Redox Biology 61 (2023) 102654

Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

ELSEVIER

The calcium channel modulator 2-APB hydrolyzes in physiological buffers
and acts as an effective radical scavenger and inhibitor of the NADPH
oxidase 2

Ewa Jasmin Slowik °, Katerina Stankoska “, Nhat Nguyen Bui °, Bastian Pasieka “,
David Conrad *°, Josef Zapp ¢, Markus Hoth %, Ivan Bogeski ¢, Reinhard Kappl >~

& Department of Biophysics, Faculty of Medicine, Center for Integrative Physiology and Molecular Medicine (CIPMM), Saarland University, 66421, Homburg, Germary
b Department of Anaesthesiology, Intensive Care and Pain Therapy, Saarland University Medical Center, Saarland University Faculty of Medicine, 66421, Homburg,
Germany

¢ Department of Pharmaceutical Biology, Saarland University, 66123, Saarbriicken, Germany

4 Molecular Physiology, Department of Cardiovascular Physiology, UMG, 37073, Gottingen, Germany

ARTICLE INFO ABSTRACT

Keywords:

2-APB

Ca-signaling

Reactive oxygen species (ROS)
Hydrolysis

Degradation

NOX inhibition

2-aminoethoxydiphenyl borate (2-APB) is commonly used as a tool to modulate calcium signaling in physio-
logical studies. 2-APB has a complex pharmacology and acts as activator or inhibitor of a variety of Ca?* channels
and transporters. While unspecific, 2-APB is one of the most-used agents to modulate store-operated calcium
entry (SOCE) mediated by the STIM-gated Orai channels. Due to its boron core structure, 2-APB tends to readily
hydrolyze in aqueous environment, a property that results in a complex physicochemical behavior. Here, we
quantified the degree of hydrolysis in physiological conditions and identified the hydrolysis products diphe-
nylborinic acid and 2-aminoethanol by NMR. Notably, we detected a high sensitivity of 2-APB/diphenylborinic
acid towards decomposition by hydrogen peroxide to compounds such as phenylboronic acid, phenol, and boric
acid, which were, in contrast to 2-APB itself and diphenylborinic acid, insufficient to affect SOCE in physiological
experiments. Consequently, the efficacy of 2-APB as a Ca2* signal modulator strongly depends on the reactive
oxygen species (ROS) production within the experimental system. The antioxidant behavior of 2-APB towards
ROS and its resulting decomposition are inversely correlated to its potency to modulate Ca>* signaling as shown
by electron spin resonance spectroscopy (ESR) and Ca?* imaging. Finally, we observed a strong inhibitory effect
of 2-APB, i.e., its hydrolysis product diphenylborinic acid, on NADPH oxidase (NOX2) activity in human
monocytes. These new 2-APB properties are highly relevant for Ca?* and redox signaling studies and for
pharmacological application of 2-APB and related boron compounds.

1. Introduction

The membrane-permeable boron compound 2-APB (2-amino-
ethoxydiphenyl borate) is commonly used to investigate physiological
functions and biophysical properties of several types of Ca?" channels.
The pharmacology of 2-APB is rather complex. 2-APB was described to
enhance transient receptor potential (TRP) TRPV1-4 and TRPV6 channel
activity [1-3], and to inhibit TRPC1/3/4/6/7 and distinct TRPM type
channels [4-7]. Moreover, 2-APB is recognized as an inhibitor of inositol
1,4,5-trisphosphate (IP3) receptors [8,9], and as a modulator of the

STIM-gated ORAI channels, i.e., the store-operated Ca" entry (SOCE),
depending on its concentration. Applied doses <5 pM enhance SOCE and
thus Icrac (Ca®" release-activated Ca®t current [10]) whereas at doses
>20-30 puM, 2-APB inhibits Icrac in various cell lines [11-14]. Despite
its limited selectivity and complex pharmacology, 2-APB is a prototype
compound for investigating physiological and biophysical properties of
SOCE. In view of the enormous importance of Ca?* signals for proper
cellular function [5,15], great efforts have been made in developing
specific channel inhibitors/activators based on the 2-APB structure
motif. Modifications were introduced at the aminoethoxy- and the
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phenyl-groups for mono- as well as bis-boronate compounds, some of
which showed increased specificity and activity for modulation of SOCE
and TRP channels [15-22]. Notably, one study on 2-APB and analogue
compounds showed evidence for hydrolysis of 2-APB in aqueous buffers.
The authors pointed out that this property is largely ignored in physi-
ological experiments [21]. Further evidence for 2-APB hydrolysis was
found in a later study on TRPV channels [23].

Calcium signaling via SOCE is a key event in activation of immune
cells and in regulating other functions in both, non-excitable and
excitable cellular systems. In immune cells specifically, binding of hor-
mones, messengers, antigens, or pathogen-associated molecular patterns
to cell specific surface receptors (G protein- and srk tyrosine kinase-
coupled receptors) produces IP3 which induces release of Ca?* from
the endoplasmic reticulum (ER) upon binding to ER-located IP3 re-
ceptors. The depletion of ER stores activates ER-located Ca®*-sensing
stromal interaction molecules (STIM1 and 2) which interact with Orai
channels (Orail to 3) at the plasma membrane to finally activate Icrac
and Ca®" flux into the cytosol [10,15]. Depending on the immune cell
type, the sustained Ca®* entry elicits a variety of responses such as
proliferation, gene expression, secretion, cytokine release, phagocytosis,
adhesion, or production of reactive oxygen species (ROS) [24,25]. In
addition, TRP channels were suggested to mediate Ca?" influx via a
non-SOCE mechanism [25,26].

As a first line of immune defense, professional phagocytes like neu-
trophils, monocytes (MCs) and macrophages produce large amounts of
ROS via the NADPH oxidase 2 (NOX2), a process called “oxidative
burst”. This enzyme is located at the plasma and/or phagosome mem-
brane and transfers electrons through the membrane to oxygen in the
extracellular space and phagosome lumen, respectively. The electrons
originate from the reductive equivalent NADPH. The NOX2 activation
process is strictly Ca2+-dependent and requires protein kinases (PKC)
and accessory cytosolic proteins for correct assembly of the enzyme [27,
28]. NOX2 generates superoxide radicals (O3 ) which are subsequently
dismutated to hydrogen peroxide (H203) and released within the
phagosome or into the extracellular medium to mediate bacterial killing
and host defense. In a previous study, our group showed that in primary
human MCs, bacterial peptides activate SOCE which in turn controls
ROS production by NOX2. In a feedback loop, ROS also differentially
affected SOCE depending on the Orail/Orai3 subunit composition of the
CRAC-channels [29,30].

Pharmacological tools that modulate SOCE and NOX2 as well as
tissue redox state have a high therapeutic potential in treating, among
others, autoimmune diseases, hyper-inflammation, cancer, or cardio-
vascular diseases. Accordingly, it is important to understand if and how
the activity of such modulators is regulated or affected by the local tissue
environment in order to optimize their clinical application. Based on its
chemical structure, we hypothesized that 2-APB pharmacology is com-
plex and might be regulated by environmental redox signals. Our find-
ings suggest that oxidation diminishes the pharmacological effects of 2-
APB on SOCE. Furthermore, we demonstrate that 2-APB can act as a
potent free radical scavenger and as an inhibitor of NOX2.

2. Materials and methods
2.1. Materials

All chemicals and reactants were purchased from Sigma if not stated
otherwise. Stock solutions of 2-APB at 50 or 200 mM were prepared in
DMSO or DMSO-dg for cell and NMR experiments, respectively, and
were further diluted to desired concentrations in aqueous media; phe-
nylboronic acid (PBAc), hydrolyzed diphenylborinic anhydride, i.e.,
diphenylborinic acid (DPBAc), boric acid (BAc), 2-aminoethanol (2-AE),
phenol (Ph), and hydrogen peroxide (30 wt%) were used without further
purification. For NMR 0.2 M deuterated phosphate buffer in D,O (d-PB)
with formal pH 7.4 was composed by mixing appropriate amounts of
NayDPO4 and KD9POy salts. For cell experiments, a modified Ringer
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solution with a composition (in mM) 145 NacCl, 4 KCl, 1 (or as indicated)
CaCly, 2 MgCly, 10 HEPES, 10 glucose was used; nominally Ca-free
buffer contained 1 mM EGTA. For calcium imaging experiments the
Ca?*-sensitive dye Fura-2-AM (Invitrogen, 1 mM in DMSO) was used.

