addition to bromide (50 or 100 mM) and 50 mM hydrogen
peroxide. Similar to the results in the cell culture system,
bromination of tyrosine residues in decellularized isolated
ECM decreased with increasing concentration of thiocyanate,

Figure 3. Effect of bromide supplementation on the formation of 3-Br-
Tyr and sulfilimine cross-links in the ECM during cell culture. A, 3-Br-Tyr
and B, NCD dimers in ECM isolated from PFHR9 cells cultured for 6–8 days
with the indicated concentrations of bromide. Samples were analyzed as
described in Figs. 1 and 2. Values are the means of� 3 independent biologi-
cal repeats 6 S.D. Curves represent nonlinear regression lines selected to
give best fit to the experimental data points.

Figure 2. Identification of 3-Br-Tyr in extracellular matrix proteins using LC-MS/MS. A, typical LC-MS/MS chromatogram obtained in multiple reaction
monitoring mode for the analysis of Tyr and 3-Br-Tyr. The retention time for 12C-Tyr (m/z 182! 136) and isotopically labeled 13C6-Tyr (m/z 188! 142) was
2.56 0.2 min. The retention time for the two isotopes 3-79Br-Tyr (m/z 260! 214) and 3-81Br-Tyr (m/z 262! 216) as well as the isotopically labeled internal
standards 13C9–3-

79Br-Tyr (m/z 269 ! 222) and 13C9–3-
81Br-Tyr (m/z 271 ! 224) was 6.0 6 0.2 min. Artifactual bromination of 13C6-Tyr was monitored by

measuring 13C6–3-
79Br-Tyr (m/z 266! 220) and 13C6 3-

81Br-Tyr (m/z 268 ! 222). Chromatograms for isotopically labeled analytes were superimposable on
their unlabeled counterparts. The chemical structure of tyrosine and 3-bromotyrosine are shown next to the chromatogram. B, representative chromatograms
for tyrosine (solid black line) and two bromine isotopes of 3-bromotyrosine (solid gray line and dashed gray line, offset by 0.2 min for visibility) in ECM isolated
fromWT (left panel) or peroxidasin-knockout PFHR9 cells (right panel). The ECM samples were hydrolyzed with methane sulfonic acid then analyzed by LC-MS/
MS. C, the levels of 3-Br-Tyr in ECM isolated from PFHR9 cells cultured for 6–8 days in the absence (Untreated) or presence of PHG, or isolated from peroxidasin-
knockout PFHR9 cells (PXDN-KO) calculated using standard calibration curves normalized to isotopically labeled internal standards. Values are the means of�
3 independent biological repeats6 S.D. ****, p,0.0001; ***, p, 0.001 by one-way ANOVA analysis followed by Tukey’s multiple comparisons.
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with near complete inhibition at 400 mM (Fig. 7C). Increasing
the bromide concentration also led to a higher IC50. Thiocya-
nate also caused a decline in dimer formation but to a much
lesser extent than the inhibition of 3-Br-Tyr formation (Fig. 7D).
In earlier work, we showed that urate modulates the forma-

tion of the sulfilimine crosslink in collagen IV (19). Here we
tested whether it also affects the formation of 3-Br-Tyr. When
added to culture mediumwithout added bromide, up to 400 mM

urate caused a gradual decline in 3-Br-Tyr in the ECM, from
1.2 6 0.2 to 0.686 0.2 mmol/mol Tyr. When 100 mM bromide

was also added, the level of 3-Br-Tyr decreased from 1.7 6 0.3
to 1.3 6 0.3 mmol/mol Tyr. In contrast to the inhibition of
dimer formation in the decellularized ECM system, urate
scarcely affected dimer formation in cell culture, with no
observable inhibition in the presence of 100 mM bromide (data
not shown).

