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Abstract

Azanone (HNO) is a reactive nitrogen species with pronounced biological activity and high
therapeutic potential for cardiovascular dysfunction. A critical barrier to understanding the biology
of HNO and furthering clinical development is quantification and real-time monitoring of delivery
in living systems. Here, we describe the design and synthesis of the first chemiluminescent probe
for HNO, HNOCL -1, which can detect HNO generated from as low as 138 nM Angeli’s salt with
high selectivity based on reaction with a phosphine group to form a self-cleavable azaylide
intermediate. We have capitalized on this high sensitivity to develop a generalizable kinetics-based
approach, which provides real-time quantitative estimates of HNO concentration that show good
agreement with computational simulations. This method can be used to quantify picomolar HNO
concentrations generated from hydrogen sulfide (H,S) and nitric oxide (NO). HNOCL -1 can
monitor dynamics of HNO delivery in living cells and tissues, demonstrating the versatility of this
method for tracking HNO in living systems.

Graphical Abstract

Light it up: A chemiluminescent 1,2-dioxetane molecule functionalized with a triarylphosphine
trigger can quantify picomolar levels of azanone (HNO) through an azaylide mediated reaction
using a kinetics-based approach. This probe can be used for quantitative measurement of HNO
concentration generated from reaction of hydrogen sulfide (H,S) and nitric oxide (NO) and can be
loaded into living cells and animals to monitor HNO delivery in real-time.
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Azanone (HNO, nitroxyl), is chemically related to nitric oxide (NO) by the addition of one
electron and one proton. HNO rapidly dimerizes and eliminates to form nitrous oxide (k=8
x 108 M~1s71 at 23 °C)! and reacts with molecular oxygen with estimated rate constants that
range from 103 to 10* M1s71 (k=3 x 103 M Is 1 at 37 °C;2 k= 1 x 104 MIs1 at 23 °C;3 k
=1.8 x 10* M~1s71 at 25 °C45). Two major biological targets responsible for HNO
bioactivity are thiols, which react directly with HNO to form sulfinamides (k= 2 x 106
M-1s~1 at 37 °C)2 and the iron in heme-containing proteins.® While both HNO and NO can
activate soluble guanylyl cyclase, only HNO acts a positive cardiac inotrope by direct
reaction with cysteine residues on cardiac ryanodine receptors and the sarcoplasmic
reticulum Ca2*-ATPase (SERCAZ2a).” Additionally, continued use does not lead to tolerance,
a critical issue with organic nitrate NO donors.8 HNO derived from Angeli’s salt (Na;N,03)
reduces pain in animal models via a cGMP/PKG/K atp pathway® and HNO derived from
oxidative metabolism of cyanamide has been used clinically as a deterrent for alcohol
consumption by inhibiting aldehyde dehydrogenase.10 Early attempts at using Angeli’s salt
(NazN,03) and other HNO donors in the clinic were hampered by short half-lives, poor
pharmacokinetics, and by-products.11 Newer A-hydroxysulfonamide donors CXL-1020 and
CXL-1427, however, have shown promise in clinical trials for treatment of congestive heart
failure.1213 HNO can be produced /7 vitro by enzymes such as nitric oxide synthase, 4 the
reaction of S-nitrosoglutathione with glutathione,® and the reduction of NO by H,S,16
thiols,1” and other biological molecules.1® Intriguingly, cellular generation of HNO from the
reaction between H,S and NO has been implicated in regulating vascular tone and blood
flow through an HNO/TRPA1/CGRP pathway.16:19

A critical requirement to advance understanding of HNO’s biological activity is the
achievement of accurate and sensitive measurement of HNO delivery and production.20
HNO detection is complicated by its rapid dimerization and elimination to form nitrous
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oxide (NO). Early approaches for HNO detection relied on gas chromatography
measurements of N,O or on trapping HNO with heme proteins like myoglobin.21 HNO-
selective electrodes based on immobilization of metalloporphyrins that bind to HNO offer
the distinct advantage of real-time detection,2 but are unable to operate inside of living
cells. This challenge is being addressed by the development of small molecule copper-based,
23 phosphine-based, 242526 and TEMPO-based fluorescent probes.2’ Thiol trapping of HNO
allows monitoring of cellular delivery using capillary electrophoresis?8 and, recently, a
fluorescent probe based on the reaction of HNO with a sterically hindered thiol has been
reported.2® Despite progress, quantification and real-time monitoring of HNO dynamics
using reaction-based probes remain an unsolved problem.30

