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Abstract

Specific inhibitors of the production of reactive oxygen species (ROS) by the NADPH oxidases
(Nox’s) are potentially important therapeutic agents in the wide range of human diseases that are
characterized by excessive ROS production. It has been proposed that VAS2870 (3-benzyl-7-(2-
benzoxazolyl)thio-1,2,3-triazolo[4,5-d]pyrimidine), identified as an inhibitor of Nox2 by small-
molecule screening, may serve as an example of such an agent. Here we show that VAS2870
inhibits ROS production in the sarcoplasmic reticulum (SR) of mammalian skeletal muscle,
previously identified with Nox4, and thereby abrogates O,-coupled redox regulation of the
ryanodine receptor-Ca2* channel (RyR1). However, we also find that VAS2870 modifies directly
identified cysteine thiols within RyR1. Mass spectrometric analysis of RyR1 exposed /n situto
VAS2870 and of VAS2870-treated glutathione indicated that thiol modification is through
alkylation by the benzyl-triazolopyrimidine moiety of VAS2870. Thus, VAS2870 exerts
significant off-target effects, and thiol alkylation by VAS2870 (and closely related Nox inhibitors)
may in fact replicate some of the effects of ROS on cellular thiol redox status. In addition, we
show that SR-localized Nox4 is inhibited by other thiol alkylating agents, consistent with a causal
role for cysteine madification in the inhibition of ROS production by VAS2870.
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Introduction

One or more of the five forms of NADPH oxidase (Nox1-5) and the closely related Duox’s
(Duox1-2) are expressed in all mammalian cell types examined [1]. However,
understanding of the physiological functions of reactive oxygen species (ROS) generated by
the Nox’s remains incomplete, in part because inhibitors that are specific for Nox’s versus
other endogenous sources of ROS and that are without off-target effects have not been
available. Oxidative stress resulting from overproduction of ROS by endogenous cellular
mechanisms has been implicated in a broad spectrum of human diseases, including
cardiovascular, neurological and endocrine disorders [2]. Because the ubiquitously
expressed Nox’s serve as a principal source of endogenous ROS [1], increasing attention has
been focused on the possibility that compounds acting specifically on ROS production by
the Nox’s could serve as efficacious therapeutic agents [3-6].

A number of Nox inhibitors have been employed extensively in experimental settings,
including diphenylene iodonium (DPI), aminoethyl-benzenesulfono-fluoride (AEBSF) and
4-hydroxy-3-methoxy-acetophenone (apocyanin), but all exhibit significant off-target effects
and are therefore neither efficacious agents for the cellular analysis of Nox function nor
suitable candidates for use as therapeutic agents. Recently, 3-benzyl-7-(2-
benzoxazolyl)thio-1,2,3-triazolo[4,5-d]pyrimidine (VAS2870) was identified as a small
molecule inhibitor of Nox2 by means of high-throughput screening [7], and a number of
subsequent reports verified the efficient inhibition of ROS production by VAS2870 in
several cell types [8-10]. No molecular mechanism has been demonstrated for the inhibitory
action of VAS2870.

We reported recently that ROS, in particular hydrogen peroxide (H,05), are generated by
Nox4 in proportion to O, levels (partial pressure of O,; pO,) within the sarcoplasmic
reticulum (SR) of mammalian skeletal muscle [11]. O,-coupled production of H,O results
in the oxidation of a small set of cysteine thiols within the skeletal muscle ryanodine
receptor/Ca2*-release channel (RyR1), which activates RyR1 [11]. These Nox4-mediated
effects of pO, are abrogated by DPI. pO,-dependent H,O» production and RyR1 activation
are also blocked by VAS2870, but we show here that VAS2870 removes free thiols within
RyR1 regardless of pO,, and analysis of the reaction of VAS2870 with RyR1 /n situand
with glutathione /n vitro demonstrates that this compound alkylates Cys residues under
physiological conditions.

