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ARTICLE INFO ABSTRACT

Keywords: Peroxidasin (PXDN) is involved in the crosslinking of collagen IV, a major constituent of basement membranes.
Peroxidasin Disruption of basement membrane integrity as observed in genetic alterations of collagen IV or PXDN can result
Amplex red . in developmental defects and diverse pathologies. Hence, the study of PXDN activity in (patho)physiological
S;,rp)[ﬁ)])sl;z:lous acid contexts is highly relevant. So far, measurements of PXDN activity have been reported from purified proteins, cell

lysates and de-cellularized extracellular matrix. Here, for the first time we report the measurement of PXDN
activity in live cells using the Amplex Red assay with a signal amplifying modification. We observe that bromide
addition enhances the obtained signal, most likely due to formation of HOBr. Abrogation of signal amplification
by the HOBr scavenger carnosine supports this hypothesis. Both, pharmacological inhibition as well as com-
plementary genetic approaches confirm that the obtained signal is indeed related to PXDN activity. We validate
the modified assay by investigating the effect of Brefeldin A, to inhibit the secretory pathway and thus the access
of PXDN to the extracellular Amplex Red dye. Our method opens up new possibilities to investigate the activity of
PXDN in (patho)physiological contexts.

Brefeldin A

1. Introduction

Members of the peroxidase-cyclooxygenase superfamily mediate
diverse effects of hydrogen peroxide in living organisms. In mammals,
myeloperoxidase (MPO) eosinophil peroxidase (EPO) and lactoperox-
idase (LPO) serve in host defense through the formation of oxidized
halides and pseudohalides [1,2]. Similarly, the enzyme thyroid peroxi-
dase (TPO) oxidizes iodide into reactive derivatives, which play a crucial
role in the synthesis of thyroid hormones [1,2]. A role for peroxidases in
the synthesis and modification of the extracellular matrix (ECM) has
been known for a while, but these reactions were initially thought to be

restricted to lower organisms [3]. The discovery of peroxidasin (PXDN)
in Drosophila melanogaster suggested that a link between the extracel-
lular matrix formation and reactive oxygen species can reside in the
form of a heme-containing peroxidase [4,5].

The ECM, consisting of interstitial matrix and basement membrane,
provides structural support for cells, but also mediates response to me-
chanical and chemical stimuli [6,7]. Cellular interactions with the ECM
are important in order to maintain and regulate cellular function, e.g. in
tissue development, maintenance and in response to injury [6,7]. The
sheet-like structures of the basement membrane underlie epithelia and
endothelia, surround muscle cells, peripheral nerves and adipose tissue
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[6,8]. A major constituent of the basement membrane is collagen IV
[6-8].

Genetic alterations in collagen IV isoforms are associated with dis-
ease development such as Alport syndrome, nephritic syndrome (he-
maturia and proteinuria), porencephaly (degenerative brain cavities in
newborn infants), and the development of hemorrhages [7].

While other enzymes also cross-link other collagen isoforms, PXDN is
selective for collagen IV, and to our current knowledge, collagen IV is
the primary target of this peroxidase [9]. The presence of the PXDN gene
is ubiquitous in animals and the enzyme plays a central role in the for-
mation of basement membranes through the crosslinking of collagen IV
protomers [6,8]. The covalent cross-linking between the NC1 domains of
collagen IV occurs via formation of a bromosulfonium cation at methi-
onine 93, facilitating the reaction with opposing lysine/hydroxylysine
211. The reactive bromosulfonium intermediate is obtained following
oxidation by PXDN-produced hypobromous acid (HOBr) [9,10]. The
resulting sulfilimine bond, first described in collagen IV synthesis in
living organisms, helps stabilize the collagen IV network that forms the
basis of basement membranes [6,8,11]. Although HOBr is a highly
reactive and potentially damaging compound, PXDN-mediated oxida-
tive protein crosslinking is a physiological process of mammalian tissue
genesis [6,8]. In PXDN-KO mice NC1 domains of collagen IV are not
covalently cross-linked, resulting in reduction in tissue stiffness [12].
Furthermore, the fundamental role of the PXDN-catalyzed reaction is
well illustrated by a severe ocular phenotype of PXDN deficiency in both
mice and humans [13].

A unique feature of the enzymatic action of PXDN is that it shows
high selectivity for bromide and cannot oxidize chloride, which is a
much more abundant anion in the organism [6,14]. This selectivity is
important because it prevents the formation of hypochlorous acid
(HOCI) which would probably exert harm on the PXDN-expressing and
surrounding cells. Nevertheless, the target of hypobromous acid is
probably not restricted to well-defined regions of collagen IV, as tyrosine
residues were also described to be oxidized by HOBr, resulting in the
formation of brominated tyrosine rings [15,16]. The physiological sig-
nificance of the latter reaction is so far unclear, and the identity of the
proteins modified by this mechanism is also awaiting identification.
However, it is possible that under some conditions and/or in specific
tissues, PXDN-mediated bromination does represent a physiologically
important mechanism of protein modification.

The enzymatic activity of PXDN is often tested by the analysis of the
crosslinking state of NC1 domains following the collagenase-mediated
digestion of cell culture lysates [11]. Peroxidase assays were also re-
ported to measure the activity of the purified enzyme or PXDN activity
in cell lysates and decellularized ECM [4,17-20]. We observe a signal
amplification in the Amplex Red assay in the presence of increasing
bromide concentrations that enables for the first time the measurement
of PXDN activity in live cells. Presumably this amplification is due to a
direct oxidation of Amplex Red by HOBr, which is formed by PXDN from
bromide and hydrogen peroxide. Multiple lines of genetic evidence
support the conclusion that the observed (enhanced) oxidation of
Amplex Red is mediated by PXDN. This signal amplification method
offers a valuable tool to study the PXDN activity of primary and
cancerous cell cultures and to investigate PXDN activity in physiological
contexts. As an example, we show that this method enables us to follow
the effect of Brefeldin A (BFA) on the dynamics of PXDN trafficking and
secretion in live cells.

2. Material and methods
2.1. Cell culture

HEK-293-T cells (ATCC, Manassas, VA, USA, CRL-3216), PFHR-9
cells (ATCC, Manassas, VA, USA, CRL-2423) and PXDN-KO PFHR-9 cells

(prepared by Cas9 CrispR method in our laboratory earlier [21]) as well
as Resc-wt and Resc-mut cells were grown in Dulbecco’s Modified Eagles
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Medium with glutamine and 4,5 g/L glucose, supplemented with 10%
fetal bovine serum (Lonza Group Ltd., Basel, Switzerland), 50 U/mL
penicillin and 50 pg/mL streptomycin (Lonza Group Ltd., Basel,
Switzerland) in a humidified incubator with 5% CO, at 37 °C.