2.2. NMR-experiments: spiking and peroxide reaction

NMR spectra were recorded at 298 K using Bruker NMR spectrom-
eters (Bruker BioSpin GmbH, Ettlingen, Germany). For 1H (500.13 MHz)
an Avance III 500, equipped with a 5 mm TXI cryoprobe, was used. !B
NMR (160.46 MHz) and DOSY measurements were performed on
Avance I 500, equipped with a BBO probe. All samples were measured in
5 mm NMR tubes from Deutero (Kastellaun, Germany), made either of
borosilicate (Boro500-5-7) or, for B: NMR, of non-boron-containing
silica glass (Qtz500-5-7) to minimize boron signals from the glass
background. All pulse programs for data acquisition were taken from the
standard pulse program library of the corresponding device’s own
Topspin version. In particular, the determination of diffusion co-
efficients with the pulsed field gradient stimulated echo sequence with
bipolar gradients and longitudinal eddy current delay is mentioned here
(‘ledbpgp2s’ in the library). NMR processing was performed with
Bruker’s TS 4.0.5. 2D DOSY spectra with chemical shifts on the F2 axis
and diffusion constants on the F1 axis were further generated with
Bruker’s Dynamics Center 2.7.1. 'H spectra were calibrated to residual
DMSO (dyg 2.50 ppm) when measured in pure DMSO-dg. For D20 solu-
tions, capillaries filled with DMSO-dg were used for referencing. 'B
NMR spectra were calibrated relative to boric acid (dg —0.05 ppm, for
details see Suppl. Fig. 4). In spiking experiments, the total sum of in-
tegrals was set to total proton count of input molecules, i.e., 14 H for 2-
APB, 24 H for 2-APB + DPBAc (equimolar), 19 H for 2-APB + PBAc
(equimolar), 24 H for 2-APB + Ph (molarity of Ph = 2 e [2-APB]). For the
peroxide reaction, 2-APB was dissolved in DMSO-dg, diluted in buffer to
the desired concentration and thoroughly mixed, then corresponding
concentrations of HyO, were added. Freshly prepared samples were
measured within 10 min after mixing. For hydrolysis experiments, ali-
quots of 2-APB in DMSO-dg were added to different preset D,O/DMSO-
de mixtures to yield the desired concentration and various DMSO-dg
contents. NMR measurement started ca. 5 min after preparation.

2.3. Cell culture of Jurkat T cells and preparation of primary human
monocytes

Research carried out for this study with human material has been
approved by the local ethics committee (84/15; Prof. Dr. Rettig-
Stiirmer). The local blood bank within the Institute of Clinical Hemos-
taseology and Transfusion Medicine at Saarland University Medical
Center provided leukocyte reduction system (LRS) chambers, a by-
product of platelet collection from healthy blood donors. All blood do-
nors provided written consent to use their blood for research purposes.
Jurkat T cells (Clone E6.1, ATCC, TIB-152) were cultivated in RPMI
medium (Thermo Fisher Scientific, +10% (v/v) FCS (fetal calf serum),
100 U/mL penicillin (P), 100 pg/mL streptomycin (S)) at 37 °C (5%
COy). Primary human MCs were prepared from peripheral blood
mononuclear cells (PBMCs). PBMCs were isolated from leukocyte-
reducing system (LRS) chambers by density centrifugation. 300 Mio
PBMCs were seeded per 750 ml flask (RPMI + 10% FCS + P/S). After 2 h,
the medium was renewed to remove the bulk of non-adherent cells.
Adhering MCs were then washed with PBS (40.5% v/v BSA) and incu-
bated with PBS for 10 min at 37 °C under cell culture conditions. The
supernatant was collected, cells were detached by scraping and hitting
the flask and collected in PBS. Residual adhered cells were incubated
with PBS for 5 min at 37 °C and collected. All collected cells were
centrifuged (200xg, 15 °C, 8 min) and seeded in ultra-low protein
binding plates in medium (4 Mio/mL). Cells were measured 1-2 days
after isolation to minimize pre-activation.
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2.4. Calcium imaging

Jurkat T cells were loaded with 1 pM membrane-permeable Fura-2-
AM in RPMI (4+10% FCS + P/S, 10 mM HEPES) for 20-30 min at RT and
seeded in modified Ringer solution containing 0.5 mM CaCl; on poly-L-
ornithine-coated 25 mm coverslips. Cells were perfused with modified
Ringer solution containing 0.5 mM CaCl, or Ca-free solution supple-
mented with the mentioned substances at indicated times. ER stores
were depleted and SOCE was induced by adding 1 pM thapsigargin (Tg,
diluted in DMSO; blocker of the SERCA pumps). Live cell imaging (at 37
°C) was performed using a Zeiss inverse microscope, Polychrome V
(TILL Photonics) light source and Clara CCD camera (Andor). F76-521
Fura-2 HC filter cubes (AHF Analysetechnik AG) were used for excita-
tion of Fura-2 loaded samples at 340 nm and 380 nm. Images were ac-
quired at 0.2 Hz with 25 ms exposure time. Images were background
corrected and resulting ratio images (Fs40,/380) were analyzed to detect
changes in cytosolic Ca®™.

2.5. NOX-2 activation, superoxide formation and oximetry measured by
electron spin resonance (ESR) spectroscopy

Primary human MCs were washed and resuspended in modified
Ringer solution with 1 mM CacCly, supplemented with 25 pM deferox-
amine methane sulfonate salt (Noxygen, NOX-09.1) and 5 pM dieth-
yldithiocarbamic acid sodium salt (Noxygen, NOX-10.1). MCs were
counted using the curve-fit tool (MoxiZ, Corning). Generally, 0.35-0.6
Mio MCs were used for simultaneous measurement of superoxide pro-
duction and oxygen consumption by ESR. To the pre-set volume of cell
suspension, the following reagents were added: 1 pM trityl (tetrathia-
triarylmethyl solution, Noxygen) to detect oxygen content, 300 pyM CMH
(1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine, Noxy-
gen), 1 pM phorbol-12-myristat-13-acetat (PMA), 1 pM thapsigargin
(Tg), 2 pM ionomycin (Iono) and 2-APB/DPBAc/PBAc as desired. For
ROS sample preparation, the sequence of additions was: buffer + MCs +
(trityl) + (2-APB/DPBAc/PBAc) + CMH + PMA/Tg/Iono; the sub-
stances in parentheses were added according to the experiment design.
The final 50 pL sample was resuspended, transferred to a glass capillary
(Ringcaps®, Noxygen) and sealed with Critoseal (Noxygen). The capil-
lary was quickly (within 1 min) inserted into the quartz finger at 37 °C
controlled by a temperature & gas controller BIO-III (Noxygen). ESR
spectra were recorded with a Bruker ESP300e spectrometer equipped
with a ST9010 cavity. Spectrometer settings were for microwave
attenuation 10 dB (= 20 mW microwave power), modulation amplitude
0.07 mT, modulation frequency 100 kHz, receiver gain 60 dB, conver-
sion time 60 ms, time constant 20 ms, center field 346.6 mT, sweep
width 6.0 mT; the microwave frequency was measured with a HP 5010
frequency counter.