Materials and methods

Subcellular fractionation of skeletal muscle, preparation of SR vesicles and purification of

RyR1

SR vesicles were prepared essentially as described [12]. Briefly, rabbit hind limb muscle
was homogenized in buffer containing 20 mM HEPES, pH 7.4, 2 mM EDTA, 0.2 mM
EGTA, 0.3M sucrose and protease inhibitors (100 nM aprotinin, 20 M leupeptin, 1 M
pepstatin, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine). Homogenates were
then subjected to differential centrifugation: 100 x g, 10 min (to remove unbroken cells and
debris); 1000 x g, 10 min (to pellet nuclei); 10k x g, 20 min (to pellet mitochondria); 100k x
g, 1 hr (to generate a membrane-enriched microsomal pellet and cytosol-enriched
supernatant).

To isolate SR vesicles, the 100k x g pellet (microsomal fraction) was re-suspended and
fractionated on a continuous 20%-45% sucrose gradient in 0.4 M KCI by centrifugation at
100k x g for 14 hr. Heavy and light SR vesicle fractions were eluted separately and, after
collection by centrifugation at 120k x g, resuspended, aliquoted and stored in liquid
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nitrogen. RyR1 was purified from SR vesicles solubilized with CHAPS by sucrose density
gradient centrifugation as described [12, 13]. Protein concentrations were determined with a
bicinchoninic acid-based assay.

Assay of RyR1 activity by 3H-ryanodine binding

RyR1 activity was assayed essentially as described [13]. Isolated SR vesicles were incubated
overnight with 5 nM [3H]-ryanodine at room temperature in medium containing 20 mM
imidazole/125 mM KCI, pH 7.0, 0.3 mM pefabloc, 30 .M leupeptin, 10 wM free Ca2*. The
medium was bubbled continuously with a gas mixture containing a fixed concentration of
0Oy, 5% CO», remainder N». Non-specific binding was determined using a 1000-fold excess
of unlabeled ryanodine. After incubation, samples were diluted with 20 vol H,0 at 4°C and
placed on Whatman GF/B filters soaked with 2% (w/w) polyethyleneimine. Filters were
washed three times by vacuum with 5 ml buffer per wash (1 mM K-Pipes, 0.1 M KCI, pH
7.0) and the radioactivity remaining on the filters was quantified by liquid scintillation
counting.

Quantification of free protein thiols (sulfhydryls)

The free thiol content of RyR1 was quantified by monobromobimane fluorescence (MBB;
Molecular Probes) as described [13]. MBB labeling was carried out either in SR vesicle
preparations in the presence of 10uM Ca?* prior to purification of RyR1, or after
purification of RyR1.

Assay of ROS production by dihydroethidium (DHE) or 1',2"-dichlorofluorescein (DCF)

conversion

Isolated SR vesicles were incubated with 10 uM DHE or DCF [14] (Molecular Probes) for
20 min at room temperature and controlled pO, (glove box) as described [15] and
fluorescence was quantified with a fluorescence microplate reader. When employed, DPI or
VVAS2870 was added 30 min before DHE or DCF.

Mass spectrometric analysis of adduct formation by VAS2870 (RyR1 and GSH)

SR vesicles (1 mg protein/ml) were exposed to VAS2870 (20 M) at ambient pO, for 20
min in PBS. SR vesicles were solubilized in 1% SDS and unbound VAS2870 was removed
by size-exclusion filtration (P6). SR protein thiols were then reduced with Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP; 2 mM) and alkylated with iodoacetamide (10
mM). RyR1 was isolated by SDS-PAGE and the band containing RyR1 was excised
followed by in-gel digestion with trypsin or chymoptrypsin. Eluted peptides were analyzed
by LC-MS/MS. GSH (Sigma) was incubated with a two-fold-excess of VAS2870 at room
temperature in PBS (pH 7.4) and the complete reaction mixture was analyzed by LC-ESI-
MS.

Statistical analysis

Results

All data were analyzed with Student’s t-test or one-way ANOVA with appropriate post-hoc
analysis, and p-values are given in the figure legends.