PFHR-9-Resc-wt and PFHR-9-Resc-mut cells were prepared from
PXDN-KO PFHR-9 cells by transfection with the sleeping beauty trans-
poson system [22]. Briefly, N-terminally Flag tagged WT PXDN
(Resc-wt), or N-terminally Flag tagged and C-terminally V5 tagged
Q823W and D826E mutant PXDN (Resc-mut) were cloned into a
pSB-puro vector for transfection. Transfected cells were selected for
puromycin and kept under selection (1.25 pg/mL puromycin) until one
to five passages prior to experiments.

HCSMC (Lonza Group Ltd., Basel, Switzerland) and HAoSMC (kind
gift of Andras Balla) were grown in smooth muscle cell basal medium 2
(PromoCell, Germany), supplemented with 5% fetal calf serum, 5 pg/mL
insulin, 2 ng/mL hbFGF, 0.5 ng/mL hEGF (PromoCell, Germany), as well
as 50 U/mL penicillin and 50 pg/mL streptomycin (Lonza Group Ltd.,
Basel, Switzerland).

2.2. Transfection of PFHR-9 cells with siRNA

Cells were seeded to a 96 well plate in a density of 10.000 cells/well
(c/w) and let grow to approximately 70% confluency in antibiotics-free
DMEM (supplemented with 10% FBS as above). Subsequently, cells were
transfected with 40 nM of siRNA (either scrambled (#2, Thermo Sci-
entific) or murine PXDN targeting (Thermo Scientific) with lipofect-
amine RNAiMax (invitrogen) for 48h prior to the experiment.

After the functional assay, supernatants were removed, and cells
were lysed with 20 pL RIPA buffer (150 mM NacCl, 25 mM Tris, 0.1%
SDS, 0.5% sodium deoxycholate, 1% Triton X100, pH 8, supplemented
with HALT protease inhibitor cocktail (Thermo Scientific)) per well.
Samples were scratched, supplemented with 7 pL 4x reducing Laemmli
buffer per well, pooled and boiled for 5 min at 95 °C before applying
them to gel electrophoresis and western blotting.

2.3. Antibodies

For the detection of PXDN in PFHR-9 cells, we developed a mono-
clonal antibody, adapting a previously described protocol [23]. A
detailed description of the immunization and antibody production is
provided in the supporting information.

For detection of PXDN in human SMCs we used a polyclonal PXDN
specific antibody, previously developed in rabbit [17]. Primary anti-
bodies used for western blots were purchased from Sigma Aldrich for
detection of Flag-tag (mouse monoclonal Anti-FLAG M2 antibody,
F3165), smooth muscle actin (mouse monoclonal antibody, A5228), and
p-actin (mouse monoclonal antibody, A1978). HRP-conjugated second-
ary antibodies used for western blots, donkey anti-rabbit IgG (31458)
and goat-anti-mouse IgG (31432), respectively, were purchased from
Invitrogen.

2.4. Immunostaining of PXDN

Cells were seeded to black chimney clear bottom 96 well plates
(Greiner 655090) at a density of 5.000 c¢/w and allowed to grow for 60 h
prior to treatment with or without 5 pM Brefeldin A (Thermo Scientific,
Hungary) for 12 h. Following treatment, cells were fixed with 4%
paraformaldehyde in PBS for 45 min at room temperature and washed
twice with 100 mM glycine containing PBS. For antigen retrieval, hot
citrate buffer (10 mM, 0.1% Triton X-100) was applied for 5 min. Sub-
sequently, samples were washed twice with PBS and blocked with 3%
BSA containing PBS for 1 h. Samples were incubated with the hybridoma
supernatant (diluted with 3% BSA in a ratio of 2:1, to achieve a final BSA
concentration of 1%) overnight. After washing with PBS (6 times), the
secondary antibody (Alexa Fluor 488 conjugated donkey anti-mouse IgG
(A-21202, Thermo Scientific)) was applied in 1% BSA containing PBS,
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together with 0.1 pM Hoechst 33342 for nuclear staining, for 1 h in the
dark. Samples were washed with PBS (6 times) prior to imaging. Fluo-
rescence signals were recorded with the ImageXpress Micro XL (Mo-
lecular Devices, Sunnyvale, CA, USA) high content screening system
using a Nikon 40x objective.

2.5. Amplex Red assay on cell lysates

Cells were harvested and washed with H-medium (145 mM NacCl, 5
mM KCl, 1 mM MgCly, 0.8 mM CaCly, 5 mM Glc, 10 mM HEPES) twice,
then counted and adjusted to a density of 100.000 cells in 65 pL. Sub-
sequently, 65 pL of the cell suspension were plated per well to a 96 well
plate (CytoOne or Greiner) and lysed with 5 pL of 20% (w/v) detergent
CTAB (sigma) or CTAC (sigma) respectively. Following a 10 min incu-
bation time, 10 pL of 10x concentrated Amplex Red (Synchem, Ger-
many) solution was added (to achieve a final concentration of 50 pM)
and the baseline fluorescence was measured using either a Clariostar
(excitation: 577 nm, emission: 613 nm) or Polarstar (excitation: 580 nm,
emission: 610 nm) plate reader (BMG, Germany). Subsequently, 10 pL of
10x concentrated bromide in H-medium was added and fluorescence
was recorded for approximately 5 min, before 10 pL of 10x concentrated
H20, was added in the indicated concentrations. The signal was fol-
lowed for at least 60 more minutes. The slope over the initial 10 min
upon addition of HyO, was fitted separately for each replicate and used
as an indicator for PXDN activity. In cases, where analysis was hampered
by an unfavorable signal-to-noise ratio, areas under the curves were
calculated, setting the measurement points prior to HoO addition as the
baseline using GraphPad Prism [24].

2.6. Amplex Red assay on intact cells

Cells were harvested, counted, seeded to 96 well plates (CytoOne or
greiner) in a cell density of 50.000 cells/well (unless stated otherwise)
and let allow to grow for 72h. Before the assay, they were washed with
H-medium, layered with 70 pL H-medium and baseline fluorescence was
measured upon addition of 10 pL of 10x concentrated Amplex Red
(Synchem, Germany) solution (to achieve a final concentration of 50
pM, unless stated otherwise) using either a Clariostar (excitation: 577
nm, emission: 613 nm) or Polarstar (excitation: 580 nm, emission: 610
nm) plate reader (BMG, Germany). Subsequently, 10 pL of 10x
concentrated bromide in H-medium was added and fluorescence was
recorded for approximately 5 min, before 10 pL of 10x concentrated
H,0, was added in the indicated concentrations. The signal was fol-
lowed for at least 60 more minutes. The slope over the initial 10 min
upon addition of HyO, was fitted separately for each replicate and used
as an indicator for PXDN activity. In cases, where analysis was hampered
by an unfavorable signal-to-noise ratio, areas under the curves were
calculated separately for each replicate, setting the measurement points
prior to HoO5 addition as the baseline using GraphPad Prism [24].