Spectra were recorded every minute and preprocessed with in-house
software LilaX and Medeia (provided by Gerhard Bracic). Signal in-
tensity was quantified as the peak-to-peak height of the first derivative
of the absorption spectrum. The CM radical (nitroxyl radical) intensity
was converted to concentration using the stable nitroxyl radical of 100
pM Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl) as a
reference standard. Due to the variable number of available isolated MCs
from preparations, different numbers of cells (approx. 3.5 to 6 -10°)
were used for individual experimental series. For presentation and
calculation of means and standard deviation, signal intensities were
normalized to 0.5 Mio cells, if not stated otherwise. The signal height of
the oxygen-dependent saturation of the trityl signal was analyzed to
determine oxygen consumption [31]. As a control, all experiments were
run in reference to unstimulated cells. In addition, all combinations of
added substances were tested for unwanted signal production by CMH to
exclude artefacts.
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2.6. Fluorescence-based ROS measurements

Extracellular HyO, production by MCs was measured using the HyO5-
sensitive and HyOp-specific fluorescent dye Amplex UltraRed (AUR)
(Invitrogen, Molecular Probes, A36006), following the manufacturer’s
instructions. Assay component concentrations were 50 pM for AUR, 0.5
U/ml for horseradish peroxidase, and 100 U/ml for superoxide dis-
mutase (SOD) (for sufficient conversion of O3 to H205). H2O» produc-
tion was triggered by Tg and PMA (1 pM). Experiments were performed
in 96-well plates (black/transparent) using the Tecan GENios Pro Reader
with a bottom reading setting. All experiments were conducted in Ringer
solution (1 mM Ca?") with 25,000 cells per well as duplicates or trip-
licates. [H,O-] was calculated from relative fluorescence units (RFU)
after calibration of the system.

2.7. Voltammetry and UV/Vis photometry

Voltammetric measurements were performed with an Autolab
Potentiostat/Galvanostat (PGSTAT 12, Metrohm, Netherlands)
controlled by GPES 4.9 software. All data were recorded at 22 4+ 1°C in
unstirred solution using a three-electrode configuration in a one-
compartment cell. Either a glassy-carbon (GCE) or a platinum (Pt)
electrode (@ 2 mm) was used as working electrode, while saturated
silver/silver chloride (Ag/AgCl (3 M KCI)) and platinum wire served as a
reference and counter electrode, respectively. Before each experiment,
the working electrode was polished with 0.3 pm alumina powder, son-
icated in distilled water and ethanol for 30 s, then rinsed with water and
ethanol, and dried in air.

UV/Vis spectra were recorded with an Ultrospec™ 2100 pro spec-
trophotometer with a xenon lamp as a light source. The instrument was
controlled by SWIFT II-LAB Applications Software (GE Healthcare Life
Sciences/Biochrom Ltd, England). Spectra were measured at 22 °C be-
tween 200 and 350 nm wavelengths with a resolution of 1 nm.

For both methods, samples were freshly prepared and immediately
measured within 1-3 min. UV/Vis control spectra recorded at later time
intervals up to 90 min did not show any further spectral changes (see
Suppl. Fig. 6).

2.8. Data analysis and statistics

Data of the different experiments were subsequently processed,
visualized, and fitted with OriginPro 2019 or 2022 (OriginLab). Chem-
ical structures were sketched with Accelrys Draw 4.1 (Accelrys Inc.). For
visualization and energy minimization of the 3D structures, the software
tools WebLab Viewer, Avogadro, and Discovery Studio 1.6 (Accelrys)
were used.

The evolution of the ESR signal of the CM radical as a measure of
superoxide formation in PMA-stimulated MCs was evaluated by aver-
aging the time courses of each experiment for all donors (n = 14) to
obtain the mean and standard deviation (SD). The mean curve and the
+SD and -SD curves were constructed and displayed to show the vari-
ability of the cell experiments. The first 3 min (4 data points in the linear
regime) of the three curves were used to define the mean kinetic rate and
its SD. This result was displayed as a reference point in the 2-APB in-
hibition experiments after PMA stimulation. The same procedure was
also applied for experiments on thapsigargin- and ionomycin-stimulated
MCs. For evaluation of ratiometric Fura-2 imaging experiments, signals
of cells (>100) were averaged and displayed as mean and +SEM
(standard error of mean).

3. Results

3.1. 2-APB suppresses NOX2-induced superoxide in a Ca®*-independent
way

The primary ROS released into extracellular space upon activation of
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NOX2 in human MCs is the radical species O3 which was monitored
using the cell-permeable, superoxide-sensitive spin probe CMH. This
cyclic hydroxylamine rapidly transfers one electron to O3 forming
hydrogen peroxide and a CM nitroxide radical (CM®), which is inert
towards H,05 and rather stable against bioreduction (Suppl. Fig. 1a, left
panel) [32,33]. Thus, formation of CM® as recorded by electron spin
resonance (ESR) spectroscopy is a quantitative measure of superoxide
production. The detection of superoxide was confirmed by suppression
of the CM* ESR signal by superoxide dismutase (Suppl. Fig. 1a, right
panel).

Superoxide production in MCs was stimulated by the SERCA inhib-
itor Tg which induces SOCE in the presence of extracellular Ca"
(Fig. 1a, dashed blue line) [34]. Applying 2-APB suppressed superoxide
production below background production of unstimulated cells (Fig. 1a,
solid blue line, and black line), probably by inhibiting SOCE and sub-
sequent activation of NOX2. In absence of extracellular Ca®*, Tg was not
able to induce ROS production [29]. Ionomycin-induced ROS produc-
tion was also inhibited by 2-APB (Fig. 1a, cyan lines). Ionomycin raises
Ca?" itself as a Ca®* ionophore but also indirectly through SOCE acti-
vation [10]. Considering that 2-APB completely inhibits superoxide
production below background production with both Tg and ionomycin,
it appears likely that 2-APB not only interferes with SOCE but also with
another process leading to superoxide production. To test this hypoth-
esis directly, we used the phorbol ester PMA (phorbol-12-myr-
istate-13-acetate) which activates phosphokinases PKC stimulating
NOX2 independently of cytosolic Ca?* as the absence of extracellular
Ca?* did not change ROS production (Suppl. Fig. 1a right panel, see also
ref [29]).

Fig. 1b (upper panel) shows that 2-APB inhibits ROS production also
under these Ca?*-independent conditions in a dose dependent manner
as inferred from the decreasing initial slopes of the CM® production
curves (during the first 3 min). Furthermore, the saturation levels at the
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end of the measurements dropped in correlation with 2-APB concen-
trations. Thus, 2-APB must inhibit NOX-induced superoxide production
independent on available Ca2*.

Because oxygen was fully consumed in presence of up to 50 pM 2-
APB as simultaneously monitored by the trityl radical signal (Fig. 1b,
lower panel) indicating NOX2 activity, the smaller final CM*® concen-
trations are not explained by reduced NOX2 activity. This result rather
suggested a competitive reaction of 2-APB with superoxide, which then
was no longer available for oxidation of CMH, thus decrementing CM*
formation. When applying 100 pM 2-APB, superoxide formation and
oxygen consumption were completely abolished showing that enzymatic
activity was hindered (Fig. 1b). Consequently, 2-APB exhibited a
twofold effect: (i) an inhibition of NOX2 activity as read off from the
initial slopes and (ii) a direct interaction with H,O, and/or its radical
precursor O3 as inferred from decreased saturation levels at full oxygen
consumption. Normalized dose-dependencies of NOX2 inhibition were
similar when comparing initial production rates of the primary ROS
superoxide from ESR (Fig. 1d, blue diamonds and fit curve) and
hydrogen peroxide formed by dismutation of O3 as measured by the
Amplex UltraRed assay for PMA-stimulated MC of the same preparation
batch (Fig. 1d, red dots and fit curve).