Inhibition of sarcoplasmic reticular H,O, production by VAS2870

We have shown previously that exposure to ambient pO, (21% O, referred to subsequently
as high pO,) versus low, physiological pO5 (1% O5) results in both enhanced production of
H,0, and activation of RyR1 within RyR1-enriched subcellular fractions isolated from

mammalian skeletal muscle (SR vesicles), as assessed by DHE or DCF fluorescence and by
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[3H]-ryanodine binding respectively [11]. These effects could be ascribed to Nox4 (with no
role for either Nox2 or mitochondria) [11]. As reported [11], the Nox inhibitor DPI
suppressed pO,-coupled H,0, production by SR vesicles and activation of RyR1 (Fig. 1A).
VAS2870 also suppressed H,O, production as assessed by both DHE and DCF fluorescence
(Fig. 1B). Both DPI and VAS2870 essentially eliminated the increase in H,O, production at
high versus low pO,, but VAS2870 appeared to be both more potent than DPI on a molar
basis and better able to suppress Nox4 activity at low pO, where substrate (O,) availability
would become limiting (Fig. 1B). Finally, VAS2870 largely eliminated activation of RyR1
at high versus low pO, (Fig. 1C).

Direct modification of Cys thiols by VAS2870

We reported previously that the enhancement of RyR1 activity at high versus low pO, was
associated causally with oxidation of a small set of RyR1 Cys thiols RyR1 (an average of ~
5 of a total of ~ 40 free thiols) [13] and that scavenging H,O, prevented both thiol oxidation
within and activation of RyR1 at high pO5 [11]. In SR vesicles, as shown in [11] and in the
table of free thiol number presented in Fig. 2A, DPI also largely prevented the loss of free
thiols at high versus low pOs, but had no apparent effect on thiol number at low pO, (34.5 +
2.4 versus 38.7 £ 0.6 at 21% in the absence versus presence of DPI and 1% O, in the
absence of DPI and 39.9 + 2.8 versus 39.6 £ 1.2 at 1% O, in the absence versus presence of
DPI). In contrast, thiol number was diminished at both high and low pO, by VAS2870 (33.7
+ 1.6 versus 30.3 £ 1.9 at 21% in the absence versus presence of VAS2870 and 38.8 £ 2.5
versus 32.8 + 3.3 at 1% O, in the absence versus presence of VAS2870) (Fig. 2A). To
eliminate the possibility that the loss of free thiols within RyR1 was a downstream effect of
VAS2870 in SR vesicles, we also determined that exposure to VAS2870 of isolated RyR1
(purified from CHAPS-solubilized SR vesicles by density gradient centrifugation prior to
treatment with VAS2870) resulted in a loss of free thiols (Fig. 2B) comparable to that seen
when SR vesicles were treated with VAS2870 prior to solubilization and purification of
RyR1 (Fig. 2A). Thus, VAS2870 suppresses H,O, production by Nox4 and the consequent
activation of RyR1, but exposure to this compound also appears to result directly in the
modification of a set of thiols within RyR1. Because VAS2870 does not activate RyR1 at
either low or high pO5 (Fig. 1B), the directly modified thiols apparently comprise a set
distinct from those that are oxidized by Nox4-dependent H,O, or, alternatively, the effects
of VAS2870-derived modification differ functionally from those elicited by H,0,-derived
modification.

VAS2870 alkylates Cys thiols within RyR1

We employed mass spectrometric analysis to examine further the modification of RyR1 Cys
thiols following treatment with VAS2870. Following treatment of SR vesicles with
VAS2870, RyR1 was isolated by SDS-PAGE and the gel segment containing RyR1 was
excised and digested with trypsin or chymotrypsin followed by LC-MS/MS. Six non-
overlapping peptides were identified, each of which contained a single Cys that was
modified by a group of 210.2 amu, consistent with adduction by the benzyl-
triazolopyrimidine moiety of VAS2870 (Fig. 3A,B). Among the Cys residues identified as
sites of modification was Cys3635 (Fig. 3A), previously identified as a principal site of
regulation of RyR1 function by S-nitrosylation [16].