2.7. Preparation of decellularized extracellular matrix

PFHR-9 WT and PXDN-KO cells were grown to overconfluency (for
96 well plates 50.000 cells, for 24 well plates 0.3 Mio cells were seeded
per well 72h prior to 6-12h treatment with Brefeldin A). The ECM was
decellularized using a well-established hypotonic washing protocol
[25]. Briefly, cells were gently washed twice with hypotonic buffer (5
mM Tris-HCl, 0.5 mg/mL BSA, 0.1 mM CaCly, pH 7.5), followed by a 10
min incubation in the same buffer at 37 °C and two 1 min long extrac-
tions at 37 °C using the hypotonic buffer supplemented with 0.5%
Nonidet P-40. The thus obtained cell-free matrices were washed 5x with
H-medium and subjected to subsequent measurements of PXDN activity
with Amplex Red assay.
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2.8. Reagents

H50,, NaBr, carnosine, and NAC were obtained from Sigma Aldrich
(Hungary), reagents for preparation of bromine free salts were obtained
from Molar Chemicals (Hungary) and used without further purification.
HOCI was obtained from Hip-Tom (Hungary).

2.9. Preparation of bromine free NaCl and KCl

Bromine free salts were prepared applying a slightly modified pro-
tocol of McCall et al. [10,26], providing NaCl in an overall yield of
68.4% and KCl in a yield of 56.8%. A detailed description of the protocol
is provided in the supporting information.

2.10. Analysis of bromine content with ICP-MS

We used inductively coupled plasma mass spectrometry (ICP-MS) to
determine the bromine content of commercial and synthesized salts. To
this end, the 50 mg of the sample salts were dissolved in 5 mL ultrapure
water (ELGA, 18.2 MQ/cm). These sample solutions were measured
with Thermo Fisher Scientific iCAP Q quadrupole ICP-MS in KED mode
(Kinetic Energy Discrimination, applying high purity helium gas). For
quantitative analysis, an external calibration was performed, using so-
dium bromide salt (Sigma-Aldrich) in 50, 100 and 1000 pg/L
concentrations.

2.11. Analysis of bromine content with TXRF

For the total-reflection X-ray fluorescence (TXRF) analysis, 100 pL of
H-medium prepared from commercial salts or synthesized salts,
respectively, were mixed with 20 pL of 30% H30, and 80 pL of 65%
HNOs. To that solution, 20 pL of 15 pg/mL Ga(NOs)s (in nitric acid) was
added as an internal standard. From the resulting solutions, 2 puL were
pipetted on the quartz reflectors. Measurements were performed on an
Atomika 8030C TXRF spectrometer (Atomika Instruments GmbH,
Oberschleissheim, Germany). The Ka line used for determination of Br
was at 11.924 keV.

2.12. Preparation of HOBr

HOBr was prepared as reported earlier [27,28]. Briefly, the con-
centration of HOCl was determined from absorbance values measured at
292 nm using UV transparent 96 well plates (Greiner 655801) and a
Clariostar pate reader (BMG, Germany) and adjusted to 100 mM. The
adjusted HOCI was mixed with 1.2 equivalents of NaBr from a 1 M stock
solution and mixed by vortexing for 5 min. Subsequently, the concen-
tration of HOBr was determined from absorbance values measured at
332 nm. No HOCI traces were visible in the absorbance spectra of HOBr
(see Figure S5).

3. Results

3.1. Amplex Red oxidation by peroxidasin is enhanced in the presence of
bromide in cell lysates

The murine embryonic cancer cell line PFHR-9 expresses and se-
cretes high amounts of PXDN, and hence serves as a good model to study
PXDN activity. As a control, we additionally used PFHR-9 cells, where
the PXDN gene was disrupted by the CRISPR/Cas9 technique (PXDN KO
cells) [21].

The measurement of PXDN activity from purified proteins, cell ly-
sates and decellularized extracellular matrix is feasible with diverse
peroxidase assays, including the Amplex Red assay.

In this assay, the non-fluorescent (Amplex Red) substrate is oxidized
to fluorescent resorufin by a peroxidase in the presence of HoOy [29].
This assay has been frequently employed to measure PXDN activity in
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lysates prepared with the detergent cetrimonium bromide (CTAB,
Hexadecyltrimethylammonium bromide), that is supposed to inhibit
nonspecific oxidations catalyzed by heme (proteins) [4,17-19].

In Fig. 1, we show the activity of PXDN in CTAB lysates of PFHR-9
WT (Fig. 1A) and PXDN-KO PFHR-9 (Fig. 1B) cells in an H,O5 depen-
dent manner. The rate of Amplex Red oxidation was quantified by fitting
the slope of signal increase over the first 10 min following addition of
H20, (Fig. 1C). Since bromide is the counter anion in the cationic
detergent CTAB, application of 1% (w/v) of this detergent in the lysis
buffer corresponds to a bromide concentration of as high as 27.4 mM. To
investigate, whether bromide had an impact on the observed signal, we
changed the counter anion in the detergent and used cetrimonium
chloride (CTAC) instead. Interestingly, this anion change completely
abrogated fluorescence observed in the functional assay (Fig. 1D, grey
dots). However, the lost activity could be restored by addition of bro-
mide in a concentration-dependent manner (see colored curves in
Fig. 1D). Restoration of the signal was diminished by the peroxidase
inhibitor phloroglucinol (PHG) in a dose dependent manner (Figure S1),
and could not be achieved in lysates of PXDN-KO PFHR-9 cells (Fig. 1E),
suggesting that indeed PXDN is responsible for the observed effect.

3.2. Effect of bromide on Amplex Red oxidation in intact cells

Encouraged by the observed enhancement of fluorescence by bro-
mide supplementation of the reaction buffer, we wanted to know, if we
could apply the same approach to measure PXDN activity in intact cells.
Indeed, we could successfully measure the enzymatic activity of PXDN
in live cells (Fig. 2). Cells were seeded 72h prior to the experiment and
reached overconfluency at the day of measurement. Addition of bromide
enhances the signal in Amplex Red assay performed on intact PFHR-9
WT cells (Fig. 2A) up to 3.4 times. As observed for the lysates, also on
intact cells, co-administration of PHG completely abrogated Amplex Red
oxidation (Figure S2) at as low concentrations as 0.1 pM. Furthermore,
bromide addition had no effect on the signal in PFHR-9 PXDN-KO cells
(Fig. 2B), again confirming a role of PXDN in the bromide amplified
oxidation of Amplex Red. Compared to the experiments performed in
lysates (Fig. 1), the Amplex Red oxidation rate increases with a less steep
slope, but overall reaches higher values. Furthermore, a dependence on
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5, 5000 Y 25uM H,0,
E i ;‘ 5uM H20,
§ 2500 = 1uM H,0,
N P 0H;0;
3 odrrrrprerrreeeperpeeep—ree
i

0 600 1200 1800 2400 3000 3600 4200
ts
& D

PXDN activity derived from
slopes of kinetic curves

PXDN activity from CTAB and CTAC
lysates of PFHR9 WT cells

Redox Biology 54 (2022) 102385

both Hy05 (Fig. 2C and D) and bromide (Fig. 2E and F) concentrations is
clearly visible.