Chemiluminescence offers dramatic increases in signal to noise and sensitivity over
fluorescence techniques.31:32 In particular, sterically stabilized 1,2-dioxetanes, such as
Schaap’s dioxetane33 enable reaction-based triggering of chemiluminescence emission using
a chemically initiated electron exchange luminescence (CIEEL) mechanism.34 This strategy
has been used to image numerous analytes 7 vitro, in living cells, and in whole animals.
35-36,37,38,39,40,41,4243 Recent advances in molecular design have yielded structures with
high emission under aqueous conditions without the need for polymeric “Enhancer”
solutions.#4-4546 |n line with our laboratory’s goal to develop probes for reactive sulfur,
oxygen, and nitrogen (RSON) species,36:38:39,47-48:49.50 \ye designed a reaction-based
chemiluminescent probe for HNO, HNOCL -1, by linking a triaryl phosphine group to a
sterically stabilized 1,2-dioxetane (Scheme 1). Upon reaction with HNO, the triaryl
phosphine is converted to an azaylide, followed by ester cleavage (Scheme S2).2451The
resultant phenol then undergoes CIEEL decomposition to emit light.34 Ester coupling using
EDC and DMAP was performed after preparation of the dioxetane 1 to avoid phosphine
oxidation. Although yields were lowered by competitive CIEEL decomposition, the rapid
rate of ester formation enabled production and isolation of HNOCL -1.

The response of HNOCL -1 was evaluated by treating the probe with increasing
concentrations of Angeli’s salt, a commonly used donor compound for HNO (Figure 1).
Before adding Angeli’s salt no chemiluminescence emission was observed, but upon its
addition an emission centered at 525 nm increased in a dose-dependent manner (Figure 1A).
The time-course of the emission intensity (Figure 1B) increased to reach a maximum in
approximately 15 minutes for 100 uM Angeli’s salt, and continue to emit light for 8 hours
(Figure 1C). Analysis of the products by GC/MS revealed two abundant signals at m/z =
150.1 and 304.1, which we assign to adamantanone and the stabilized acyl
iminophosphorane,®2 respectively (Figure S1,2). A comparison was made to a cell-
permeable version of a previously reported fluorescent probe for HNO, herein named XF2
(Figure 1D, full characterization can be found in the supplementary information).3¢ While
the fluorescent probe XF2 yielded a 20-fold turn-on response after 25 minutes, HNOCL -1
provided an 833-fold turn-on response at the same time point (Figure 1C). HNOCL-1 is
soluble at 20 pM (Figure S3) and stable in aqueous buffer (Figure S4). In order to estimate
the lower limit of detection, HNO release from low concentrations of Angeli’s salt was
measured (Figure S5), and a detection limit of 138 nM (3o) was determined (Figure S5B).
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Encouraged by this sensitivity, we anticipated that quantitative real-time estimates of HNO
concentration could be obtained using HNOCL -1 based on kinetic modeling analogous to
that used for electrode quantification.22 The rate equations of the relevant reactions were
used to derive Eq. (1), an expression for HNO concentration in terms of the concentration of
the phenol 1 (see supporting information for details). In Eq. (1), &7 is the observed second
order rate constant of the probe and HNO, and k3 is the rate of chemiluminescent
decomposition of the dioxetane 1.

[HNO] = 1/(k;[HNOCL — 1])(ky[1] + d[1]/dt) (1)

The rate of the reaction of HNOCL -1 was determined by the method of Miranda and Wink
(k;=20,433 M~1s1 at 25 °C, pH 7.4, Figure S7)2 and the rate of chemiluminescent
decomposition, k3 was determined from measurements of the exponential decay of isolated
1(k3=5.92 x 104 s at 25 °C, pH 7.4, Figure S8). The raw chemiluminescence emission
was converted into [1] by careful calibration of the chemiluminescence emission with
varying concentrations of the isolated phenol 1 (Figure S9). Using this kinetics-based
approach, the plot of raw chemiluminescence emission given in Figure 1B was converted
into real-time quantitative measurements of HNO concentration in Figure 1E. These traces
generally show agreement with estimates based on simulated traces constructed by
numerically solving the appropriate differential equation describing HNO Kinetics (Figure
1F, see supporting information for details).