To verify the ability of VAS2870 to modify directly Cys thiols and the identity of the
modifying group, we employed mass spectrometry (LC-ESI-MS) to assess the results of
adding VAS2870 to the Cys-containing tripeptide, glutathione (GSH). Admixture of
VAS2870 (20 M) and GSH (10 M) resulted in the rapid and essentially complete loss of
GSH thiols as assessed by thiol labeling (Fig. 4). Analysis of reaction mixtures by mass
spectrometry revealed loss of the 361.1 amu species corresponding to VAS2870 and the
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appearance of two new species of 517.2 amu and 151.9 amu, which may be interpreted to
represent respectively the product of alkylation of GSH (307 amu) by the benzyl-
triazolopyrimidine moiety (210.2 amu) of VAS2870, and the thio-benzoxazole leaving
group (151.9 amu) (Fig. 5).

Thiol alkylation inhibits Nox4

Although no molecular mechanism has been proposed for inhibition by VAS2870 of Nox
activity, our results suggest the possibility that Cys thiol alkylation may play a role. We
found that exposure to either of two disparate thiol alkylating agents, monobromobimane
and iodoacetamide, inhibited H,O, production by SR vesicles, consistent with a mechanistic
role for thiol modification in the inhibitory action of VAS2870 (Fig. 6).

Discussion

VAS2870 was identified by small molecule screening as an inhibitor of the prototypical
Nox, Nox2. Our results suggest that VAS2870 inhibits Nox4 as well. Recent reports have
provided evidence that VAS2870 inhibits Nox4 [17], Nox1 [18] and DUOX [19]. Taken
together, these findings suggest that VAS2870 is not isoform specific.

Our mass spectrometric analysis indicates that VAS2870 directly modifies thiols by way of
nucleophilic substitution, consistent with known thiol-exchange chemistry involving
triazine-like structures that has been extended to other ring systems [20]. It should be noted
that oxidation of target thiols (formation of a sulfone, O=S=0), which might be facilitated
by Nox-derived H,0,, would be expected to potentiate this reaction (see Fig. 5). Inasmuch
as the pathophysiological consequences of overproduction of ROS by a Nox or Nox’s will
be exerted in significant part through thiol oxidation, alkylation of Cys thiols by VAS2870
may be expected to replicate at least in part severe oxidative stress. For example, we show
that VAS2870 alkylates Cys3635 within RyR1, which will abrogate physiological regulation
of RyR1 by NO [16].

Our results also suggest that alkylation of thiols may underly at least in part inhibition by
VAS2870 of Nox4. Inhibition by VAS2870 of multiple Nox/Duox isoforms suggests that
VAS2870 may target the core flavocytochrome, because the composition of additional
subunits varies substantially between Nox/Duox isoforms. More generally, our finding that
thiol alkylation may inhibit Nox4 activity would be consistent with the possibility that Nox’s
contain regulatory Cys thiols, which may be subject to redox modification by endogenous
ligands. In this context, it is of interest that inhibitory effects on Nox activity of nitric oxide
were reported, which may result from direct, NO-based modification of the enzyme [21] but
which are independent of modification of known, non-thiol redox centers (heme, FAD) [22],
consistent with a role for S-nitrosylation. Recently, S-nitrosylation /n vitro of a single Cys
conserved in Nox from plants through humans (Nox2) was shown to suppress Nox activity
[23], and this residue is conserved in all members of the Nox/Duox family in mammals.