3.3. Is oxidation of Amplex Red possible in the absence of bromide?

As evident from Fig. 2A, even in the absence of bromide, PXDN-
activity was measurable from intact PFHR-9 WT cells.

McCall et al. have shown, that trace amounts of bromide present in
commercial salts result in significant bromide concentrations (around 6
pM) that are sufficient to catalyze crosslinking of collagen IV fibers [10].
Hence, we were wondering, if the observed activity without addition of
extra bromide might be due to traces of bromide found in commercial
salts.

Following the approach of McCall et al., we produced bromide-free
NaCl and KCl by reacting sodium hydroxide with gaseous hydrogen
chloride and prepared bromide free assay buffer from these salts [10].
ICP/MS (Table 1) as well as TXRF (not shown) measurements confirmed
the absence of bromide in the synthesized salts, while showing signifi-
cant amounts of bromide in the commercial salts, and buffers prepared
from those (Table 1).

PXDN activity of PFHR-9 WT cells is still measurable in the absence
of bromide (Fig. 2G,H). Inhibition of PXDN by PHG (1 pM) abrogates
Amplex Red oxidation to resorufin. While in the presence of PHG, bro-
mide had no effect on fluorescence, in the absence of the PXDN inhibi-
tor, an increase in resorufin fluorescence is observed starting from
bromide concentrations around 250 uM (Fig. 2H). Of note, addition of
small bromide concentrations (below 100 pM) provokes a slight
decrease in resorufin fluorescence (Fig. 2H).

3.4. Additional genetic evidence that PXDN is responsible for observed
signal amplification in PFHR-9 cells

PXDN-KO PFHR-9 cells (lysed or intact), showed no oxidation of
Amplex Red, and bromide addition did not have any effect on the
observed signal (Fig. 2B,D,F).

In order to exclude the possibility that the lack of measurable
peroxidase activity in KO cells was due to clonal selection, we knocked
down PXDN transiently using siRNA (Fig. 3). Indeed, siRNA targeting
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Fig. 1. Amplex Red fluorescence obtained with CTAB lysates of WT (A) and PXDN-KO (B) PFHR-9 cells with increasing concentrations of HyO (indicated by
increasing intensity of red color). The slope of the kinetic curves for the first 10 min following H>0O, addition was analyzed for the measurements of panels A and B
(C). Changing the detergent from CTAB to CTAC abolished the signal completely (D,E; grey dots, labeled as ctr), while supplementation of bromide to CTAC lysates
from WT (D), but not from PXDN-KO cells (E), was able to restore the fluorescent signal. Data show results of a representative experiment out of four. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Bromide enhances the signal in Amplex Red assay performed on intact PFHR-9 WT (A,C,E) cells, while leaving the signal in PFHR-9 PXDN-KO cells (B,D,F)
unaffected. Time courses (A,B) and slope evaluation of the first 10 min following H;O, addition are shown in dependence of H;0, (C,D) and bromide (E,F) con-
centrations. Presented data show results of a representative experiment out of three. PXDN activity is still measurable in intact PFHR-9 WT cells, when the assay is
performed in bromide-free H-medium in the absence (filled) and presence (open symbols) of 1 pM PHG (G,H). Cells were washed twice for 5 min with bromide-free
H-medium prior to the measurements. For clarity, kinetics in panel G are shown only in the presence of four concentrations of bromide, exemplarily, while the slope
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murine PXDN, largely diminished the observed activity as well as the
bromide enhancing effect, almost down to the levels of KO cells, while
scrambled siRNA had no inhibitory effect (Fig. 3C and D). The knock
down of PXDN was confirmed on protein level by western blot (Fig. 3E),

using a newly developed monoclonal antibody.

As a next step, we set out to rescue the PXDN-KO phenotype by re-

introducing PXDN to the PXDN-deficient cells. We created cell lines
with the Flag-tagged wild-type protein (Resc-wt), as well as with a
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Table 1 Q823W, D826E mutation, destroying the peroxidase activity of the
Bromide content was determined for commercial and synthesized salts used in introduced enzyme (Resc-mut) [13,18].
assay buffer (H-medium) using ICP-MS. Contamination of bromide in commer- As shown in Fig. 3F, Resc-wt and Resc-mut transfected PFHR-9-

cial salts is given in ppm (mg/kg). Bromide traces in synthesized salts are at the PXDN-KO cells express PXDN, detected by both Flag as well as PXDN
border of the detection limit of the method. antibodies. Of note, the PFHR-9 cell line is hard to transfect. Thus, it is

Salt Bromide/ Concentration in H-  Corresponds to Bromide apparent from the western blot developed against PXDN, that the re-
ppm medium in H-medium introduction of PXDN did not reach the same expression levels as
Commercial 63.1 145 mM 5.197 pM observed for the WT cells. Both, blots developed against Flag and PXDN
NacCl indicate that the non-functional peroxidase mutant Resc-mut is
SYI‘\‘I;]ESized <0.25 <20.6 nM expressed in higher levels as compared to the re-introduced wild-type
Commercial 46.9 5 mM 0.170 uM protein in Resc-wt cells.
KCl To characterize these cells, in a first step, we investigated the bro-
Synthesized <0.25 <0.9 nM mide and HyO5 dose dependent effect on CTAB (Fig. 3G) and CTAC ly-
KCl