It should be noted that the response of primary human MCs to PMA
stimulation is strongly depending on the human donor. A large vari-
ability of superoxide (CM®) formation was observed as indicated by the
mean curve and the two curves derived from the experimental (n = 14)
standard deviation in Fig. 1c. This variability is also observed in Fig. 1d
for the mean slope (violet square) and its SD in absence of 2-APB.
Analysis of further inhibition experiments of PMA stimulated MCs (n
= 3) showed a likewise large variation of half inhibition values as low as
0.87 £+ 0.25 pM/s and an intermediate value around 6.42 + 1.6 pM/s
(Suppl. Fig. 1b and c). In addition, such a pronounced variability in
superoxide production was also observed for Tg and ionomycin

Fig. 1. 2-APB suppresses NOX2-mediated super-
oxide production of primary human monocytes.
(a) Superoxide production was quantified by ESR
using the spin probe CMH. MCs were stimulated
(dashed lines) using 1 puM thapsigargin (Tg, blue
trace) or 2 pM ionomycin (Iono, cyan trace); for cells
exposed to 50 pM 2-APB, the ESR signal was sup-
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the £SD curves for the first 3 min were translated to
the normalized mean point with SD bars in panel (d),
violet point. (d) Normalized dose-response curves of
2-APB inhibition on superoxide production as
measured by ESR from panel b (top) and H,O, for-
mation from the same sample batch by the Amplex
UltraRed assay. The curves were fitted by a mono-
exponential function for O3 (blue trace) and Boltz-
mann function for the Amplex H,O5 assay (red trace).
They gave comparable values for half inhibition of
28.3 + 15.4 and 33.18 + 3.01 uM with adj. R*values
of 0.947 and 0.998, respectively. (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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stimulation (Suppl. Fig. 1d and e) for which inhibition by 2-APB was not
systematically examined. However, in all cases (n = 8) a nearly complete
suppression of ROS production was observed after addition of 50 pM 2-
APB.

3.2. Quantification of 2-APB hydrolysis

In their explorative study on 2-APB and several analogues, Hofer
et al. observed hydrolysis of 2-aminoethyl borinic esters when trying to
purify 2-APB and derivatives by preparative RP-HPLC or column chro-
matography [21]. They also showed that 80% of chloroform-dissolved
2-APB hydrolyses to diphenylborinic acid (DPBAc) and 2-aminoethanol
(2-AE), when exposed to water. To quantify the degree of hydrolysis,
which likely also occurs in physiological experiments, and to understand
possible reactions of 2-APB and its hydrolysis products with HyO,, we
first needed to analyze its behavior in aqueous environment in more
detail. 'H NMR analysis of 2-APB in DMSO-dg, the common solvent for
2-APB stock solutions, showed a signal pattern which was indicative for
a cyclic conformation of the molecule, exclusively present in aprotic
solvents, due to the amino protons observed around 6 ppm (see Suppl.
Fig. 2a) [16]. Conversely, when 2-APB was dissolved in an aqueous
solution, additional signals were found next to residual resonances of
2-APB (Suppl. Fig. 2b), which were identified with diffusion-ordered
spectroscopy (DOSY) clearly showing that the peaks below 4 ppm shift
derive from free 2-aminoethanol (Suppl. Fig. 2c). As expected, DOSY
spectra of 2-APB in DMSO-dg showed only one molecule, i.e., intact
2-APB (Suppl. Fig. 3a). Moreover, spiking of 2-APB in deuterated
phosphate buffer with pure 2-AE and DPBAc (spectra in Suppl. Fig. 3b)
clearly showed in 'H NMR that aqueous solutions of 2-APB mainly
consist of DPBAc and 2-AE (Suppl. Fig. 3c). Less than 10% intact 2-APB
was found under these conditions (10 mM 2-APB and 10% v/v
DMSO-dg). Likewise, we could observe partial re-esterification when
spiking this solution with an equimolar amount of 2-AE (10 mM). Then,
the portion of the well resolved resonances assigned to residual 2-APB
(marked with * in Suppl. Fig. 3c) increased about twofold from 9.8%
to 17.5% whereas the DPBAc lines at 7.55 ppm (Suppl. Fig. 3b) dropped
from 90.2% to 82.5%. Under these conditions 2-APB was quite unstable
and hydrolyzing to an equilibrium distribution favoring DPBAc over
2-APB (insert in Fig. 2) in agreement with findings by Hofer et al. [21]
and Gao et al. [23].

100

10 mM 2-APB

80+

APB [%]

O T T T T T
0 20 40 60 80 100

DMSO [%]

Fig. 2. 2-APB hydrolysis depends on DMSO content. Residual 2-APB con-
centration percentages were obtained from comparing integrals of resolved 2-
APB and 2-AE 'H NMR resonances (3.97 and 3.80 ppm, respectively) in the
DMSO-dg/D20O mixtures (v/v) and in 100% DMSO-de. The data point for 40%
DMSO content was not included in the fit due to incomplete miscibility and
precipitation. The parameters of optimal linear-quadratic fit y = y, + a x + b x>
were y, = 1.706 + 1.548, a = 0.812 + 0.106, b = 0.00171 + 9.458E-4 with R?
= 0.99933 showing a small quadratic contribution and a range of residual 2-
APB from 0.158% to 3.254% for a 10 mM 2-APB input and 0.1% DMSO in
the solution. The insert shows the hydrolysis products 2-AE and DPBAc.
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Because we expected that DMSO content in an aqueous solution is
shifting the 2-APB hydrolysis equilibrium, the 'H NMR spectra for 10
mM 2-APB in pure DMSO-dg and in 5-40% v/v mixtures with deuterated
phosphate buffer were measured. The residual amount of 2-APB was
estimated from integrals of resolved resonances assigned to 2-APB in the
mixtures compared to pure DMSO. The range between 40% and 90%
DMSO content could not be evaluated due to problems with miscibility
and precipitation. As shown in Fig. 2, the 2-APB concentration drops
drastically with decreasing DMSO content, which can be optimally fitted
with a linear-quadratic function. With this curve we can interpolate to
very low DMSO concentrations (0.1%) used in physiological experi-
ments which gives about 1.8% of residual 2-APB, initially solved in
DMSO. In a next step, typical physiological 2-APB concentrations of 50
uM were measured for various DMSO contents. Only for the 30%
mixture we obtained sufficient 2-APB signals for quantification yielding
only 0.55% as compared to 28.5% for 10 mM 2-APB input. Taking this
scaling factor for the corresponding 2-APB concentrations, we arrive at a
residual concentration of 17 nM for a 50 pM 2-APB input in 0.1% DMSO
(with an error of +14.9 nM as derived from the curve fit in Fig. 2).

Taken all together, our findings indicate that under physiological
conditions 2-APB is nearly completely hydrolyzed, with DPBAc and 2-
AE being the prevailing species. Our findings thus imply that studies
that make use of 2-APB as an inhibitor of SOCE but also as an H505
scavenger need to consider the degree of hydrolysis in each solvent as
well as the exact experimental conditions.

3.3. 2-APB reacts with hydrogen peroxide forming a new product

The hypothesis of a potential direct reaction of 2-APB with ROS was
tested by monitoring breakdown of H30; in presence of increasing 2-
APB concentrations. With the hydrogen peroxide specific Amplex
UltraRed assay an exponential decay of HoO5 was obtained (Fig. 3a).
Because several reactive species (HoO3, Amplex fluorochrome and its
radicals, 2-APB, and reaction products) may interfere in this assay,
direct reaction of 2-APB and H,0, was checked with square-wave vol-
tammetry (SWV) as an additional and independent method. First, the
electrocatalytic oxidation of Hy02 to Oz was studied on a platinum
electrode (Fig. 3b). The peak current of HyO5 (at E = 0.270 V) decreased
with increasing 2-APB concentration, while another peak associated to a
new redox active product arose at E = 0.535 V. In the inverse experi-
ment, transformation of 2-APB to a new product in presence of different
Hy0, concentrations was followed on a glassy-carbon electrode
(Fig. 3c). Here, the new peak was observed at a similar potential, around
0.510 V, whereas HyO5 was not detectable. Performing the analogous
experiment with UV/Vis spectroscopy further showed the formation of a
reaction product with increasing HoO» concentrations (Fig. 3d). These
three different experimental approaches clearly showed that 2-APB
reacted with HyO2 producing a new product, and it appeared that 2-
APB was completely decomposed by equimolar HyO» concentrations.
However, the observed changes in the SW peak current and absorption
intensities in UV/Vis spectra for non-equimolar conditions were indic-
ative of intermediate reactions and products. Moreover, shifting of the
redox peak suggested a change in the local pH and involvement of
protons in the redox reaction at the electrodes.

