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Abstract

Boronates, a group of organic compounds, are emerging as one of the most effective probes for
detecting and quantifying peroxynitrite, hypochlorous acid and hydrogen peroxide. Boronates
react with peroxynitrite nearly a million times faster than with hydrogen peroxide. Boronate-
containing fluorogenic compounds have been used to monitor real time generation of peroxynitrite
in cells and for imaging hydrogen peroxide in living animals. This Perspective highlights potential
applications of boronates and other fluorescent probes to high-throughput analyses of peroxynitrite
and hydroperoxides in toxicological studies.
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Introduction

Several boronic acids and boronic acid derivatives exhibit antimicrobial, antifungal, and
other pharmaceutical properties.1~3 Boronates, such as 4-phenylalanine boronic acid, have
been used in boron neutron capture therapy for the treatment of brain cancer.2 Boronates are
versatile agents for linking functional groups in synthetic organic chemistry and medicinal
chemistry.1:2 Some boronic acids have been used as fluorescent sensors for carbohydrates.*
This Perspective is focused on the use of boronates as chemical probes and antioxidants for
detection and detoxification of reactive oxygen and nitrogen species (ROS/RNS) generated
in biological and cellular systems.

Peroxynitrite (ONOQ™) is implicated as a key reactive intermediate in redox biology,
toxicology, and in various pathologies including cardiovascular, neurodegenerative, and
inflammatory diseases.®~’ Nearly two decades after their renaissance in biological
chemistry,® methodologies to directly detect, quantitate, and detoxify intra- and
extracellularly generated ONOO™ have not yet been fully refined. The situation has,
however, changed during the past few years, with the discovery of a direct, rapid, and
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stoichiometric reaction between ONOO™ and aromatic boronate probes.? In this Perspective,
the use of a global profiling approach to simultaneously detect several oxidants using
multiple probes in toxicological studies is also highlighted.

Structure and properties of boronates

Boronates are trivalent boron-containing compounds that have an alkyl or aromatic
substituent and two hydroxyl or ester groups (Fig. 1). The boron atom is electron-deficient
because of the open shell which confers its acidic character. As a result, boronates are mild
organic Lewis acids that can coordinate basic molecules and nucleophilic species. Most
arylboronic acids have a pKa in the range of 7-9 depending on the aryl substituents.1-2 Their
unique electronic structure and the ability to convert between the sp? and sp3 forms makes
boronate-based compounds good enzyme inhibitors (e.g., proteases).10 Nucleophilic
addition of reactive species to electron-deficient boronate probes is a facile reaction. This
unique chemical property of boronates has propelled their use as effective traps of ROS and
RNS in biological systems.

Reaction between hydrogen peroxide and boronates

Over 80 years ago, it was reported that arylboronic acids react with alkaline H,O5 to form
the corresponding phenols.1! The reaction between boronate and H,O, was, however,
reported to be rather sluggish (typically k~1-2 M~1s1 at pH 7.4).12.13 More recently,
several fluorogenic probes containing a boronate moiety for detecting and imaging
intracellular hydrogen peroxide have been developed.14-17 These probes typically are
polycyclic aromatic molecules that contain a boronate ester or acid group. Upon reaction
with H,O», these weakly fluorescent boronates are converted to a strongly fluorescent
product. It is conceivable that several other deprotonated hydroperoxy intermediates may
also react with boronates at physiological pH. For example, it has been reported that
peroxymonophosphate reacts with boronates considerably faster than does H,0,.18
Additionally, H,O, (TOOH) has been shown to react slowly with CO, to form the
monoperoxycarbonate (HOOCO,").1? Preliminary unpublished data from our laboratory
indicates that bicarbonate accelerates H,O,-induced oxidation of boronates, implicating a
role for another oxidizing peroxide intermediate. During the course of these investigations,
many elegant boronate-containing probes for H,0, were designed and synthesized.14-17
However, a major drawback is that all of these probes react very slowly with H,O, (k~1-2
M~1s71) as compared to other reactive species (e.g., ONOO™ and HOCI, with the rate
constants at pH 7.4 of 108 M~1s71 and 104 M~1s71, respectively). Thus, in systems
generating both H,O, and HOCI, or ONOO™, one has to be careful in the assignment of
reactive species. Oxidation of boronates should also be monitored in the presence of
selective inhibitors/scavengers of these species.