sates (Figure S4 A,B). Introduction of the full length protein was able to
restore only a fraction of the activity observed in WT cells (Fig. 3G).
However, taking into account the expression levels seen in western blots
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Fig. 3. Transient knock-down of PXDN, as well as rescue of signal by re-introduction of PXDN, but not of its non-functional mutant, confirm the involvement of
PXDN in the observed signal amplification by bromide. Amplex Red assay measured on intact PFHR-9 cells (10.000 c¢/w seeded before transfection without siRNA
(A), with scrambled siRNA (B), and with siRNA targeting the murine PXDN (C). For each panel, control conditions are shown in grey, enhanced PXDN activity by
bromide addition (2.5 mM) is shown in bordeaux. Each line represents one out of two experiments performed in duplicates. Slopes, representing the Amplex Red
oxidation rate are shown in panel D, following the same color code. Transient knock-down of PXDN was confirmed by western blot (E). PXDN was re-introduced to
PFHR-9 PXDN KO cells using the sleeping beauty system. Protein expression of PXDN in PFHR-9 WT, PXDN-KO and Resc-wt, Resc-mut PFHR-9 cell lines is shown by
western blot (F). Given the lower expression of PXDN in the rescue cell lines, as compared to the WT cells, analysis of the functional assays performed with these cell
lines is shown as integrated area under the curves of a 60 min time course Amplex Red assay performed on CTAB lysates with PFHR-9 WT (red filled circles), PXDN-
KO (red open circles), as well as PFHR-9-Resc-wt (black filled squares) and Resc-mut (black open squares) cells with increasing concentration of H,O, (G). Both
signals in the absence (grey) of bromide, and amplification in the presence of 2.5 mM bromide (bordeaux) increase with increasing cell number (H). PFHR9-WT,
PXDN-KO, as well as Resc-wt and Resc-mut cells were seeded in the indicated densities 72h prior to the measurement. AUCs were calculated over 60min. Results
show a representative experiment out of three to seven. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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(Fig. 3F), one should not expect a full restoration of activity. Of note, the
lower signal as compared to the PFHR-9 WT cells hampered a reliable
analysis fitting slopes. Therefore, areas under the respective curves were
calculated and are displayed in Fig. 3. For comparison, the analysis using
the area under the curves for data presented in Figs. 1 and 2 are shown in
Figure S3. As for the PFHR-9 WT cells, also for the Resc-wt cell line,
expressing the full length protein, a bromide enhancing effect of fluo-
rescence in the CTAC lysates (Figure S4A) and in intact cells (Figure S4C,
E) could be observed, but not in the peroxidase-mutant expressing cell
line Resc-mut (Figure S4D,F).

In line with the correlation of observed activity in Resc-wt cells with
the lower expression as compared to the PFHR-9-WT cells, we observed
a cell number-dependent increase in signal for PFHR-9-WT and Resc-wt
cells, further confirming the dependence on the magnitude of observed
signal on PXDN protein levels (Fig. 3H).

3.5. Possible involvement of HOBr in signal enhancement by bromide

Mammalian heme peroxidases can operate by two catalytic cycles:
Once the heme center is oxidized by Hy0; to an oxy-ferryl form (com-
pound I) and a porphyrin-cation radical, the ferric enzyme can be
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restored either by the so called “halogenation cycle”, representing a two-
electron reduction by halides or pseudo-halides, or via the “peroxidase
cycle”, consisting of two sequential one-electron reduction steps,
thereby oxidizing organic substrates [1].

In the Amplex Red assay, the non-fluorescent dye is oxidized to
fluorescent resorufin in the “peroxidase cycle” of the enzyme [1,30].
Given that Amplex Red might be directly oxidized by HOCI [31], we
were wondering if the signal amplifying effect of bromide addition
might be due to a direct oxidation of the dye by HOBr produced in the
“halogenation cycle” of PXDN.

Therefore, we first investigated the chemical oxidation of Amplex
Red to resorufin by HOBr, which we prepared chemically by oxidizing
NaBr with HOCI [27,28] (Figure S5). Indeed, as for HOCI, we also
observed oxidation of Amplex Red by HOBr (Fig. 4A and B). Note-
worthy, oxidation of Amplex Red by HOBr (Fig. 4A) appears to happen
much faster as compared to its oxidation by HOCI (Fig. 4B).

In a next step, we aimed to scavenge HOBr, in order to reveal the part
of amplification, that could be related to HOBr. In a first attempt, we
investigated the potency of the general antioxidant and ROS-scavenger
N-acetylcysteine (NAC) [32-34]. NAC potently diminished the oxida-
tion of Amplex Red by HOBr already at low (micromolar) concentrations
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Fig. 4. Direct oxidation of Amplex Red dye to resorufin by HOBr (A) and HOCI (B). N-acetylcystein (NAC, C,D) diminishes oxidation of Amplex Red by HOBr in a
dose dependent manner. Exemplarily, the impact on the oxidation of 50 pM Amplex Red by 250 pM HOBr is shown in the presence of increasing NAC (C) con-
centrations. Areas under the curves following a 1 h reaction time with Amplex Red are shown for the interaction of further concentrations of HOBr with NAC (D). In
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enhanced signal was attenuated. Carnosine scavenges hypohalous acids, by halogenation reactions. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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(Fig. 4C and D). In line with this, also in CTAC lysates of PFHR-9-WT
cells, supplemented with bromide, a dose dependent decrease in fluo-
rescence could be observed, while NAC supplementation did not affect
the signal obtained from CTAC lysates of PFHR-9-PXDN-KO -cells
(Fig. 4E). Comparable results were obtained for Amplex Red assays
performed on intact PFHR-9-WT and PXDN-KO cells (Fig. 4F). However,
it should be noted, that for experiments performed on intact cells, NAC
supplementation also largely diminished the signal obtained in the
absence of additional bromide (Fig. 4F). This may be explained by the
fact that NAC is a rather strong and not too selective antioxidant, that
presumably also scavenges added Hy0-.

Redox Biology 54 (2022) 102385

Carnosine, by contrast is a dipeptide, found in high concentrations in
muscle (up to 20 mM in human) and in the brain (up to 5 mM) under
physiological conditions [35]. Carnosine has been suggested to scavenge
HOCI and HOBr by directly being halogenated to chloramines or
bromamines, respectively [36,37]. Therefore, it might serve as a more
selective scavenging reagent. Indeed, carnosine interferes with oxida-
tion of Amplex Red by HOBr (Fig. 5A and B), and HOCI (Figure S5).
Given the very fast nature of Amplex Red oxidation by HOBr, a full
scavenging could not be achieved, when HOBr was added to a mixture of
carnosine and Amplex Red (Fig. 5A and B). In contrast to that direct
interaction (filled symbols, Fig. 5C), when carnosine was allowed to
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Fig. 5. The direct effect of increasing carnosine concentrations on the oxidation of 50 pM Amplex Red by 250 pM HOBr is shown exemplarily (A), and areas under the
curves following a 1 h reaction time are shown for the interaction of further concentrations of HOBr with carnosine (B). Areas under curves decrease with increasing
carnosine concentrations to 50% of initial fluorescence when HOBr is added to a mixture of Amplex Red and carnosine (filled symbols, panel C), but go down
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The reactivity of Amplex Red and carnosine towards oxidation by HOBr is illustrated by changes in the absorbance spectra of 10 mM HOBr, reacted with indicated
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lysates (J), as well as with intact (K) PFHR-9 WT (filled columns), but not for PXDN-KO (open columns) cells, the bromide enhanced signal was attenuated by co-
administration of carnosine. Displayed results show a representative experiment out of three independent experiments performed in duplicates. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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react with HOBr shortly prior to addition of Amplex Red, a full scav-
enging could be observed at a twofold excess of carnosine over Amplex
Red (open symbols, Fig. 5C). This might suggest that the reaction with
carnosine is slower compared to the oxidation of Amplex Red, and that
the carnosine derived bromamine does not react with Amplex Red. In
order to follow up on this observation, we monitored the decline in
HOBr absorbance upon mixture with increasing concentrations of
Amplex Red (Fig. 5E,H) or carnosine (Fig. 5F,G,I), respectively. It should
be noted, that the concentration of HOBr necessary to detect changes in
the absorbance spectra is much higher than the concentration used in
previous measurements and by far exceeds the physiological relevant
concentrations. However, compared to that high HOBr concentration,
relatively small amounts of Amplex Red and carnosine are able to
scavenge HOBr. While in a reaction with 50 pM Amplex Red, as usually
used for assay, the 10 mM of HOBr are completely used up to oxidize the
dye within 15-20 min (Fig. 5E,H), reaction with a tenfold higher con-
centration of carnosine proceeds much slower (Fig. 5F,I). To compare
the reactivity, the absorbance maximum of the HOBr spectrum (at 332
nm) is shown as a function of time for the reaction with increasing
concentrations of Amplex Red (Fig. 5H) and carnosine (Fig. 5I),
respectively.