3.4. Identification of reaction products with H,O2

The near-to-complete decomposition of 2-APB to DPBAc and 2-AE
implies that its reaction with HyO» should mainly concern the hydro-
lysis products. To explore the reaction mechanism, 2-APB dissolved in
aqueous buffered solutions was treated with increasing HoO5 concen-
trations and products were analyzed with 'H NMR. The spectral changes
for various selected ratios of 2-APB:HO input are shown in Fig. 4a. The
trace 1:0 highlights the pronounced hydrolysis of 2-APB (residual 2-APB
marked by asterisks) to DPBAc (>7.1 ppm) and 2-AE (<3.9 ppm). With
increasing the relative HoOy portion, DPBAc and 2-APB signals were
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Fig. 3. 2-APB reacts with H,0,. (a) Consumption of
5 pM H,0, by 2-APB was monitored using the
fluorescence-based assay (Amplex UltraRed, HRP),
data were fitted with a mono-exponential decay
function. (b) Electrochemical detection of H,O5 on a
platinum electrode, 10 mM H,0, was exposed to
increasing 2-APB concentration given as 2-APB: H,0,
ratios; the green curve is obtained for 2-APB in
absence of Hy0,. (c¢) shows the electrochemical
response of 10 mM 2-APB on a glassy carbon elec-
trode with increasing H,O, given as ratios, the green
2APB curve is measured for 10 mM H,0- alone. (d) UV/Vis
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spectral changes of 200 pM 2-APB with increasing
H,0, concentrations given as ratios. Samples were
immediately measured within 1-3 min. Experimental
conditions were for (b) and (¢) 0.2 M potassium
phosphate buffer (KPB) with pH 7.6, 5% v/v DMSO,
Esw =50 mV, AE =1 mV, f =10 Hz (b) or 50 Hz (c),
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decaying and were completely consumed at equimolar H,O, concen-
trations (trace 1:1). Concomitantly, two groups of new lines associated
to products appeared, which had equal signal intensities as measured by
the integrals. Further increase of HoO5 content led to gradual loss of
product 1, while product 2 was gaining intensity. For a 1:2 ratio, product
2 was the remaining compound together with 2-AE. The quantitative
behavior of the reaction is compiled in Fig. 4b. While 2-APB and DPBAc
were vanishing for 1:1 ratio, 2-AE was slightly increasing probably due
to additional release from decay of residual 2-APB but otherwise was not
affected by HpO; even for a four-fold HyO2 excess. Further details of
reaction of 2-APB with H505 could not be resolved due to the low
concentration of residual 2-APB. Both products increased in their rela-
tive concentrations up to 1:1 ratio (Fig. 4c). For higher 2-APB:H50,
ratios, product 2 gained on expense of product 1 for ratios up to 1:2 and
then stayed unaffected for up to 4-fold excess of HyO».

Identification of both products was accomplished by spiking the
equimolar mixture of 2-APB and H20, with 2-AE, DPBAc, phenylboronic
acid (PBAc) and phenol (Ph). In the left panel of Fig. 5 the bottom
spectrum shows the aromatic ring proton region of the mixture. Addition
of 2-AE increased only the resonances of unbound 2-AE below 3.9 ppm
shift (Suppl. Fig. 3c). When DPBAc was added to the 1:1-reacted solu-
tion, three additional groups of major lines were present located at
identical shifts as obtained from pure DPBAc (Fig. 5, red spectra). The
observation confirmed the complete decay of DPBAc in presence of
equimolar Hy0; as shown in Fig. 4b. Adding the possible decay product
PBAc to the 1:1 solution led to a signal increase of resonances assigned to
product 1 with the identical line pattern measured for PBAc alone
(Fig. 5, blue spectra). This finding proved that PBAc corresponds to
product 1. In the same way, product 2 was identified as Ph from
enhancing the associated resonances as shown in Fig. 5 (green spectra).
The results clearly showed that the hydrolysis product of 2-APB, DPBAc,
was not stable in presence of equimolar H,O2 and decomposed to PBAc
and Ph. Additionally, it agreed well with the HO- titration NMR ex-
periments for 1:2 and higher ratios (2-APB:H503) clearly giving the line
pattern of Ph as the final product for HyO4 excess (Fig. 4a, c). In this
context, it is also noted that DPBAc may also not be completely stable in
aqueous solution, even in absence of Hy0j, since minor resonances

270 280 200 300

Wavelength /nm

compatible with PBAc were detectable in the spectrum of pure DPBAc
(Fig. 5, lower red spectrum).

The decay of DPBAc, formed from 2-APB hydrolysis, in presence of
H,0, was also tracked by 1'B NMR in deuterated phosphate buffer.
Spectra were calibrated to boric acid (BAc) and corrected for sample pH
according to the known pH-dependent shifting of BAc [35] (for details
see Suppl. Fig. 4). Boron signals of dissolved 2-APB and DPBAc were
found in the region between —10 and —20 ppm with respect to BAc as
shown in Fig. 5, right panel, for the lower three spectra.

Addition of not quite stoichiometric amounts of HoO; to 2-APB gave
two new !B signals around 0 ppm and +8 ppm, which were assigned to
BAc and, as per 'H NMR, to the compound PBAc, respectively (Fig. 5,
right panel, 2™ from top). Due to the incomplete reaction, we could still
observe a broad signal in the DPBAc shift region (—10 to —20 ppm). For
a four-fold excess of Hy05, only the signal of BAc at 0 ppm shift was left
indicating complete conversion of DPBAc to Ph and BAc. Similar to the
observation in 'H NMR spectra of DPBAc (Fig. 5, left panel), a small ;!
signal of PBAc is detected due to some obvious instability of DPBAc
under these conditions. The resolved chemical changes of the hydrolysis
product DPBAc in presence of HyO2 are summarized in Scheme 1. For
sub- to stoichiometric concentrations of HoO,, PBAc and Ph are the
prevailing products, of which PBAc is further decomposed to boric acid
and phenol for increased HO». This last step was shown to occur stoi-
chiometrically for a 1:1 ratio of PBAc: HyO5 [36,37]. The combination of
'H and 'B NMR thus clearly showed that 2-APB/DPBAc is completely
decomposed to phenol and boric acid for HyO, excess.

3.5. Hy0z-reacted 2-APB loses inhibitory activity on SOCE

Initiated by natural or artificial stimuli, immune cells are generally
activated by SOCE and can produce considerable amounts of ROS as a
defense strategy [27-29,38]. In this context, 2-APB is often used as a
pharmacological tool to study SOCE-dependent activation mechanisms,
and it has originally been shown to inhibit Icrac in Jurkat T cells and
RBL-1 cells [11,39]. In the light of our findings, we evaluated the effect
of 2-APB exposed to HoO5 on SOCE in Jurkat T cells by monitoring
cytosolic calcium using the ratiometric calcium sensor Fura-2 on a single
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Fig. 4. Product formation from reaction of H,O, with 2-APB/DPBAc. 10 mM 2-APB was dissolved in 0.2 M d-PB (5% DMSO-d¢) and increasing H,O» con-
centrations (2.5-20 mM H,0,, i.e., 0.25-2-fold) were added to follow reaction and intermediate products. (a) 'H NMR spectra of exemplary 2-APB/H,0, reaction
mixtures, given as ratios, are shown; in the spectrum of the 2-APB:H,0, mixture 1:0, DPBAc and 2-AE are the major species while asterisks mark signals of residual 2-
APB; correlated signals in the phenyl-proton region of products 1 and 2 are highlighted in light and dark grey, respectively. In (b) 2-APB and its hydrolysis products
and (c) reaction products detectable by 'H NMR are quantified for up to 4-fold excess of H,O,. The integrals of the following resonances were evaluated: 2-AE, t(2H)
at 3.84 ppm; 2-APB, t(2H) at 4.0 ppm and d(4H) at 7.48 ppm or only t(2H) at 4.0 ppm, when H,0, was present; DPBAc, t(4H) at 7.18/7.19 ppm; product 1, d(4H) at
7.81 ppm; product 2, t(2H) at 7.01 ppm or t(4H) at 7.35 ppm for H,O, > 0.75-fold. Total intensity of detected reactants and products was set to 100%, sum of product
(DPBAc + product 1 + product 2) was equalized to 2-AE. At H,O, > 0.75-fold, 2-AE was set to 50% because 2-APB was no longer detectable and, hence, 50% 2-AE

must have been present.