Reaction between hypohalous acids and boronates

The oxidation of substituted phenylboronic acids by hypochlorite and hypobromite has been
reported in 1962 to produce the corresponding phenols, and halogenated phenolic products
in the presence of excess hypohalites.2% The hypochlorite anion (OCI™) reacts with aryl
boronates ca. 1,000 times faster than H,0, yielding the same phenolic product.® However,
HOCI reacts rapidly with endogenous amines and thiols.2! As a result, boronates are less
likely to compete for HOCI in cellular systems. To test the involvement of HOCI in boronate
oxidation, taurine can be used as a specific scavenger of HOCI, as boronates do not react
with chloramines.
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Reaction between peroxynitrite and boronates

Nearly 40 years ago, it was reported that ONOO™ decomposition was accelerated in borate
buffer.22 This was attributed to a transperoxidation reaction between ONOO™ and borate,
forming a peroxyborated intermediate.2! The proposed explanation was that the electrophilic
boron was oxidized by ONOO™. We have recently shown that ONOO™ reacts
stoichiometrically with arylboronic acids and esters to form the corresponding phenols.2:23
The boron atom in boronates is sp? hybridized and behaves as an electrophile. Thus, its
reaction with a powerful nucleophile is energetically favored.%-2 ONOO™ reacts with
aromatic boronates to form the corresponding phenolic product in 80-85% yield. 24 HPLC
analyses and EPR spin-trapping experiments showed that the minor products (~10-15%)
were derived from radical intermediates, phenyl and phenoxyl radicals. 924

Other reactive nitrogen species such as the nitrogen dioxide radical ("NO,) formed from
myeloperoxidase/H,0,-catalyzed oxidation of nitrite anion does not oxidize boronates to
phenolic products.®-24 Therefore, boronates can be used to distinctly identify the species
(ONOO™ or °NO,) involved in the nitration of protein tyrosyl residues during nitrative
stress.

Direct reaction between peroxynitrite anion and boronate-based
fluorogenic probes

In our experience, the reaction between ONOO™ and boronates is quite general, and is not
dependent on the R-substituent (shown in Fig.1). Thus, conjugation to a fluorophore yields a
boronate which is a viable candidate in user-friendly, routine assays. Coumarin boronate is
one such example (Fig. 2). Using coumarin-7-boronic acid (CBA), which reacts
stoichiometrically and rapidly with ONOO™ to form a product exhibiting blue fluorescence,
we showed that ONOO™ is formed as a primary and only intermediate during the reaction
between *NO and O," co-generated at different fluxes.?324 Global profiling of fluorescent
products formed from oxidation of CBA under varying fluxes of co-generated *NO and O5,*
in a 96-well fluorescence plate containing CBA in phosphate buffer (50 mM, pH 7.4) is
shown (Fig. 3). HPLC analyses of incubations with CBA from the two corner wells on the
right side (top and bottom well) obtained under the same conditions as in the plate reader are
shown. It is clear that in the absence of “NO, little or no fluorescent product (COH) is
formed, while cogeneration of *NO and O, ° leads to significantly higher levels of COH.
These findings suggest that it is feasible to monitor in real time the formation of ONOO™ in
cellular systems using the fluorogenic boronate probe. Other boronate-based fluorescent
dyes [e.g., fluorescein dimethylamide boronate (FIAMBE)] which give rise to a product
exhibiting fluorescence in different spectral regions can also be used for monitoring /n situ
ONOO™ formation.2>