Discussion

We have demonstrated that HOBr produced by peroxidasin
leads to the formation of 3-Br-Tyr residues in extracellular pro-
teins as well as promoting sulfilimine crosslinks in collagen IV.
We show that bromination occurs during growth of epithelial-
like cells in culture, as well as in isolated decellularized ECM.
That peroxidasin is responsible for the formation of 3-Br-Tyr is
evident from the very low level measured in ECM isolated from
peroxidasin-knockout cells and the strong inhibitory effect of
PHG. Therefore, peroxidasin activity is not restricted to form-
ing the sulfilimine crosslink in collagen IV but also causes other
proteinmodifications.
In cell culture, the level of 3-Br-Tyr increased with increasing

bromide concentration, but with no added bromide the extent
of bromination was already about half maximal. As observed
previously (19), sulfilimine formation was maximal without the
addition of bromide. This can be accounted for by the trace
amounts of bromide present in the culture medium (5). Our
findings indicate that the HOBr produced by peroxidasin
shows a degree of selectivity for the crosslinking of collagen IV
but even at low concentrations of bromide, there is substantial
3-Br-Tyr formation. At higher concentrations, but still within
the physiological range of 20–100mM, production of HOBr and
its reactions with other targets are increased.
3-Br-Tyr was also produced in isolated decellularized ECM,

when supplied with the peroxidasin substrates bromide and
hydrogen peroxide. Levels of 3-Br-Tyr were in the same range
as those formed during cell growth in culture, but added bro-
mide was required and the concentration dependence was
more pronounced. The isolated ECM also required a higher
bromide concentration for maximal dimer formation. This dif-
ferencemight be because of the longer time in cell culture allow-
ing accumulation of 3-Br-Tyr and NCD dimer. Another possi-
bility is that the cellular system binds or concentrates bromide
to a higher effective concentration than that of the medium and
this compartmentalization is lost during isolation of the ECM. It
is also possible that steric specificity conferred by peroxidasin-
binding partners is lost during processing.
To determine the location of brominated proteins following

cell culture, ICE, which would containmembrane and organelle
as well as cytoplasmic proteins, total ECM, and the NCD of col-
lagen IV were examined. On a 3-Br-Tyr per Tyr basis, the ECM
proteins showed much higher bromination. This is consistent
with peroxidasin catalyzing bromination once secreted to the
ECM, where it has been shown to catalyze the crosslinking of
collagen IV (4). It is possible that some activity could occur
before secretion. A low but significant amount of 3-Br-Tyr
was detected in the intracellular extract. It is unlikely to be
because of contamination with ECM proteins, as approxi-
mately six times more protein was extracted in the ICE than

Figure 4. Levels of 3-bromotyrosine in ICE, ECM, and NCD. Cells were cul-
tured for 6–8 days in medium alone. All samples were hydrolyzed and ana-
lyzed by LC-MS/MS as described in Fig. 2. Values are the means of 4–5
independent experiments 6 S.D. *, p , 0.05; ****, p , 0.0001 by one-way
ANOVA analysis followed by Tukey’s multiple comparisons.

Table 1
Levels of 3-Br-Tyr in ICE, ECM, and NCD
PFHR9 cells were grown in cell culture with medium alone (Untreated), 100 mM

bromide (1Br2), and 50 mM phloroglucinol (1PHG). Peroxidasin-knockout cells
(KO) were grown in cell culture medium alone. Samples were analyzed as
described in Fig. 2. Values are the means of four independent experiments 6 S.E.
*, p , 0.05; **, p , 0.01; ****, p , ,0.0001 by one-way ANOVA analysis followed
by Tukey’s multiple comparisons of each treatment of the WT cells to the
untreated respective fraction.

ICE
ECM

(mmol 3-Br-Tyr/mol Tyr) NCD

Untreated 0.136 0.05 1.136 0.15 1.736 0.08
1 Br- 0.196 0.07 1.546 0.26 2.136 0.51
1 PHG 0.046 0.01 0.146 0.05* 0.346 0.08****
KO 0.036 0.02 0.036 0.00* 0.126 0.01**

Figure 5. Formation of 3-Br-Tyr and sulfilimine crosslinks in decellu-
larized ECM. A, 3-Br-Tyr and B, NCD dimer in ECM isolated from cells
grown in the presence of PHG was treated with 100 mM Br2 and/or 50 mM

H2O2 for 1 h at 37°C. Samples were analyzed as described in Figs. 1 and
2. Values are the means of � 3 independent biological repeats 6 S.D.
*, p ,0.05; ****; p ,0.0001 by one-way ANOVA analysis followed by
Tukey’s multiple comparisons.
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the ECM and to achieve the observed level of 3-Br-Tyr in the
ICE fraction would require half of the total ECM protein to
have been solubilized into the ICE. Peroxidasin has been
detected in the endoplasmic reticulum where it is synthe-
sized, processed, and secreted via the Golgi (1, 23), then
cleaved by proprotein convertase A at the cell membrane
(24). These organelles are possible sites for intracellular 3-Br-
Tyr formation but further fractionation is required to estab-
lish whether this is the case.
The level of 3-Br-Tyr was significantly higher in the NCD of

collagen IV than in the total ECM. To assess whether all the 3-
Br-Tyr could reside in the NCD, we considered that the NCD
constitutes;7% of the total ECM protein (;14% of the amino
acids in collagen IV, which accounts for;50% of the structural
proteins in basement membranes) (25–27). As the 3-Br-Tyr:

Tyr ratio was only 1.4-fold higher in the NCD, the small frac-
tion of NCD cannot account for the bromination of tyrosine
in the ECM. Therefore, although the sulfilimine crosslinking
by the HOBr produced by peroxidasin occurs specifically in the
NCD of collagen IV, other reactions of HOBr are not restricted
to this region. During submission of this manuscript, He et al.
(28) reported MS evidence for peroxidasin-mediated bromine
enrichment in kidney basement membranes, corroborating our
findings of 3-Br-Tyr in ECM. They detected bromination of a
particular Tyr residue in the collagen IV NCD, but as shown
here, bromination is not restricted to this region.
Thiocyanate is a better peroxidasin substrate than bromide,

with rate constants of 1.83 3 107 and 5.6 3 106 M21 s21,
respectively, having been measured for reaction with com-
pound I of a truncated recombinant form that contains the

Figure 6. Effects of incubation time and the concentrations of bromide and hydrogen peroxide on the formation of 3-Br-Tyr and sulfilimine cross-
links in decellularized ECM. A–C, 3-Br-Tyr, andD–F, NCD dimer in ECM isolated from cells grown in the presence of PHG for 6–8 days was treated at 37°C with
(A andD) 50mM H2O2 and 100mM Br2 for the indicated time, (B and E) 50 mM H2O2 and the indicated concentrations of Br2 for 1 h, or (C and F) 100mM Br2 and
the indicated concentrations of H2O2 for 1 h. ECM from WT (filled black circle), peroxidasin-knockout cells (filled black squares) was analyzed as described in
Figs. 1 and 2. Insets are representative gel images of NCD resolved by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. First lane shows 37, 25,
and 20 kDa markers as in Fig. 1B, with subsequent lanes showing sequence of sample analyses as in main figures. Values represent the means of three inde-
pendent experiments6 S.D. Error bars are not visible when they were within the symbol size. Curves represent nonlinear regression lines selected to give best
fit to the experimental data points.
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peroxidase and Ig domains (14). The product of thiocyanate oxi-
dation, HOSCN, does not crosslink collagen thiocyanate inhibits
crosslinking (5, 19), as recapitulated here. The extent of inhibition
is less thanmight be expected from the above rate constants, sug-
gesting that peroxidasin may have an affinity for bromide, possi-
bly because of location and association with ECMproteins. In the
present study thiocyanate inhibited 3-Br-Tyr formation more
effectively than collagen IV crosslinking, either when added to
cells in culture or to isolated ECM. The observed IC50 values and
their increase with increasing bromide concentration imply that
thiocyanate acts as a competitive substrate. However, thiocyanate
reacts rapidly with HOBr (a rate constant of 2.33 109 compared
with 2.6 3 105 M21 s21 for tyrosine) (17, 29) and could also in-
hibit bromination by direct scavenging. Either way, our results
indicate that the reactions of peroxidasin-derived HOBr could be
modulated by physiological levels of thiocyanate, which are typi-
cally 20–120 mM. As HOSCN is less reactive than HOBr (30, 31),
high thiocyanate concentrations could be advantageous in pro-
tecting from the harmful, presumably collateral, effects of HOBr
without compromising the sulfilimine crosslink.
Peroxidasin reacts with a range of peroxidase substrates,

including urate (15). Urate inhibited bromination activity by
the recombinant enzyme (15) and partially inhibited crosslink-
ing in isolated ECM (19). With cultured cells we observed little
inhibition of crosslinking or 3-Br-Tyr formation by urate at
high physiological concentrations, suggesting the relevance of
such inhibition is likely to beminor.