The development of specific Nox inhibitors would greatly facilitate the elucidation of Nox
function and would potentially provide clinically useful agents. High-throughput screening
of small molecules was used to identify VAS2870 and the closely related triazolopyrimidine
VAS3947 [24], and the structurally related pyrazolopyrimidines (acting on Nox1/Nox4) [25]
as well as a subset of phenothiazines (acting on Nox1) [26] have also been identified by
screening as potential, specific Nox inhibitors, all acting through unknown mechanisms. Our
findings indicate that the utility of VAS2870 (and therefore possibly other related
compounds) is compromised by significant off-target effects, and emphasize the importance
of careful evaluation of potential specific inhibitors of the Nox’s beyond the criteria that
they act to inhibit ROS production by a Nox(s) without affecting ROS production from other
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zymatic (and non-enzymatic) sources [6]. The possibility that modification of thiols

within Nox4 and other Nox’s may inhibit enzyme activity might help inform rational
inhibitor design.
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Fig. 1.

Both DPI (A) and VAS2870 (B) inhibit ROS production (as assessed by DHE or DCF
fluorescence), and (A,C) RyR1 activity (as assessed by [3H]ryanodine binding), in isolated
SR vesicles. Means £ SEM, n= 3 for A-C. In A left panel, *p < 0.03 re 0 .M DPI at 20%
O5. In A right panel, *p < 0.01 re 0 .M DPI at 20% O,. In B left panel, *p < 0.025 re 0 pM
VAS at 20% O,; 8 p <0.017 re 0 pM VAS at 1% O. In B right panel, *p < 0.04 re 0 pM
VAS. InC, *p<0.02 re 0 M VAS at 20% O,; § p<0.01 re 0 oM VAS at 1% O,.
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Fig. 2.

(A) Inisolated SR vesicles, the number of free thiols within RyR1 (as assessed by

Page 10

monbromobimane labeling) is reduced at 21% O, versus 1% O, The pO, —dependent loss
of thiols is prevented by DPI (100 .M). In contrast, exposure to VAS2870 (20 wM) reduces
the number of free thiols regardless of pO,. Means + SEM, n=5; *p < 0.18 re control. (B)
Exposure of purified RyR1 to VAS2870 (10 tM) results in a loss of free thiols (as assessed
by monobromobimane labeling). Note that SR vesicles were prepared at ambient pO, (21%
Oy) prior to purification of RyR1. Means + SEM, n=4; *p = 0.031.
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Fig. 3.

(A) Following treatment of SR vesicles with VAS2870, mass spectrometric analysis (LC-
MS/MS) of trypsin-digested RyR1 identified six peptides containing a Cys residue bearing a
modification of 209.2 amu, consistent with adduction by the benzyl-triazolopyrimidine
moiety of VAS2870 (see Fig. 5 for further analysis). (B) By example, the spectrum shown
identifies Cys2326 as a site of modification by VAS2870.
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Fig. 4.

Exposure of GSH to VAS2870 results in the rapid loss of free thiols. Means £ SEM, n= 3;
*
p <0.01.
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Mass spectrometric analysis (LC-ESI-MS) of the modification of GSH by VAS2870. (A and
B) Extracted ion current (EIC) chromatograms and corresponding mass spectra are shown
for, respectively, VAS2870 and a mixture of VAS2870 and GSH (20 min incubation). Note
different scales for ordinates. (C) The mass spectrometric analysis indicates that the thiol of

GSH is alkylated by the benzyl-triazolopyrimidine moiety of VAS2870, with the thio-

benzoxazoyl moiety of VAS2870 serving as leaving group.
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Fig. 6.

Production of ROS by isolated SR vesicles (as assessed by DHE fluorescence) is inhibited
by the thiol alkylating agents monobromobimane (MBB), at left, and iodoacetamide (1A), at
right. Means + SEM, 7= 4. In left panel, *p < 0.01 re 0 uM MBB at 20% O,; ¢ p =0.23 re
0 wM DPI at 1% O (i.e., MBB eliminates pO,-dependent DHE fluorescence); § p < 0.05 re
0 M MBB at 1% O,. In right panel, *p < 0.05 re 0 uM IA at 20% O,; ¢ p=0.2re 0 uM
IA at 1% Oy (i.e., IA eliminates pO,-dependent DHE fluorescence).
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