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ABSTRACT: Recently, we showed that peroxynitrite (ONOO ™) reacts ,, Ho o
. . . . . . . . B~ HO-g=OONO  NO;" o-®~OH oy
directly and rapidly with aromatic and aliphatic boronic acids (k ~ oNoo" / o
© _ © o0.90% —-@ + B(OH)3
R R

10° M~ 's™"). Product analyses and substrate consumption data indi-

cated that ONOO reacts stoichiometrically with boronates, yielding ) : NS

the corresponding phenols as the major product (~85—90%), and the lﬂﬂ/ﬂ \ o ooH
remaining products (10—15%) were proposed to originate from free W0 © N ©
radical intermediates (phenyl and phenoxyl radicals). Here, we investi- + 0, X I

gated in detail the minor, free radical pathway of boronate reaction with I . am| wz
ONOO™. The electron paramagnetic resonance (EPR) spin-trapping Noz &g. o R on
technique was used to characterize the free radical intermediates formed © Mo @ o [> @N%
from the reaction between boronates and ONOO . Using 2-methyl-2- ) I I O o
nitrosopropane (MNP) and S$-diethoxyphosphoryl-S-methyl-1-pyrro- & "
line-N-oxide (DEPMPO) spin traps, phenyl radicals were trapped and

detected. Although phenoxyl radicals were not detected, the positive effects of molecular oxygen, and inhibitory effects of hydrogen
atom donors (acetonitrile, and 2-propanol) and general radical scavengers (GSH, NADH, ascorbic acid, and tyrosine) on the
formation of phenoxyl radical-derived nitrated product, suggest that the phenoxyl radical was formed as the secondary species. We
propose that the initial step of the reaction involves the addition of ONOQO™ to the boron atom in boronates. The anionic
intermediate undergoes both heterolytic (major pathway) and homolytic (minor pathway) cleavage of the peroxy (O—0O) bond to
form phenol and nitrite as a major product (via a nonradical mechanism), or a radical pair PhB(OH),O"" : - - "NO, as a minor
product. It is conceivable that phenyl radicals are formed by the fragmentation of the PhAB(OH),0"™ radical anion. According to the
DFT quantum mechanical calculations, the energy barrier for the dissociation of PhB(OH),0"" radical anion to form phenyl radical
is only a few kcal/mol, suggesting rapid and spontaneous fragmentation of the PhB(OH),O"" radical anion in aqueous media.
Biological implications of the minor free radical pathway are discussed in the context of ONOO  detection, using the boronate
probes.

B INTRODUCTION of ONOO " is likely to become a routine methodology in redox

. 6—
Peroxynitrite (ONOO™ /ONOOH), a potent biological oxi- biology.” ) o

dizing and nitrating agent, is formed from a diffusion-controlled The .present §tudy 1s focusedlon the 1den.t1ﬁcat10n of free
reaction between nitric oxide ("NO) and superoxide radical ra.dlcal 1nternjed1ates f(irmed during the reaction of boro-nat'es
anion (O,").'* Under pathophysiological conditions, the rate with ONOG ™. QNOO was adde.ed asabolus or gégnerated in situ
of formation of ONOO ™ is enhanced due to higher rates of O," un.der equ.al or dlff.erent fluxes of "NO and O," . . For the EPR
and/or ‘NO genera‘cion.4 ONOO  has been implicated in a Spin trap ng experiment, both MNP (Z—meth).ll—l—mtro'soprop ane)
variety of disease states, including cardiovascular, neurodegen- and 5-dlethoxyphospho.ryl-s-me%}lr%-l-p yrroline-N-oxide - (DEP-
erative, and inflammatory disorders.*® Recently, we showed MPO) were used as spin traps. " The _eﬂreCt,s of oxygen and
that phenyl and coumarin boronates react with ONOO™ radical scavengers (GSH’ NAD,H’, as§orb1c acid, Fyrosme, and
rapidly (k ~ 10° M s~ at pH 7.4) and stoichiometrically, 2-pr0panol? on the yields and dlstrlbptlon of the minor products
yieldin%the corresponding phenols as the major products (85— were examined. Results from the spin-trapping experiments and
90%).%” In addition, a few minor products presumably derived
from free radical intermediates (phenyl and phenoxyl radicals) Received:  December 17, 2010
were detected (Scheme 1). Boronate-based fluorescent detection Published: March 24, 2011

v ACS Pub|ications © 2011 American Chemical Society 687 dx.doi.org/10.1021/tx100439a | Chem. Res. Toxicol. 2011, 24, 687-697