The level of bromination that we detected in ECMproteins was
around one in a thousand tyrosines. Although this may seem low,
similar levels have been observed in experimental and clinical
studies of eosinophil peroxidase (18, 32). Furthermore, although
3-Br-Tyr is a good biomarker for HOBr, cysteine, methionine,
tryptophan, histidine, and a-amino groups are more favored tar-
gets than tyrosine (16, 17). Peroxidasin can also catalyze dityrosine
formation (3). Therefore, the detection of 3-Br-Tyr is an indica-
tion that more extensive modifications to protein, and potentially
other biomolecules, are likely to occur. The nature of suchmodifi-
cations and their implications need to be established.
Our finding that peroxidasin activity yields 3-Br-Tyr has impli-

cations for clinical studies where 3-Br-Tyr has been measured in
body fluids and tissues and used as a biomarker of oxidative dam-
age in pathological conditions including asthma, sinonasal
inflammation, cystic fibrosis, eosinophilic esophagitis, and diabe-
tes (32–37). In such studies, the formation of 3-Br-Tyr has been
attributed to other heme peroxidases, namely myeloperoxidase
and eosinophil peroxidase (18, 32, 38). Our findings raise the pos-
sibility that it arises from peroxidasin activity. Peroxidasin is
widely expressed in human tissues, including the vascular system
(39), with high expression in some cancer cells (13, 40). It could
act as a resident contributor to oxidative damage of proteins in
the ECM, a tissue with poor antioxidant defense. Pro-oxidant ac-
tivity of peroxidasin has been proposed to play a role in hyperten-
sion and ischemia-reperfusion injury (41–45), and evidence that
halogenation of ECM proteins impairs renal function in a mouse

Figure 7. Effects of thiocyanate on the formation of 3-Br-Tyr and sulflimine crosslinks. A, 3-Br-Tyr and B, NCD dimer in PFHR9 cells cultured for 6–8 days
in the presence of varying concentrations of SCN2 either without added Br2 (filled black diamond) or with 50 mM (filled black circle) or 100 mM Br2 (filled black
square) added. C, 3-Br-Tyr and D, NCD dimers, ECM isolated from PFHR9 cells cultured in the presence of PHG was treated with 50 mM H2O2 and 50 mM (filled
black circle) or 100 mM (filled black square) Br2, plus the indicated concentrations of SCN2 for 1 h at 37°C. 3-Br-Tyr and dimer analyses were performed as
described in Figs. 1 and 2. Values represent the means of three independent biological repeats 6 S.D. The gray dashed lines represent inhibition by 50 mM

PHG. IC50 values were calculated from exponential decay curves in each figure. Error bars are shown in one direction for clarity and are not visible when they
are within the symbol size. Curves represent nonlinear regression lines selected to give best fit to the experimental data points.
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model suggests that it might be involved in diabetic glomerular
injury (42). Furthermore, tyrosine halogenation decreases the
pKa of the phenol group (46), which can affect tyrosine phospho-
rylation and consequently cell signaling cascades. Therefore, ty-
rosine bromination by peroxidasin might have a wide impact,
especially given the role of the ECM in cell signaling (47).
In summary, we have used 3-Br-Tyr as a specific biomarker

to show that the reactions of HOBr produced by peroxidasin are
not limited to the crosslinking of collagen IV. Further research
is needed to characterize the structural and functional impact of
HOBr in peroxidasin-producing cells. Our findings also raise
questions about the origin of 3-Br-Tyr in clinical material and
open the door to investigating the role of peroxidasin in catalyz-
ing oxidative modifications in pathological conditions.

Experimental Procedures

Materials

DMEM and fetal bovine serum were obtained from Gibco/
Life Technologies, hydrogen peroxide from LabServ, sodium
hypochlorite (Janola) from Pental Products, bacterial collage-
nase from Worthington, and phloroglucinol (1,3,5-trihydroxy-
benzene) from Sigma Aldrich. Other chemicals were obtained
from Sigma Aldrich, BDHChemicals, or JT Baker.
Mouse epithelial-like cells PFHR9 (ATCC CLR-2423) were

obtained from the American Type Culture Collection. Peroxi-
dasin-knockout PFHR9 cells were generated using CRISPR-
Cas9 gene editing, as described by Colon and Bhave (24) and
generously donated by Dr. GautamBhave fromVanderbilt Uni-
versity, Nashville, Tennessee.