cell level. Tg was used for depletion of ER calcium stores and to induce
subsequent SOCE, which is caused mainly (or potentially even exclu-
sively) by CRAC channels in T cells including Jurkat T cells (reference
[40] summarizes this in detail). To discriminate effects on extracellular
calcium entry and intracellular calcium release, pure or HyOo-treated
2-APB was added after ER store depletion in absence of external calcium
or after induction of SOCE. In agreement with many other reports [11,
12,15,411, 50 pM 2-APB/DPBAc fully inhibited SOCE (Fig. 6a and b, red
line), whereas a small residual SOCE activation was seen for 25 pM
2-APB/DPBACc (Fig. 6a, orange trace). Adding 2-APB, which was reacted
with a 1:2 2-APB:H,0, ratio for complete decomposition of 2-APB and
DPBAc to BAc and Ph (cf. Figs. 4c and 5 right panel and Scheme 1),
completely abolished the inhibitory effect (Fig. 6b, dark cyan trace, and
black lines for DMSO as vehicle). Hence, the final products, Ph and BAc,
could not substitute the inhibitory effect of 2-APB/DPBAc. Equimolar
mixtures of 2-APB and H30- resulted only in partial inhibition of SOCE
(Fig. 6b, grey trace) even though 2-APB/DPBAc should be completely
transformed to phenol and phenylboronic acid (cf. Fig. 4b and c).
Next, we tested the effect of 2-APB and its decomposition products in
the presence of external calcium (0.5 mM Ca2", Fig. 6¢). As expected,
addition of 50 pM 2-APB/DPBAc (final DMSO 0.1%) disrupted calcium
influx after Tg stimulation compared to DMSO vehicle alone (red vs.
black trace). Likewise, 2-APB reacted with half equimolar Hy05 (1:0.5

ratio) showed the same inhibitory effect (blue trace). Adding the solu-
tion of 2-APB, reacted with twofold H5O- excess (1:2 ratio) and con-
sisting only of the final products Ph and BAc, completely abolished
inhibition (Fig. 6d, dark cyan trace) compared to non-treated 2-APB (red
trace). When an equimolar mixture was applied after activating SOCE,
an additional calcium peak was observed (grey trace). This finding
implied that the incomplete inhibition of SOCE in the re-addition pro-
tocol (Fig. 6b) was in fact due to calcium influx. Importantly, this influx
was not caused by depletion of internal stores, since addition of the 1:1
mixture in absence of extracellular calcium did not result in an increase
of cytosolic calcium (Fig. 6a and b, at 10 min). This external calcium
influx could be inhibited applying 50 pM 2-APB and reactivated upon
adding the 1:1 mixture again (Suppl. Fig. 5a). Moreover, SOCE activa-
tion by the intermediate reaction product phenylboronic acid (PBAc),
added as a pure substance, was excluded in control experiments (Suppl.
Fig. 5b). Two explanations for the activating effect of the 1:1 reaction
mixture appeared possible: (i) Small errors in exact adjustment of
equimolar concentrations could have left submicro- or micromolar
concentrations of 2-APB/DPBAc. As inferred from the steep slope of
DPBAc in the NMR H;0y, titration in d-PB (Fig. 4b) a remaining portion
of 1% DPBAc was compatible with a 1-2% deviation from perfect
equimolarity. (ii) The degradation reaction with H,O2 was depending on
solvent and its pH. When changing the NMR solvent to D,O/1 mM NaOD
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Fig. 5. Identification of reaction products of 2-APB/DPBAc with H,0, by
1H and "B NMR. Left panel 'H NMR: For the 1:1 equimolar reaction of 10 mM
2-APB with 10 mM H50- in 0.2 M d-PB (10% DMSO-dg), reaction products were
identified by amplification of signal patterns by spiking with 20 mM phenol
(Ph), 10 mM phenylboronic acid (PBAc), and 10 mM DPBAc; The diagram
shows 'H NMR spectra of the 1:1 reaction (bottom, black trace), the pure
spiking substances, and the spiked reaction solution each stacked on top in pairs
with similar colors. Right panel !B NMR: The boron resonances of 10 mM BAc
(boric acid) in 0.2 M d-PB, 30 mM DPBAc and 30 mM 2-APB in 0.2 M d-PB
(15% DMSO-dg) correspond to the lower three spectra (as indicated on the
right-hand side). The upper two spectra were obtained from the reaction of 30
mM 2-APB with H,0, in 1:0.94 and 1:4 ratios. The resonance at +8 ppm shift is
associated with PBAc. All spectra were calibrated to —0.05 ppm for boric acid.
The rectangles highlight the assignment of resonances to the substances or
reacted solutions. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

(pH 11), we found 34% of residual DPBAc in the 1:1 reaction mixture
(Suppl. Fig. 5c¢), clearly much more than in d-PB (Fig. 4b). Therefore,
small deviations in pH and the different composition of the used Ringer
buffer (vs d-PB) could also result in small micromolar 2-APB/DPBAc
concentration remaining in the mix, which provoked the observed
SOCE-activating effect of the 1:1 reaction mixture. Interestingly, con-
centrations of 2-APB (respectively DPBAc) lower than 10 pM were
shown to activate SOCE in Jurkat T cells [11].

3.6. Effects of hydrolysis and degradation products of 2-APB on ROS
formation

After establishing and quantifying the hydrolysis of 2-APB and the
degradation of 2-APB/DPBAc by H3;O, we focused on applying the
corresponding substances to stimulated ROS producing human MCs. To
this end, the main hydrolysis product DPBAc, and the identified HoO»
degradation product PBAc (see Scheme 1) were added as pure sub-
stances to PMA-stimulated primary MCs. A typical data set (selected
from several experiments of two blood donors) is shown in Fig. 7a. The
phorbolester induced a steep rise of the CM® ESR signal as a measure of
03 which finally reached saturation after about 16 min (red trace).
Upon addition of 50 pM and 100 pM 2-APB (blue solid and dashed
traces, respectively), the signal build-up was progressively slowed
down, and the saturation levels were reduced and reached at later time
points (for 100 pM 2-APB not in the measurement window), which was
also observed in Fig. 1. Qualitatively, a similar effect was obtained,
when adding the same concentrations of DPBAc (green solid and dashed
traces). In contrast, PBAc did not delay signal formation nor reduce
saturation levels for both applied concentrations (orange solid and
dashed curves), since they overlap with the curve for PMA stimulation.
Control experiments with all added substances in absence of monocytes
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showed small signals at the background level (buffer, 1% DMSO, CMH
and trityl, black trace in Fig. 7a) indicating that no redox reactions with
CMH are impacting on the experiments.

As stimulated MCs produced large amounts of O3 , we simulta-
neously monitored oxygen consumption by intensity changes of the
trityl radical signal to correlate both kinetics as shown in Fig. 7b. The
time points of complete Oy consumption were directly read from the
intercept with the constant oxygen depletion level (indicated by the grey
dotted line, which is associated with the minimal signal intensity of the
trityl radical signal in absence of oxygen, Suppl. Fig. 1a, left panel) [31].
For PMA, PBAc and the 50 pM concentrations of 2-APB and DPBAc, the
time points coincide with the transition of the superoxide (CM*) signal to
the plateau in Fig. 7a. For the 100 pM concentration of 2-APB and pure
DPBAc (dashed blue and green curve), the intercept with the oxygen
depletion level is estimated with 119.5 min and 55.8 min, respectively,
from a linear interpolation of the last 5 min for both curves. The time
points for complete O, consumption are given in graph (b) with an
estimated error of +1 min. Here, we again observe a decrease in the
initial ROS production rate with increasing 2-APB or DPBAc concen-
trations and a full consumption of oxygen as in Fig. 1. This implies that
the kinetics of O3 formation by NOX2 is considerably inhibited upon
adding 2-APB or DPBAc. Although dissolved oxygen (approx. 200 pM in
the glass capillary) is consumed, the saturation level of PMA stimulation
without 2-APB or DPBAc is not reached which means that a portion of
03 is escaping detection by CMH under otherwise identical conditions.
It appears that 2-APB/DPBAc competitively scavenge O3 and further
decay to products which are not necessarily identical to HoOy degra-
dation products.