The selectivity of HNOCL -1 for HNO was determined by monitoring the
chemiluminescence emission across a panel of selected RSON species (Figure 2A). In
general, no significant response was observed for other species over the blank control. One
exception was for DEA NONOate, a donor of NO (Figure 2A, bar 14). A small, but
observable, increase in chemiluminescence emission over time was seen, which became
readily apparent when the concentration was raised to 1 mM DEA NONOate (Figure 2B, red
trace). Given literature precedent for formation of HNO from NO reduction,16-18 we
hypothesized that this increase could be due to reduction of NO by HEPES in the buffer.
Indeed, reacting HNOCL -1 with DEA NONOate in PBS buffer completely attenuated this
response (Figure 2B, black trace).

The production of HNO from H,S and NO has been proposed as a biological pathway for
HNO generation and has been implicated in an HNO/TRPA1/CGRP signaling pathway.16:19
HNOCL-1 shows a clear dose-dependent increase in HNO production from H,S and DEA
NONOate (Figure 2C,D), a signal that is diminished in the absence of DEA NONOate or in
the presence of A-acetyl cysteine (NAC) as a thiol scavenger of HNO (Figure 2D). Using the
kinetics-based approach described above, real-time quantitative estimates of HNO
production from H,S and NO were determined (Figure 2E). With 200 uM Nay,S and 1 mM
DEA NONOate, a peak concentration of ca. 800 pM HNO was observed within the first
several minutes of reaction (Figure 2E, red trace). With less NO, the peak concentration was
reduced and the time to reach the peak concentration of HNO was increased (Figure 2E,
black trace and grey trace).
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We proceeded to evaluate the ability of HNOCL -1 to measure HNO in biological systems.
No cellular toxicity was observed with 18-hour incubation of up to 100 uM HNOCL-1
(Figure S10). Living A549 cells were incubated with HNOCL -1 for 30 minutes, thoroughly
washed, and then treated with increasing amounts of Angeli’s salt, resulting in increasing
chemiluminescence emission (Figure 3A). The time-course of cellular HNO delivery can be
monitored in real-time, with a maximum chemiluminescence emission observed at 20
minutes. The response is roughly linear with Angeli’s salt concentrations between 0 and 500
UM and begins to level out at 1 mM (Figure 3B). Similar results were obtained in RAW
264.7 macrophages (Figure S11). Control experiments comparing signal seen from A549
cells incubated with HNOCL -1 and untreated cells show that this technique has very low
background (Figure S12). In comparison to the fluorescent probe XF2 with 200 uM AS,
which gives a 37% increase in signal (Figure S13A-G), HNOCL-1 gives a 747% increase
for a 20-fold improvement over XF2 for cellular operation (Figure S13H). In order to
interrogate the ability of HNOCL -1 to measure NO reduction chemistry in living cells, we
treated A549 cells with HNOCL -1 and then added DEA NONOate and Na,S (Figure 3C). A
clear, statistically significant increase was observed (Figure 3D), in agreement with previous
studies.16:53 Control experiments in the absence of H,S and DEA NONOate or using A
acetyl cysteine (NAC) as a thiol scavenger returned signal to baseline levels. Fluorescence
microscopy images of the fluorescent product of the HNOCL -1 and HNO confirm cellular
uptake (Figure S14). Next, we evaluated the ability of HNOCL -1 to image HNO production
in animal tissue®* by comparing chicken hearts treated with HNOCL -1 and Angeli’s salt to
hearts treated with HNOCL -1 and vehicle, where a significant increase in photon flux was
observed (Figure S15). Finally, we performed a preliminary evaluation of the efficacy of
HNOCL-1 for whole animal imaging by imaging signal following intraperitoneal (IP)
injection of HNOCL -1 and either a vehicle control or 1 mM Angeli’s salt (Figure 3E,F). A
300-fold increase in chemiluminescence emission was observed in the mouse treated with
Angeli’s salt (Figure S16) and time-lapse imaging provided a measure of the lifetime and
perfusion of HNOCL -1 in a living mouse (Movie S1).