Cell culture and isolation of ECM

We followed the method described by Bhave et al. (4).
Briefly, PFHR9 cells were seeded at high density (;93 106 cells
in a 15-cm culture plate) and grown in DMEM (plus 10% fetal
bovine serum) for 6–8 days post confluency to deposit the
ECM. The mediumwas changed daily with supplementation of
50mMPHG, potassiumbromide, or sodium thiocyanate as indi-
cated. The cells were lysed with ice cold lysis buffer (10 mM

Tris, pH 8, 1 mM EDTA, 1% sodium deoxycholate, 1 3 cOm-
plete® Protease Inhibitor), scraped, sonicated until homogene-
ous, and centrifuged at 20,0003 g to separate the supernatant,
designated ICE, from the ECM pellet. The pellet was washed
twice in Wash Buffer (1M NaCl, 10 mM Tris, pH 7.5) with cen-
trifugation and resuspended in PBS with brief sonication. Pro-
tein concentration was measured using the Direct Detect® IR
Spectrometer. The yield of ECM proteins from a 15-cm culture
plate after 6–8 days was ;5 mg. Established procedures were
used to separate the noncollagenous domain. Isolated ECM
was resuspended in digestion buffer (2 mg/ml bacterial collage-
nase in 50 mM sodium phosphate, pH 7.4) and left overnight at
37°C (48). The NCD was purified by anion-exchange chroma-
tography using DEAE-resin (49). The soluble digest was mixed
with an equal volume of DEAE-resin (equilibrated in 50 mM

Tris, pH 7.4) with shaking for 1 h at 4°C. The slurry was centri-
fuged and the soluble unbound NCD in the supernatant was
used for analysis. The purified NCD was resolved by SDS-
PAGE and stained with Coomassie Brilliant Blue R-250.

Treatment of the isolated decellularized ECM

ECM isolated from cells grown in the presence of 50 mM

PHG was resuspended in PBS and sonicated. Potassium bro-
mide and hydrogen peroxide (concentrations indicated in each
figure) were added to 350 mg of ECM protein in a total volume
of 300 ml. The reaction was carried out at 37°C for 60 min
(unless stated otherwise) and stopped by adding 1 mM azide or
5 mM methionine. Other substrates and inhibitors were added
at the concentrations stated in each figure.

Detection of 3-bromotyrosine

A stable isotope dilution LC-MS/MS method was used for
the detection and quantification of 3-Br-Tyr levels in proteins
as described previously (18, 33, 50, 51). Isotopically labeled
standards (13C6-Tyr and

13C9–3-Br-Tyr) were used to control
for experimental variations, such as recovery, matrix effect, and
ionization. Artifactual bromination was monitored by meas-
uring any conversion of 13C6-Tyr to 13C6–3-Br-Tyr and was
minimal. The two bromotyrosine isotopes (m/z 260 for the
79Br-containing
isotope and m/z 262 for the 81Br-containing isotope) occurred
at 1:1 ratio and their peak areas were summed for quantifica-
tion. A typical chromatogram is shown in Fig. 2A. Standard cal-
ibration curves using the ratios 12C-Tyr:13C6-Tyr and

12C–Br-
Tyr:13C9–Br-Tyr were used for quantification.
Protein samples (50mg) were hydrolyzed with internal stand-

ards (6 nmol 13C6-Tyr and 6 pmol 13C9–3-Br-Tyr) in 4 M meth-
ane sulfonic acid, supplemented with 1% (w/v) phenol, under
nitrogen at 110°C for 18 h. The hydrolysate was processed by
solid phase extraction to remove the acid and eluted with 80%
(v/v) methanol. Eluents were dried and reconstituted in 0.1%
(v/v) formic acid for analysis. Reverse-phase HPLC-MS/MS
was performed using a Kinetex® 2.6 mM C18 100-Å column
(1503 2.1 mm) and an Agilent 1290 Binary Pump at a flow rate
of 200 ml/min. The gradient started with 2% acetonitrile with
0.1% (v/v) formic acid for 4 min, increased to 80% acetonitrile
over 3 min, maintained this over 3 min then equilibrated with
the starting eluent. The analytes were delivered into a Qtrap®

6500 mass spectrometer (Sciex) and detected in multiple reac-
tion monitoring mode using positive ion mode. The ion spray
was set to 5.5 kV and the temperature was set to 600°C. The col-
lision gas was nitrogen and the collision energy was 25%. The
areas of peaks were calculated using Analyst Software v 1.6.2
(Sciex). A linear response was observed over the range 0.1–10
nmol for tyrosine and 0.1–10 pmol for 3-bromotyrosine.

Data availability

All data are available within themanuscript.
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