Although observing a variable response for PMA stimulation, we
compared the ROS experiments of Figs. 7 and 1, which basically indi-
cated a similar overall behavior using the identical method but different
cell numbers (2010° vs 4.5010° cells). The sigmoidal CM* production
curves for PMA-stimulated MCs in Fig. 7a showed a slope in the linear
range (6-10 min) of 0.11 pM/s close to the mean of 0.127 pM/s deter-
mined from Fig. 1 and Suppl. Fig. 1. In addition, the time points for total
O, consumption (19.3 min vs 16 min) were similar for both cell con-
centrations. Hence, the kinetics of CM* formation was in the expected
range in both cases. However, the saturation level for CM* as a measure
for total superoxide production were 80 pM CM* (Fig. 7a, red curve) vs
110 pM CM* (Fig. 1b top, blue curve) and did not scale linearly with the
used cell number. For a more than twofold larger cell number, one
would expect a saturation level around 160 pM CM* for PMA stimulation
which is even above the curve for + SD in Fig. lc. Likewise, the
incomplete inhibition even upon addition of 100 pM 2-APB/DPBAc in
the experiment with lower cell number (Fig. 7a and b) gave prolonged
oxygen consumption times but no full inhibition as seen in Fig. 1b. In
conclusion, these unexpected differences in the inhibitory efficiency of
2-APB in the experiments of Figs. 1 and 7 are likely related to changed
redox and antioxidant properties of the experimental system depending
on cell density.

4. Discussion

Our NMR findings clearly show that 2-APB is stable only in pure
DMSO and hydrolyzes with increasing water content (see Fig. 2) on a
time scale below 1-2 min as derived from our different experimental
approaches (Suppl. Fig. 6a). Quantitatively, for a 10 mM input of 2-APB
in 0.1% DMSO/water about 98% are hydrolyzed to diphenylborinic acid
(DPBAc) and aminoethanol (2-AE). In a typical physiological experi-
ment with 50 pM 2-APB in 0.1% DMSO/buffer mixture we must assume
a nearly complete conversion to DPBAc. Since DPBAc is a monoprotic
acid, a pK, value of 6.6 is calculated [42], which implies that, at a
physiological pH 7.4, only about 17% of the hydrolysis product DPBAc
are left in its protonated form. This neutral species (and remainder of
2-APB) can diffuse into or through the plasma membrane and may
therefore interact with potential binding sites of the STIM-Orai
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Fig. 6. Effect of 2-APB/H,0, mixtures on store-
operated calcium entry. Jurkat T cells were loaded
with Fura-2 and imaged in modified Ringer buffer
with different Ca®* concentrations. Intracellular Ca®*
is given as ratio Fz40/F3go. ER stores were depleted
upon inhibition of SERCA with 1 yM Tg. 2-APB, the
vehicle (DMSO, 0.1%) or a freshly prepared solution
of 2-APB reacted with hydrogen peroxide was applied
at indicated times. (a, b) Calcium re-addition proto-
col: in absence of calcium, stores were depleted, and
2-APB or reaction mixture was applied. SOCE was
induced by adding 0.5 mM external Ca®*. Ca®* influx
was fully suppressed by 50 pM 2-APB while some
residual influx prevailed for 25 pM 2-APB (a, red and
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orange traces). In (b) influx was not suppressed for 2-
APB reacted with double molar H,O, (1:2 ratio 2-
APB: H,0,, dark cyan trace); for an equimolar reac-
tion with HyO, a partial influx was observed (grey
trace). (c, d) global calcium protocol: in 0.5 mM Ca®*
solution stores were depleted and SOCE activated,
after 12 min 2-APB or reaction mixture was applied.
In panel (c) 50 pM 2-APB and its solution reacted with
half equimolar H,O; (1:0.5 ratio) equally suppressed
Ca®* influx (red and blue trace). In (d) suppression of
influx was completely abolished for a 1:2 2-APB:H,04
solution (dark cyan trace) vs unreacted 2-APB (red
trace). For the equimolar reaction 2-APB:H,O, an
activation was observed (grey trace). For evaluation,
between n = 106 to 220 cells were averaged; the
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standard error of the mean (SEM) for each curve is
shown as a colored band. Graphs a and b represent
one experiment with all conditions measured on a
single day. For ¢ and d one out of three independent
experiments is shown with conditions performed on
one day. Cells were taken from the same preparation
of the Jurkat T cell line. (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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Scheme 1. Decomposition of diphenylborinic acid (DPBAc) by variable
amounts of H>O, in deuterated phosphate buffer.

complexes within the membranes or on the cytosolic side. In contrast,
the negatively charged DPBAc should be confined to the extracellular
space, where it could interact only with exposed outer loop components
of the Orai complexes. A further possible intracellular species is related
to re-esterification of DPBAc in presence of free 2-AE as observed in this
study and by Hofer et al. in DMSO solutions with very slow kinetics (up
to 48 h) [21]. In the context of working with cells, one should consider
that cells may contain a pool of free 2-AE depending on its import into
cells and the activity of postulated ethanolamine cycle based on
degradation of phosphatidylethanolamine by phospholipases and

rebuilding the phospholipid [43]. This pool may additionally be sup-
plemented by diffusible 2-AE from 2-APB hydrolysis and could
contribute to regaining 2-APB from its hydrolysis product DPBAc to
some extent, despite a rather low association constant (4 M bH [44], and
should occur preferentially in an aprotic environment.

It becomes evident for physiological experiments with 2-APB that
one must consider the equilibrium of three species, remaining or re-
esterified 2-APB, and protonated and deprotonated DPBAc, even with
an asymmetric distribution between extracellular space and cell com-
partments. The major species should be the deprotonated and proton-
ated DPBACc, for which a more pronounced SOCE inhibition (9.8 pM vs
22.9 pM for 2-APB) was found in HEK293 cells [21]. In this context it is
noted, that the recently synthesized bis-boron compounds DPB162-AE
and DPB163-AE both differentially inhibit (and DPB163-AE also acti-
vates) SOCE at a 50- to 100-fold lower IC50 in several cell types, which
appears to be mediated by STIM [18,19]. When applied, they also carry
aminoethanol groups, which, in the light of the presented findings,
should also hydrolyze in aqueous buffers and may form protonated,
deprotonated and possibly mixed bis-borinate compounds. This change
in physicochemical properties in comparison to 2-APB might affect their
distribution and their structural features. Further studies on these
compounds are needed to define their hydrolysis products.

Taken together, our results and the reports by Hofer et al. [21] and
Gao et al. [23] suggest that 2-APB is only stable in DMSO and will be
largely hydrolyzed under conditions of physiological cell experiments.
Consequently, for determining IC50 (or EC50) of 2-APB for inhibiting or
activating Ca®" signals during SOCE, one must consider rapid hydrolysis
to DPBAc in the aqueous environment and adaptation of an equilibrium
of minor amounts of 2-APB and protonated and deprotonated DPBAc.
This result may also be important for the structural search of the po-
tential binding sites of various Ca®" channels factoring in the altered
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Fig. 7. Inhibitory and antioxidative effects of hydrolysis and degradation products of 2-APB. Primary MCs (2x10°, representative experiment out of two from
one donor) were stimulated with PMA (1 pM) and the ESR signals of CM® (a) and trityl (b) recorded. Relevant substances were added to PMA-stimulated MCs as
indicated by the color code showing the corresponding change in superoxide formation (a) and oxygen consumption (b). The production rate for PMA-stimulated
MCs in (a) was determined in the linear range (6-10 min) as 0.11 pM/s (£0.001 SEM). In (b) the horizontal grey dotted line indicates oxygen depletion level
and the numbers the (interpolated) time points of O»-depletion for each experiment. Results for the other donor and repetitive measurements qualitatively showed a
similar behavior albeit with variable quantities as discussed for Fig. 1. Incubation time for boron compounds was approximately 2 min before first measurement. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

structures and properties of the hydrolysis products.