Chemical Research in Toxicology

Scheme 1. Oxidation of Boronic Acids by Peroxynitrite:
Major and Minor Oxidation Products and Postulated Radical
Intermediates
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product analyses strongly suggest a mechanism of the minor, free
radical pathway (yield <15%) of the reaction of ONOO™ with
boronates. We propose a mechanism involving a homolytic cleavage
of the O—O bond of the ONOO " adduct to the boronate group with
the formation of a caged radical pair [PhB(OH),
(OAEEREEE *NO,] and subsequent formation of phenyl radical species.

B EXPERIMENTAL PROCEDURES

Chemicals. Phenylalanine-4-boronic acid (FBA) was obtained from
Ryscor Science (Wake Forest, NC), and other boronates were pur-
chased from Boron Molecular (Research Triangle, NC). MNP was
obtained from Sigma-Aldrich Corp. (St. Louis, MO), and DEPMPO was
obtained from Radical Vision (Marseille, France). All other reagents (of
highest purity available) were from Sigma-Aldrich Corp. All solutions
were prepared using deionized water (Millipore Milli-Q system).
ONOO' was prepared by reacting nitrite with H,O,, according to
the published procedure.'* The concentration of ONOO ™ in alkaline
aqueous solutions (pH > 12) was determined by measuring the
absorbance at 302 nm (¢ = 1670 M 'em™').'* PAPA-NONOate "'
was from Cayman Chemical Company (Ann Arbor, MI). Xanthine
oxidase (XO), superoxide dismutase (SOD), and catalase were obtained
from Roche Applied Science (Indianapolis, IN).

Determination of O," and °*NO Fluxes. "NO fluxes were
determined from the measured rate of the decomposition of PAPA-
NONOate by following the decrease in its characteristic absorbance at
250 nm (& = 8 x 10> M~ " em™")."*'* This rate was multiplied by a
factor of 2 to obtain the rate of *NO release (assuming that two
molecules of “NO are released from one molecule of PAPA-NONOate).
The flux of O," was determined by monitoring the cytochrome ¢
reduction following the increase in absorbance at 5S0 nm (using an
extinction coefficient of 2.1 x 10* M"'em™)."

HPLC Analyses of Oxidation Products. 4-Acetylphenylboronic
acid (APBA), 4-hydroxyacetophenone (HAP), 4-hydroxy-3-nitroaceto-
phenone (HNAP), 4-nitroacetophenone (NAP), and acetophenone
(AP) were separated on an Agilent 1100 HPLC system equipped with
fluorescence and UV—vis absorption detectors.® Typically, 100 uL of
sample was injected into the HPLC system equipped with a C,g column
(Alltech, Kromasil, 250 mm X 4.6 mm, S um) equilibrated with 5%
CH;CN [containing 0.1% (v/v) trifluoroacetic acid (TFA)] in 0.1%
TFA aqueous solution. The compounds were separated by a linear
increase in CH3CN phase concentration from 5 to 100% over 30 min,
using a flow rate of 1 mL/min. Under those conditions APBA eluted at
10.7 min, HAP at 11.3 min, HNAP at 14.9 min, AP at 15.7 min, and NAP
at 16.7 min. The peak areas detected by monitoring the absorption at
252 nm (APBA, HNAP, and HP), 274 nm (HAP), and 266 nm (NAP)
were used in the quantitation.
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UV—Vis Absorption and Fluorescence Measurements. The
UV—vis absorption spectra were collected using an Agilent 8453
spectrophotometer equipped with a diode array detector and thermo-
stated cell holder. Fluorescence spectra were collected at room tem-
perature using the Perkin-Elmer LS 55 luminescence spectrometer.