In summary, we have described the first chemiluminescent probe for real-time monitoring of
HNO in living cells. The rapid and sensitive response has enabled an innovative kinetics-
based approach that provides quantitative estimates of HNO concentration. To date, this has
only been accomplished using electrodes?? and a xerogel optical sensor film,%> which are
inherently limited to extracellular monitoring. Chemiluminescent probes like HNOCL -1 can
be loaded into cells, and we anticipate that expansion of this kinetics-based approach will
lead to a unique method for quantification of HNO in living cells. This approach is
generalizable to other reaction-based probes as long as one can achieve high sensitivity,
mechanistic understanding, and evaluation of kinetic parameters. The cellular data shows
that HNOCL -1 provides a method to reliably monitor the time-course of HNO delivery
from donor systems and preliminary experiments in living mice demonstrate that the high
photon flux from HNOCL -1 is sufficient for imaging HNO in animal tissue. We anticipate
that HNOCL -1 will find use in understanding HNO biology and the development of new
HNO-based therapeutics.
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Figure 1.
Chemiluminescence response of HNOCL -1 and Angeli’s salt, NapN>O3 (AS). (A)

Chemiluminescence emission spectra at 525 nm of 20 pM HNOCL-1 and 0 (blue trace), 50,
100, 150, and 200 uM (red trace) AS. (B) Time course of chemiluminescence emission of 0
(blue trace), 5, 25, 50, and 100 uM (red trace) AS. (C) Time course of chemiluminescence
emission of 10 uM HNOCL -1 and 0 (blue trace) or 200 uM (red trace) AS. (D)
Fluorescence emission spectra of 10 uM XF2 after reacting with 0 (blue trace) or 200 uM
(red trace) AS for 25 minutes. (E)—(F) Concentration of HNO generated from AS (E)
measured from the raw chemiluminescence emission of 20 uM HNOCL -1 or (F)
computationally simulated. All experiments were performed in 20 mM HEPES or PBS (pH
7.4), containing <1% DMSO. Error bars are + S.D. from n = 6 replicates.
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Figure 2.

Chemiluminescent responses of 20 uyM HNOCL -1 and 200 uM RSON species. Legend: 1.
AS, 2. GSH (2 mM), 3. GSNO, 4. H,05, 5. KO, 6. Cys (1 mM), 7. Na,S, 8. NayS,03, 9.
NaNO,, 10. HO*, 11. ONOO-, 12. ‘BuOOH, 13. OCI-, 14. DEA NONOate, 15. Blank. (B)
Time-course of the chemiluminescent emission of 20 UM HNOCL -1 alone (blue trace), with
1 mM DEA NONOate (DN) in PBS (black trace), and with 1 mM DN in HEPES (red trace).
(C) Time course of chemiluminescent emission and (D) integrated emission intensity of 20
UM HNOCL -1 alone (blue trace), 200 uM Na,S alone or with 0.2, 0.5, and 1 mM (red trace)
DN, and 200 uM NayS, 1 mM DN, and 2 mM A~acetyl cysteine (NAC). (E) Concentration
of HNO produced from 20 yM HNOCL -1 alone (blue trace), and 200 uM NayS and 0.2, 0.5,
and 1 mM (red trace) DN as determined from Eq. (1) and the data shown in (C). All
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experiments were performed in 20 mM HEPES or PBS (pH 7.4), containing <1% DMSO.
Error bars are £ S.D. from n = 3-6 replicates.
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Figure 3.
Chemiluminescent measurement of HNO in living cells. (A) Time course of

chemiluminescent emission and (B) integrated emission intensity of A549 cells incubated
with 20 pM HNOCL -1 for 30 minutes, washed and then treated with AS. Error bars are
+S.D. from n = 9 wells across 3 biological replicates. (C) Time course of
chemiluminescence emission of A549 cells incubated with 20 uM HNOCL -1 for 30
minutes, washed and then incubated without (blue trace) or with 1 mM DEA NONOate
(DN) and 200 pM NayS (red trace). (D) Integrated emission intensity of A549 cells
incubated with 20 uM HNOCL -1 for 30 minutes, washed and then treated as indicated with
H,S as 200 uM Na,S, NO as 1 mM DN, and NAC at 2 mM. Error bars are £S.E. fromn =
6-11 wells and 2—4 biological replicates. Statistical significance was assessed using a two-

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 January 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

An et al.

Page 12

tailed student’s t-test. **p<0.01, *p<0.05. All cellular experiments were performed at 37 °C.
(E)—(F) Images of BALB/c nude mice 2 minutes after IP injection with 40 uM HNOCL -1
and (E) vehicle control or (F) 1 mM Angeli’s salt in 20 mM PBS (pH 7.4) containing 5%
DMSO.
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Scheme 1.
Design and synthesis of the chemiluminescent HNO probe HNOCL -1.
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