Kinetics of boronate reactions

As discussed above, kinetics of the reaction is one of the key factors enabling the use of
fluorescent probes for intracellular monitoring of ROS/RNS.26 To put things in perspective,
at equimolar concentrations (0.1 mM) of phenylboronates and the oxidants, reaction time
scales ranged from milliseconds (for ONOQO™) to seconds (for HOCI), and hours (for
hydrogen peroxide, H,0,).? In other words, ONOO™ reacts with aromatic boronates nearly a
million times faster than H,O, (Table 1) and two hundred times faster than HOCI. At
physiological pH (=7.4), the percentage of HOO™ during this reaction is 0.005%, compared
to ONOO™ (83%) and OCI™ (46%). This is based on the pK,’s of H,0, (11.7), ONOOH
(6.7), and HOCI (7.47). The differences in the observed second-order rate constants for these
species with boronates may, in part, be attributed to differing pKy’s. The difference in the
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rate constants for the reaction between boronates and ONOO™ or H,0O5 has important
implications in real-time monitoring of these oxidants (Fig. 4). While boronates can be used
at low micromolar concentrations to monitor real-time ONOO™ formation, these probes
should be present at millimolar concentrations to provide reliable data on the rate of H,O»
production. As shown in Figure 4, even at 1 mM concentration of boronate, the steady-state
conditions are reached only after ca. 30 min. Stated differently, the rate of boronate
oxidation equaled the rate of H,O, generation only after 30 min. Despite lower reactivity,
H,0, and HOCI in buffered aqueous solution (pH 7.4) are relatively stable as compared to
ONOO™ in aqueous buffers (pH 7.4). Therefore, if allowed to proceed to completion, H,O»
can quantitatively oxidize boronate probes. On the other hand, in cellular systems both H,0,
and HOCI are rapidly removed/scavenged by endogenous constituents. Therefore slowly-
reacting boronate probe need to be present at high millimolar concentration to be able to
compete for H,O,. Under physiological conditions, boronates can efficiently compete for
ONOO™ in the presence of CO,.°

Both H,0, and HOCI react with aryl boronates to form the corresponding phenolic product
in 100% yield. In contrast, ONOO™ reacts with boronates to form the same product with an
80-85% vyield. The lower yield is not, however, due to less efficient trapping, as even at low
micromolar concentration, boronates can effectively compete with self-decomposition of
peroxynitrite. The peroxide bond in the adduct of ONOO™ to boronates can undergo a
heterolytic (ca. 90%) as well as a homolytic (ca. 10%) cleavage, leading to a lower yield of
the phenolic product and formation of other phenyl radical-derived products.®24 In fact, it
was possible to detect the MNP-phenyl and DEPMPO-pheny!| radical spin adducts, using the
EPR spin trapping technique.24 This minor free-radical pathway is observed only with
ONOO™ but not with HyO, or HOCI, and therefore may be used to further support the
identity of species being detected.

Real-time monitoring of peroxynitrite from activated macrophages

Boronate-based fluorogenic probes have been used to selectively monitor ONOO™ formed
from activated macrophages.?> RAW 264.7 macrophages were treated with phorbol
myristate acetate (PMA) to induce superoxide O, ° generation, and LPS and IFN-vy to
stimulate *NO production. In the presence of either CBA or another fluorogenic boronate
probe, there was a steady increase in fluorescence intensity. Concomitant HPLC analysis
showed that the fluorescence intensity was due to formation of the corresponding phenolic
product. The nitric oxide synthase inhibitor L-NAME attenuated PMA, LPS, and IFN--y-
induced fluorescence and phenolic product formation. Addition of superoxide dismutase but
not catalase significantly inhibited CBA-derived fluorescence. These results point to
formation of ONOQO™ and its rapid trapping with CBA to form the fluorescent product. Thus,
under conditions generating both H,O, and ONOQO™, boronates preferentially react with
ONOO™.