EPR Spin-Trapping Experiments. Typically, incubation mix-
tures used in spin-trapping experiments consisted of boronic acids (50—
250 uM) and MNP (20 mM) or DEPMPO (20 mM) in a phosphate
buffer (50 mM, pH 7.4) containing DTPA (100 #M) and were rapidly
mixed with bolus ONOO™ (50—250 #M) or with cogenerated "NO and
0,"".7 For experiments with in situ generation of "NO and O,",
boronic compounds (250 #M) were incubated with XO (generating
the flux of O,"" of 6 uM/min), xanthine (X) (200 M), and PAPA-
NONOate (generating the appropriate flux of "NO in the range of 1.5—
24 uM/min) in phosphate buffer (50 mM, pH 7.4) containing DTPA
(100 uM) at room temperature for S min. Reaction mixtures contained
catalase (200 U/mL) and/or superoxide dismutase (SOD) enzyme
(0.05 mg/mL), where indicated. Samples were subsequently transferred
to an EPR cell, and spectra were taken in a Bruker EMX spectrometer.
Typical spectrometer parameters were as follows: scan range, 150 G; field
set, 3470 G; time constant, 1.28 ms; scan time, 84 s; modulation amplitude,
1.0 G; modulation frequency, 100 kHz; receiver gain, 1 X 10%; and
microwave power, 20 mW. The spectra shown were the average of S scans.

For the quantitative analysis, the MNP-acetylphenyl radical adduct
was generated in incubations containing the following components:
APBA (250 M), peroxynitrite (50, 100, 150, 200 uM), and MNP
(20 mM) in a phosphate buffer (50 mM, pH 7.4) containing DTPA (100
UM). The reaction mixture was transferred to an EPR cell immediately
after mixing with peroxynitrite, and spectra were immediately recorded.
Tempol was used as a calibration standard, and its concentration was
determined using the extinction coefficient of 1440 M 'cm™ ' at
240 nm. The yield of the MNP-acetylphenyl radical adduct was
calculated by a comparison of the double integral of the spectra of a
known concentration of Tempol with the slope coeflicient of the linear
dependence of the double integrals of the spectra of the MNP-
acetylphenyl radical adduct on the concentration of added peroxynitrite.

Theoretical Studies. All calculations were done using the Gauss-
ian 09 rev.A.02 (G09) package.16 Geometries and energies were
calculated using the M06-2X functional of Truhlar and co-workers,
recently developed and parametrized for thermochemical kinetics and
noncovalent interactions' ' with the 6-31+G(d,p) basis set.'”?° Initial
geometry of the PhB(OH),0"" radical anion was fully optimized and
used for the relaxed potential energy scan performed along the reaction
coordinate defined as an elongating boron—carbon bond length. All
structures on the potential energy surfaces were fully optimized, and the
stationary points were confirmed by performing harmonic vibrational
analysis. Local minima were characterized by 3N-6 real normal modes of
vibrations, whereas the transition states had exactly one imaginary
frequency. The influence of the environment was modeled using the
polarizable continuum solvent model (PCM)*" with parameters for
water as implemented in GO09; only the electrostatic effects were
included in the continuum solvent model calculations. Open shell
species were treated using the unrestricted Hartree—Fock (UHF)
method.”> We have used the default convergence and optimization
criteria in all calculations performed using the Gaussian package.

B RESULTS

EPR Spin-Trapping of Phenyl Radicals. The EPR spin-
trapping studies with MNP and DEPMPO were carried out to
detect and characterize radical intermediates during the reaction
of ONOO  with boronates. The addition of a bolus amount of
ONOO™ to incubations containing APBA and MNP (pH 7.4)
yielded a multiline spectrum [ay = 13.40 G; ay; = 2.06 G (2H);
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Figure 1. Spin-trapping of phenyl radicals formed from the reaction between ONOO  and selected phenylboronic acids. Incubation mixtures
contained the following components: phenylboronic acid (250 M), ONOO™ (250 uM), and MNP (20 mM) in a phosphate buffer (100 mM, pH 7.4)
containing DTPA (100 #M). The reaction mixture was transferred to an EPR flat cell immediately after adding a bolus amount of ONOO™, and spectra
were recorded at room temperature. Solid and dotted lines represent experimental and simulated spectra, respectively.