A further aspect important for experiments with cells is the fact that
the 2-APB hydrolysis product DPBAc is sensitive to Hy05/03 . It is
rapidly reacting within about 1-5 min as derived from SW and UV/Vis
experiments (Suppl. Fig. 6b) and degraded to phenylboronic acid
(PBAc), phenol (Ph) and boric acid (BAc) depending on hydrogen
peroxide concentration. This indicates that 2-APB/DPBAc are acting as
strong antioxidants consuming two equivalents of HoO5 for complete
conversion to Ph and BAc (Scheme 1). Interestingly, in a study exploring
the cardioprotective effects of 2-APB in ischemia-reperfusion injury, the
possible antioxidant properties were suggested to play a role in the
pharmacological effects of 2-APB [45]. Cardiomyocytes pretreated with
2-APB were stressed with equimolar amounts of HoOy but escaped
inducible cell death due to the antioxidative effect. The authors also
examined the chemical reaction of 2-APB with H,O5 by NMR and found
as a final product phenol which was identified by thin-layer chroma-
tography. The intermediate products, determined in our approach, were
not accessible in their experiments using a ten-fold molar excess of HoO2
in the reaction solution.

The obvious instability of 2-APB/DPBAc towards hydrogen peroxide
and the failure of degradation products to affect SOCE poses the question
whether measurements of IC50 (or EC50) of 2-APB for inhibiting or
activating Ca®" channels may be modulated by the redox state of
“resting” cells vs “stressed” cells and thus may result in different values.
Clearly, in cell experiments with stimulated HyO5 production or an
externally added H205 bolus the effective concentration and activity of
simultaneously applied 2-APB/DPBAc will strongly depend on the molar
ratios. This caveat was also invoked during ischemia-reperfusion ex-
periments [45]. Thus, such data need to be interpreted with great care.

Our ROS experiments with PMA-stimulated MCs clearly show that 2-
APB and its hydrolysis product DPBAc directly inhibit NOX2 activity and
are concomitantly degraded in presence of ROS-forming cells. The final
degradation products are completely incapable of inhibiting NOX2. The
ESR data display a considerable variability depending on the human
donor but also on the cell density. For the latter, we need to consider the
redox properties of the complex cell system related to possible
competing reaction pathways for the primary superoxide radical: (i)
dismutation by SOD, (ii) spontaneous dismutation, (iii) reduction by
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CMH, (iv) reaction with components of the cell membrane and (v)
scavenging by 2-APB or DPBAc (Suppl. Fig. 7). Reactions (ii), (iii) and
(v) should be essentially independent on cell concentration and proceed
unaffected with their inherent kinetic rate constants. In contrast, reac-
tion (i) will be more probable for higher cell numbers. In this case,
protonated superoxide diffuses more effectively to adjacent cells, where
it will be rapidly dismutated by cytosolic SOD1. Subsequently produced
H50, on the other hand, is degraded to oxygen and water by cytosolic
catalase. Moreover, reaction (iv) may pose an additional sink for su-
peroxide, because it is forming peroxyl-radicals (R-OO®) on lipids and
proteins which are degraded by cellular antioxidants in functional cells.
This fraction of superoxide is thus escaping spontaneous dismutation (ii)
and reduction by CMH (iii) to form CM* and H50; (see Suppl. Fig. 1).
Consequently, for a significantly higher cell density one should not
expect a proportional increase of CM*® signal when compared to a much
lower cell concentration. Conversely, for a low cell concentration as
used in Fig. 7, less superoxide is degraded in proportion and might be
responsible for a more effective scavenging by CMH and increased CM*®
and H,0; yield. Furthermore, dismutation by SOD ((i) in Suppl. Fig. 7)
and action of catalase should be less effective and together with reduced
pathway (iv) might yield more HyO> as a net effect. According to Scheme
1, the equilibrium would be shifted in favor of the non-inhibiting species
PBAc, Ph and BAc. Consequently, less of inhibitory species 2-APB and
DPBAc were available for partial or full inhibition of NOX2 in case of low
cell density. This finding plus the inherent variability of samples from
different donors is highlighting that experiments with primary human
MCs must be interpreted carefully.

From our experiments with differently stimulated MCs, we deduce
antioxidant properties and an additional inhibitory effect of 2-APB/
DPBAc on NOX2 activity. At higher concentrations (>50 pM) forma-
tion of superoxide/hydrogen peroxide via NOX2 was strongly sup-
pressed and concomitant oxygen consumption was reduced which was
not achieved with the degradation products (PBAc, Ph). Diphenyle-
neiodonium (-chlorid, DPI) is a commonly used inhibitor for flavopro-
teins and particularly of the oxidative burst in stimulated neutrophils
mediated by NOX2 [29,46,47]. It shares some essential structural fea-
tures with 2-APB/DPBAc, two phenyl-groups and slightly exposed
iodonium. As shown in Scheme 2, the diphenylene-group is planar
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Scheme 2. Superposition of DPI (dark grey) and DPBAc (light grey) structures.
The phenyl rings of DPBAc adopt an angle of +15° versus the planar rings of
DPI. Structures were minimized with Avogadro and Discovery Studio.

whereas in DPBAc the rings are slightly tilted by about 30° with respect
to each other. There are, however, no gross deviations in the overall
structure, even though the charges at the heteroatom should be different
(iodonium: positively charged, boric group: neutral or negatively
charged), but the flexibility of the phenyl rings in DPBAc can evidently
be much larger. This differences are probably reflected by the quite
different values for half inhibition of MC NOX2 by 2-APB/DPBAc
(approx. 0.8-30 pM, see section 3.1) compared to about 0.5-2.5 pM
for DPI [47]. The structural similarity of DPBAc and DPI points to a
common binding motif, most probably the flavin-adenine dinucleotide
(FAD) site, in NOX2 for both compounds.

In their ischemia-reperfusion study, Morihara et al. [45] observed
reduced ROS levels and less inflammatory response by neutrophil
infiltration following 2-APB treatment. Our findings indicate that,
additionally, the inhibiting effect on NOX may contribute to a decrease
of ROS production and support the cardioprotective effect.

5. Concluding remarks

2-APB does not only show versatile effects as a SOCE inhibitor and
activator depending on its concentration (up to 100 pM) and channel
type, but also exhibits a complex chemistry when present in aqueous cell
systems. We confirmed and characterized the rapid hydrolysis of 2-APB
in aqueous solutions and identified and quantified the prevailing species
to be protonated and deprotonated diphenylborinic acid (DPBAc). Sur-
prisingly, 2-APB/DPBAc showed a pronounced antioxidative effect
reacting with superoxide or hydrogen peroxide. We found that 2-APB/
DPBAc are degraded in a concentration dependent manner to phenol
(Ph) and boric acid (BAc). Furthermore, we demonstrate that none of the
products present in the reacted mixtures of DPBAc/H30, is affecting
Ca?* influx through SOCE or other types of channels. Similarly, the
degradation products did not inhibit NOX2 whereas 2-APB/DPBAc
completely suppressed the oxidative burst in activated monocytes.
Both “new” 2-APB properties, i.e., antioxidant potential and inhibition
of NOX2 enzyme, may have physiological and therapeutic relevance.
The chemical instability and the presence of at least three active species
need to be considered when studying the activation/inhibition of Ca®"
channels or when analyzing binding or interaction sites that modulate
the store operated calcium entry (SOCE).
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