Global profiling of oxidants

As we recently suggested, a global profiling approach with real-time monitoring of multiple
oxidants is key to accurate characterization of oxidant species produced in an investigator’s
system of choice.2® This approach involves treating cells (e.g., macrophages) in a 96-well
plate with hydroethidine (HE) for tracking O, * and/or other oxidants, CBA for monitoring
ONOO™ and Hy05, Amplex Red and horseradish peroxidase (HRP) for measuring H,Oo,
and DAF-2DA for detecting "NO-derived nitrosating species (Fig. 5, and TOC Graphic).
When coupled with enzymatic and chemical inhibitors of ROS/RNS (e.g., SOD and catalase
alone and in combination and L-NAME), these experiments will empower and enhance the
confidence of the investigator during simultaneous characterization of oxidants by high-
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throughput plate reader analysis. These fluorescence-based assays should be accompanied
by HPLC-based verification of the identity(ies) of the fluorescent species being monitored.
We anticipate that with the progress in ultra-high pressure liquid chromatography/mass
spectrocmetry (UHPLC/MS) technology, the high-throughput analyses of ROS/RNS and
screening of small molecule inhibitors in 96- and 384-well plates will soon be feasible in
various cell-based systems. The above-mentioned dyes for global analysis of ROS/RNS
were initially chosen as their free radical chemistry is relatively well characterized. These
dyes can be substituted with additional ROS/RNS-specific probes once their free radical
chemistry is well understood.

Monitoring IN VIVO generation of oxidants

A boronate-based bioluminescent probe was recently used for /n vivo imaging of hydrogen
peroxide in mice.2” This approach was also employed to detect endogenous H,0, in a
prostate cancer xenograft model.2” The experimental strategy involved the use of a Peroxy
Caged Luciferin-1 (PCL-1) molecule formed by attaching an arylboronic acid to the
phenolic position of firefly luciferin. Upon reaction with HOo, luciferin is released,
triggering a bioluminescence signal in the presence of ATP and luciferase.2’ Again, one can
predict that ONOO™ will react with the PCL-1 bioluminogenic probe nearly a million times
faster than with H,O,. Appropriate inhibitors (i.e., L-NAME) should be used to rule out (or
confirm) the reaction between ONOO™ and PCL-1 in biological settings. Nevertheless, the
development of bioluminescent probes for real time detection of ROS/RNS in living mice is
a significant achievement in free radical research.2’

Future perspectives and examples in toxicology

Selective targeting of boronates to mitochondria will be useful both as a probe for ONOO™
detection and detoxification. Ongoing research suggests that boronates conjugated to
triphenylphosphonium cation that are targeted to mitochondria are indeed very effective
traps of ONOO™ (Sikora, Zielonka and Kalyanaraman, unpublished data). In general,
boronate compounds can be used to detect and mitigate nitrative and oxidative stress during
inflammatory processes. The recent discoveries highlighted in this Perspective demonstrate
that there are many systems which can rapidly benefit from the use of boronate-based
ONOO™ detection. Below are several examples in toxicology which have a high likelihood
of ONOO™ involvement. In each case, the ability to confirm or rule out the involvement of
ONOO™ would be a major advance in our understanding of the drug toxicology and disease
model described.

Several xenobiotics and drugs have been reported to induce peroxynitrite formation in
biological systems.28 One of the most widely used over-the-counter drugs is acetaminophen.
Recent reports suggest that peroxynitrite is formed as a key toxic intermediate during
biotransformation of acetaminophen, and the inactivation of hepatic MnSOD has been
proposed as a major reason for dose-dependent hepatotoxicity.2® As indicated earlier, many
boronates have been used in patients during neutron capture treatment of brain cancer.? It is
likely these boronates could be used therapeutically to inhibit MnSOD nitration and
attenuate acetaminophen toxicity.

The environmental herbicide, paraquat dication (PQ**), has been known for years to be a
redox-cycling agent, leading to production of superoxide radical anion and depletion of
cellular reducing equivalents. While many reports indicate the beneficial effects of

inhaling *NO in PQ** poisoning, other studies implicate *NO in PQ*™ toxicity.30 Both
protective and toxic effects of "NO are assumed to originate from a direct reaction of "NO
with O, * to form ONOQO™. Clearly, the use of boronate-based probes and scavengers should
help clarify the role of *"NO and ONOO™ in PQ** poisoning.