In CTAC lysates of PFHR-9-WT cells supplemented with bromide, a
dose dependent scavenging effect of carnosine could be observed, while
co-administration of carnosine did not affect signals obtained from
CTAC lysates of PFHR-9-PXDN-KO cells (Fig. 5J). Even though observed
at higher concentrations, the measure of the effect is comparable to that
observed with NAC (Fig. 4E). Likewise, a dose dependent scavenging
effect of carnosine could also be observed when it was co-administered
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to intact cells PFHR-9-WT, but not to PFHR-9-PXDN-KO cells (Fig. 5K).
In contrast to the effect of NAC (Fig. 4F), for intact cells (Fig. 5K), car-
nosine did not affect Amplex Red oxidation in the absence of bromide. In
the presence of bromide, however, a dose dependent scavenging could
be observed, that decreased the fluorescence to the level obtained
without bromide supplementation, suggesting that indeed HOBr might
be responsible for the bromide enhancing effect of Amplex Red
fluorescence.

Comparable scavenging effects could be observed for CTAC lysates
and intact cells of the PXDN-rescue cell line PFHR-9-Resc-wt, but not for
the non-functional PXDN mutant expressing cell line PFHR-9-Resc-mut
(Figure S8).

The here presented differences in the kinetics of the reaction of
Amplex Red and carnosine with HOBr might suggest that the initial drop
observed in PXDN activity in bromide free H-medium upon addition of
increasing concentrations of bromide (Fig. 2H) could be due to a
competition between Amplex Red and bromide as substrates for PXDN.
A detailed description is offered in the supporting information
(Figure S9).

Of note, while similar to PXDN, also LPO is able to oxidize bromide to
HOBr, a bromide mediated signal enhancement was not observed when
the Amplex Red assay was performed on purified LPO (Figure S10).

3.6. Measurement of PXDN activity in human coronary and aortic
smooth muscle cells (HCSMCs and HAoSMCs)

While PFHR-9 cells produce large amounts of ECM, also primary cells
express PXDN and we wanted to explore whether measurement of PXDN

Fig. 6. Peroxidasin expression in HCSMCs and
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activity is feasible for human vascular smooth muscle cells.

Western blots confirm the expression of PXDN in human coronary
smooth muscle cells (HCSMCs) and human aortic smooth muscle cells
(HA0oSMCs, Fig. 6A), while the expression of smooth muscle actin in-
dicates the SMC phenotype (Fig. 6A). Having confirmed the presence of

A
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B Time dependent effect of 5uM BFA-treatment on
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PXDN in these cells, we aimed to measure its activity in intact cells as
well as in cell lysates (1% CTAC) and the effect of bromide amplification.
With both, HCSMCs (Fig. 6B) and HAoSMCs (Fig. 6C), a slight dose
dependent increase in Amplex Red fluorescence is observed by addition
of bromide to intact cells. As observed for PFHR-9 cells, cell lysis with

Fig. 7. Brefeldin A inhibits secretion of PXDN. Area
under curves of a 1 h time course from Amplex Red
oxidation (50 pM, in the presence of 2.5 mM bromide

158 % % 4351 % and 50 pM H30,), obtained from intact (filled cir-
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“c': 50 i i ¢ ‘5 50 i dependence of the effect is shown exemplarily for
= & 25 incubation with 5 pM BFA (B). After experiments,
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tation of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)
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1% CTAC decreased Amplex Red oxidation in the absence of bromide
and enhanced the bromide amplification of the signal. An additional
factor contributing to the higher signal in smooth muscle lysates may be
the localization of PXDN to intracellular compartments, which was
previously demonstrated in human dermal and pulmonary myofibro-
blasts [17]. The intracellular PXDN pools, co-localizing with the ER and
Golgi, are probably not accessible to the assay in intact cells.

The signal enhancing effect of bromide in both intact cells and CTAC
lysates, is abrogated in the presence of the PXDN-inhibitor PHG
(hatched columns in Fig. 6B,C) and in the presence of the HOBr scav-
enger carnosine (purple columns in Fig. 6B,C).

3.7. Monitoring of altered PXDN secretion using the modified Amplex Red
assay

Interestingly, while for SMCs, lysis with CTAC largely increased the
fluorescence observed in the presence of bromide, for PFHR-9 cells, the
opposite seems to be the case as here fluorescence in intact cells was
higher than in lysates (vide supra).

This intriguing difference might be due to differences in secretion,
since the Amplex Red assay will detect extracellular peroxidase activity.
Hence, we wanted to see whether the modification of the Amplex Red
assay using bromide for signal amplification enabled us to study effects
of PXDN trafficking on intact cells. To that aim, we incubated cells with
Brefeldin A (BFA), a well-known inhibitor of ER-Golgi transport [38,39].

Indeed, with increasing BFA concentrations (Fig. 7A) we observed
decreased Amplex Red oxidation in intact cells (filled circles). Exem-
plarily, in Fig. 7A, the dose dependent effect upon a 6 h treatment is
shown. Dose dependent results for further incubation times are shown in
the supplement (Figure S11). In order to exclude that PXDN expression
was compromised upon treatment, we lysed half of the samples with
CTAC for the Amplex Red assay. Strikingly, in the presence of CTAC, no
major decrease in Amplex Red oxidation was observed upon BFA
treatment. In contrast, a slight increase could be observed at higher
concentrations, depending on the incubation time (Fig. 7A, S11). The
increase may be related to the intracellular accumulation of PXDN due
to inhibited secretion. Time dependence of the effect is shown exem-
plarily for incubation with 5 pM BFA (Fig. 7B), as well as for 1.25 and
2.5 pM (Figure S12). Similar effects were observed, when cells were
seeded in higher confluence, though higher concentrations were
necessary, to obtain comparable results (Figure S12).