Chem Res Toxicol. Author manuscript; available in PMC 2013 September 17.
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Chronic ethanol consumption-induced pancreatic beta-cell dysfunction and apoptosis was
attributed to nitration of glucokinase, a critical sensor of beta-cell glucose levels and glucose
metabolism.31 ONOO™ was proposed as a key reactive nitrogen intermediate formed in an
iNOS-dependent process. The use of boronate probes and a global profiling approach should
corroborate the proposed model.

Pulmonary vascular dysfunction and vascular remodeling that occurs following continued
long-term exposure of tobacco smoke in an emphysema mouse model (mimicking COPD)
was attributed to oxidative and nitrative stress.32 Boronates should help establish the
mechanistic role of ONOO™ in this mouse model.

Arsenic-induced environmental vascular pathogenesis was attributed to stimulation of H,O»
and ONOO™ .33 Mitochondrial ONOO~ stress was shown to occur in a mouse model
following administration of antitumor (cis-platin)34, doxorubicin,3538 and fluoroquinolone
antibiotics.3” In conclusion, we believe that boronate-based fluorogenic dyes and boronates
targeted to mitochondria will serve as useful tools for detection and detoxification of
ONOO™ and hydroperoxides in toxicological research.
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ONOO~ Peroxynitrite

‘NO» nitrogen dioxide radical

CBA coumarin-7-boronic acid

FIAMBE fluorescein dimethylamide boronate

HE hydroethidine

PCL-1 Peroxy Caged Luciferin-1

iNOS inducible nitric oxide synthase
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Figure 1.
Structures of boronic acid and boronic ester.
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Figure 2.
Peroxynitrite-dependent oxidation of coumarin boronic acid (CBA) to a highly fluorescent
hydroxycoumarin (COH).
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Figure 3. Diagrammatic representation of global profiling of products

(A) Varying fluxes of co-generated *NO and O, ° in a 96-well fluorescence plate containing
CBA in phosphate buffer (50 mM, pH 7.4) and DTPA (120 uM). (B) HPLC analyses of
incubations with CBA from the two corner wells on the right side is shown. (C)
Fluorescence excitation (blue lines) and emission (red lines) spectra of CBA (dashed lines)
and COH (solid lines). (D) Rate of increase in fluorescence intensity during CBA oxidation
by co-generated fluxes of *NO and O5* , as detected using a 96-well fluorescence plate
reader.
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Figure 4. Real-time monitoring of HoO, and ONOO™ using boronate probes: a computer
simulation

The amounts of probe reacted were simulated using a freely-available Kintecus software,
assuming rate constants of the reaction of boronates with H,O, and ONOO™, 1.5 M~1s71
and 1.1 x 10 M~1s71, respectively. The fluxes of H,0, and ONOO™ were set at 0.1 \M/min
and the reaction pH was set at 7.4.
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Figure 5. High-throughput analyses of ROS/RNS
The 96-well plate consists of four dyes in four quadrants, as indicated. The four dyes in

these fluorescence probes will react with O,* , H,0,, ONOO™ and *NO-derived nitrosating
species. Next to each quadrant are shown the fluorescence excitation-emission matrix

(FEEM) spectra of the fluorescent products detected.
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Table 1

Rate constants for reaction between selected boronates, HoO, and ONOO™ at pH 7.4.

Compound K(ONOO") [MIs71]  Kk(H,0p) [M™1s7]

Aliphatic boronates

OH

rd

B
/_ bH 2.8 x 105 n.d.

EtBA

Substituted phenylboronates

HO.__.OH
B
1.2 x 108 2.2
PBA
HO, _OH
B
1.4 x 108 25
COOH
NH,
FBA
HO\B,OH
R =C(O)CH;
COOH
OCHs ca 1.4 x 108
N02
Other phenylboronates
Fluorogenic boronates
OB
HO.
? 0”0 1.1 x 108 15
HO
CBA
>5x10° n.d.

FIAMBE

n.d. — not determined
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