In order to confirm the effect of BFA on PXDN retaining in the ER, we
imaged PXDN using the anti-PXDN monoclonal antibody (Fig. 7C). It is
apparent, that PXDN signal is higher in untreated PFHR-9 WT cells
(upper left panel) as compared to cells treated for 12 h with 5 pM BFA
(lower left panel). Furthermore, in the treated cells, the fluorescence
pattern shows a more reticular structure, while in the untreated control
a more homogenous cellular and extracellular distribution is apparent.

To further confirm the effect of BFA, we decellularized the ECM of
PFHR-9 WT and PXDN-KO cells treated with BFA and monitored PXDN
activity in the matrix with Amplex Red assay in the presence of
increasing concentrations of bromide (Fig. 7D). In line with the previous
observations, less PXDN activity is detectable from decellularized ECM
upon treatment with BFA in a time dependent manner.

4. Discussion

Basement membranes are essential for normal development and
function of diverse tissues and cells. Alterations in basement membrane
function are frequently observed in the pathogenesis of several diseases
including Goodpasture’s and Alport syndrome [7], as well as in cancer
[8,40-42] and organ fibrosis [9,17]. PXDN has recently emerged as a
key component of basement membranes providing a link between
oxidant production and ECM modification in animals.

Diverse methods have been reported to study the activity of PXDN.
Since PXDN mediates the crosslinking of collagen IV, an isolation and
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purification of collagen IV NC1 hexamers after collagenase digestion
enables the investigation of PXDN activity by revealing cross-linked
dimeric and uncrosslinked monomeric subunits of collagen IV in
Coomassie-stained SDS gels [11]. The purification step could be omitted
if digests of hypotonic cell lysates are directly applied to western blot-
ting for the subsequent detection of monomeric and dimeric collagen IV
subunits [13,18,21]. PXDN derived HOBr can brominate organic sub-
stances, thus formation of NADH-bromohydrin and 3-bromotyrosine
could be used to detect PXDN activity in decellularized ECM by Liquid
Chromatography-tandem mass spectrometry (LC/MS/MS) [15,20].

However, these methods require either laborious sample preparation
or special equipment and are not suited to study a large number of
samples or a direct effect on PXDN activity in cellular physiological
environment. Peroxidase assays have been used to study the activity of
purified PXDN, following e.g. the oxidation of o-dianisidine and tyrosine
[4], or tetramethylbenzidine [19]. Also, the Amplex Red assay has been
applied to measure PXDN activity in CTAB lysates [17,18], as well as in
isolated decellularized ECM [20].

Here, we describe a modification of the Amplex Red assay that en-
ables the measurement of PXDN activity in live cells, providing a useful
tool to study PXDN activity in a physiological context. We provide
insight into the mechanism of signal amplification and demonstrate that
alterations in PXDN secretion can be measured in live cells using our
method.

When we measured the peroxidase activity of cell lysates, we
observed that a change of counter-anion of the detergent CTAB from
bromide to chloride (to CTAC) completely abrogated Amplex Red
oxidation in cell lysates of PFHR-9-WT cells. However, supplementing
CTAC lysates with bromide could restore fluorescence in a dose
dependent manner. In line with this, in a recent article, Pauman-Page
et al. have noted that addition of bromide to lysates they applied in
their functional assays increased the obtained signal [40]. We could also
measure PXDN activity on intact PFHR-9-WT cells, especially when they
were allowed to reach an over-confluent state. Addition of bromide to
the assay buffer strongly amplified the signal obtained from intact
PFHR-9 WT cells in a dose dependent manner. Since Amplex Red is a
substrate for multiple heme peroxidases, we applied several genetic
tools to confirm the involvement of PXDN in the observed amplification
of Amplex Red oxidation by bromide. We did not detect any Amplex Red
oxidation in PFHR-9 cells, where the PXDN gene was disrupted by the
CRISPR/Cas9 technique. In order to exclude the possibility that this
might be related to the clonal selection process, we confirmed the
importance of PXDN, by using a specific PXDN targeting siRNA.
Furthermore, re-introduction of PXDN to PXDN deficient PFHR-9 cells
was able to partially restore the signal (Resc-wt cells), in coherence with
a lower expression as compared to the PFHR-9 WT cells. We previously
showed that Q823W and D826E mutations, which disturb halide bind-
ing and the covalent link formation to the heme center, respectively
[43], abrogated the peroxidase activity of PXDN [13,18]. Hence,
introducing a non-functional mutant did not restore Amplex Red
oxidation (Resc-mut cells). Taken together, these data suggest, that
PXDN is indeed responsible for the observed signal amplification of
Amplex Red oxidation by bromide.

Bromide is essential for the cross-linking of collagen IV [10]. Upon
oxidation of its heme center by HyO> (to the oxo-ferryl form ‘compound
1’), PXDN catalyzes the oxidation of bromide to hypobromous acid
(HOBr) [1]. HOBr in turn oxidizes methionine 93 of collagen IV, to form
a bromo-sulfonium cation that is then nucleophilically attacked by the
nitrogen of (hydroxyl)lysine 211, forming a sulfilimine bond. Currently,
this is the only known example for sulfilimine bond formation in living
organisms [9].

When this mechanism was first described, also the formation of a
chlorosulfonium cation was envisaged, suggesting a potential role of
HOCI in the catalysis. However, a catalysis by HOCI seems not to be
feasible, as the chloro-sulfonium cation of methionine would rather be
prone to a nucleophilic attack by water than by the lysine nitrogen,
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resulting in sulfoxide rather than a cross-linked sulfilimine [6,10]. While
in comparison to the trace element bromide, chloride is much more
abundant in plasma (50-100 pM Br~ vs 95-105 mM Cl, respectively
[6]), PXDN has a high substrate specificity, preventing collateral dam-
age through excess HOCI production. Kinetic studies showed that PXDN
cannot oxidize chloride: while thiocyanate, iodide and bromide, acting
as two-electron donors, efficiently restored the ferric state of the
enzyme, chloride was not able to act as a two-electron donor of com-
pound 1 [14]. In line with this, we do not observe PXDN activity in CTAC
lysates without bromide supplementation.

Trace amounts of bromide present in commercial salts have been
shown to be sufficient to mediate cross-linking of collagen IV [10].
Hence, we applied a bromide free buffer, replacing the commercial so-
dium and potassium chlorides with synthesized ones following a the
protocol of McCall et al. [10]. Despite the significant signal amplifica-
tion by bromide in the Amplex Red assays performed on intact PFHR-9
WT (and PFHR-9-Resc-wt) cells, also in the absence of bromide (a
PHG-sensitive) oxidation of Amplex Red could be observed.

We hypothesized that in the absence of bromide, Amplex Red as a
one electron donor [31], is oxidized by PXDN in the peroxidase cycle of
the enzyme [1,30], while in contrast, in the presence of bromide, pref-
erably HOBr would be formed, which might then oxidize Amplex Red
directly, resulting in a signal amplification. We show that HOBr indeed
reacts with Amplex Red very quickly and that scavengers like N-ace-
tylcysteine and carnosine diminish Amplex Red oxidation by HOBr.
Carnosine is halogenated by hypohalous acids and thus serves as a more
specific scavenger as compared to the general N-acetylcysteine. While
Amplex Red is oxidized by HOBr very efficiently and very quickly, the
reaction with carnosine is considerably slower, thus the direct HOBr
scavenging effect of carnosine on Amplex Red oxidation is less efficient
than in a condition where HOBr is allowed to react with carnosine prior
to addition of Amplex Red (as the carnosine derived bromamine does not
seem to oxidize Amplex Red). Of note, the concentrations used to study
the chemical interaction of HOBr, the respective scavengers and Amplex
Red exceed those present in the physiological milieu by far. In line with
this both scavengers efficiently diminished Amplex Red oxidation by
PXDN in cell lysates and in intact cells.

The enzymatic redox intermediate compound 1 links both, the
halogenation and the peroxidase cycle of PXDN and it has been shown
for several endogenous one-electron donors, that concentration of the
respective substrates as well as their rate constants for the reduction of
compound 1 dictate under which cycle the enzyme will operate [44].
Addition of smaller concentrations of bromide to bromide free buffer
slightly decreased the formation of the fluorescent Amplex Red oxida-
tion product resorufin, which might indicate a competition, and a
possible shift from Amplex Red oxidation to bromide oxidation. While
HOBr quickly oxidizes Amplex Red, the reducing environment of the cell
might scavenge and disarm low amounts of HOBr, suggesting that in a
cellular context, a certain amount of HOBr must be produced before an
enhancing effect becomes apparent. An increase of this effect in lower
cell density and a decrease in higher concentrations of Amplex Red
support this theory further.

Importantly, a bromide mediated signal enhancement could not be
obtained in Amplex Red assays performed with purified LPO, suggesting
that this method might indeed be specific for measurements of PXDN
activity. This is in line with a reported substrate selectivity: while next to
PXDN, also LPO is able to oxidize bromide to HOBr, based on second
order rate constants of compound 1 formation, PXDN outperforms the
reactivity of LPO towards bromide by more than two orders of magni-
tude (560x 10%* M~'s™! for PXDN vs. 4.1 x 10* M~!s7! for LPO,
respectively) [14]. These results suggest that bromide amplification of
Amplex Red assay might be specifically used for the measurement of
PXDN activity in mammalian cells. We did not investigate the effect of
bromide on measurable activity of EPO, which based on its apparent
second-order rate constant (1900 x 10*M~'s~1) should also show signal
amplification in the presence of bromide in the Amplex Red assay [14].
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However, the expression of EPO is highly restricted to eosinophil
granulocytes and in line with this, of the 69 cell lines listed in the Human
Protein Atlas (www.proteinatlas.org), the acute promyelocytic leukemia
cell line NB-4 was the only one showing EPO expression on mRNA level.

Interestingly, in PFHR-9 cells, the obtained resorufin signals were
overall higher in intact cells as compared to cell lysates. Similarly, a
recent study suggests, that a higher concentration of bromide was
needed to observe comparable levels of collagen IV crosslinking from
isolated PFHR-9 ECM when compared to cultured cells, possibly sug-
gesting a bromide accumulation at the site of collagen IV crosslinking in
live cells, which results in a higher effective concentration than that of
the medium, while this compartmentalization is lost during isolation of
ECM [15].

PXDN localizes to the ER and is secreted into the extracellular space
in a regulated manner [17]. In stark contrast to the PFHR-9 cells, which
are producing large amounts of ECM and constantly secreting PXDN, in
human coronary and human aortic smooth muscle cells, a higher
amplification of Amplex Red oxidation was observed in CTAC lysates as
compared to intact cells. While the extend of amplification on intact
smooth muscle cells was lower as compared to their lysates, also here a
bromide mediated amplification of Amplex Red oxidation by PXDN
could be confirmed. This effect could be annihilated by inhibition of
PXDN with PHG or by scavenging of HOBr with carnosine. Taken
together, these data suggests that the majority of PXDN pools in smooth
muscle cells is intracellular, and thus not accessible for the extracellular
reaction with Amplex Red.

Other dyes like aminophenyl fluorescein (APF, 2-[6-(4'-amino)phe-
noxy-3H-xanthen-3-on-9-yl)benzoic acid) and hydroxyphenyl fluores-
cein (HPF, 2-[6-(4'-hydroxy)phenoxy-3H-xanthen-3-on-9yl)benzoic
acid) have been applied to detect hypohalous acids in biological setups
and might offer the advantage of being cell permeable [45,46]. How-
ever, since PXDN is largely secreted to the extracellular space, and its
main function of collagen IV crosslinking is likely to take place in the
extracellular space, being able to specifically measure extracellular
PXDN activity can be seen as an advantage. Furthermore, comparing
measured PXDN activity in intact vs. lysed cells can provide information
about the distribution of the enzyme between the intra- and extracel-
lular space. In order to investigate this question further and to validate
the modified assay, we applied BFA, a well-known inhibitor of ER-Golgi
transport. Indeed, measurement of PXDN activity in living cells allowed
us to track changes in PXDN secretion. To demonstrate that, we showed
that BFA effectively inhibited the release of PXDN from PFHR-9 WT
cells, which was confirmed by PXDN immunostaining and measuring
PXDN activity of decellularized ECM. Although BFA is a pharmacolog-
ical tool which we used to study the trafficking of PXDN, the here
described method enables the investigation of hitherto unknown phys-
iological modulators of PXDN synthesis and secretion. Thus, the
described measuring tool opens up new opportunities to study PXDN
activity in physiological context, and to investigate the effect of receptor
agonists and inhibitors, as well as pharmacological compounds on PXDN
secretion and activity. These future experiments might provide a better
understanding of the processes mediating the extracellular modification
of collagen IV.

5. Conclusion

Here, we report for the first time the measurement of PXDN activity
on intact cells. Addition of bromide leads to signal amplification in the
Amplex Red assay, most likely due to PXDN mediated production of
HOBr, that quickly oxidizes Amplex Red to resorufin. Inhibition of
PXDN, as well as scavenging of HOBr by carnosine abrogates this
amplification. In smooth muscle cells, in which the larger fraction of
PXDN is intracellular, the bromide enhancement is more pronounced in
lysates as compared to intact cells.

Applying bromide amplification, the Amplex Red assay can serve as a
versatile tool to study PXDN activity in live cells, and investigate
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biological questions and processes related to e.g. protein trafficking.
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