Table 1. Hyperfine Coupling Constants of DEPMPO and
MNP Spin Adducts

hyperfine splitting

constants [G]

MNP
phenylboronic acid ay = 14.98; agmo(2H) = 1.61;
@paea(1H) = 151} e (2H) = 0.96
an = 15.06; dgreno(2H) = 1.85;
s (2H) = 0.89
ax = 13.40; ago(2H) = 2.06;
tmera(2H) = 0.99
i = 1477; agane(2H) = 1.90;
e 2H) = 1.00

4-methoxyphenylboronic acid

4-acetylphenylboronic acid

phenylalanineboronic acid

DEPMPO
4-acetylphenylboronic acid ay = 14.68; ayy = 22.85; ap = 44.86
GS" radical an = 14.16; ayy = 14.93; ap = 46.13

ag = 0.99 G (2H)] (Figure 1), which was assigned to the MNP-
acetylphenyl radical adduct. Incubation of ONOO™ with phe-
nylalanine-4-boronic, phenylboronic, and 4-methoxyphenyl-
boronic acids also led to multiline EPR spectra which were
assigned to their corresponding MNP-phenyl radical adducts
based on the hyperfine coupling values (Table 1).** The spectral
intensity of MNP-phenyl radical adducts increased with increas-
ing boronate and ONOO™ concentrations (Figure 2).

The addition of ONOO  to incubations containing boronate
and DEPMPO in phosphate buffer (pH 7.4, 100 mM) yielded a

12-line EPR spectrum attributable to a DEPMPO-carbon cen-
tered adduct with the unpaired electron interacting with a
hydrogen, nitrogen, and phosphorus nuclei (Figure 3).""** On
the basis of the values of hyperfine coupling constants (Table 1),
the DEPMPO sspectrum was assigned to the DEPMPO-phenyl
radical adduct.”® As with MNP, the intensities of the DEPMPO-
phenyl radical adduct increased with increasing boronate and
ONOO™ concentrations (Figure 3). These results suggest that
phenyl radicals are formed in a direct bimolecular reaction
between boronates and peroxynitrite. Although we were unable
to detect the spin adduct of the phenoxyl radical, the EPR spin-
trapping results strongly suggest that phenyl-type radicals are
formed from the decomposition of the intermediate formed from
the arylboronates/ONOQ ™ interaction.

To investigate whether the same EPR signals of the phenyl
radical adduct to the spin trap can be observed during the
reaction between boronates and peroxynitrite formed from
cogenerated superoxide and nitric oxide, the oxidation of APBA
was investigated in the X/XO/PAPA-NONOate system. APBA
(250 uM) was incubated with X (200 #M) and XO (generating
the flux of O,”” of 6 uM/min) in phosphate buffer (50 mM, pH
7.4) containing DEPMPO (20 mM) and PAPA-NONOate (200
UM that released *NO flux of 6 #M/min). Similar incubations
were also performed in the presence of SOD (0.05 mg/mL).
Figure 4 (left panel) shows the EPR spectra obtained from
incubations in the absence of SOD. The spectrum of the super-
oxide radical adduct of DEPMPO (DEPMPO-OOH) obtained
from incubations containing X/XO was replaced by the spectrum
of the hydroxyl radical adduct of DEPMPO (DEPMPO-OH) in
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Figure 2. Dose-dependent increase in spin adduct formation: Effects of varying ONOO ™ and acetylphenylboronic acid. (Left panel) Incubation
mixtures contained the following components: APBA (50, 150, 250 uM), ONOO™ (250 uM), and MNP (20 mM) in a phosphate buffer (100 mM,
pH 7.4) containing DTPA (100 #4M). The reaction mixture was transferred to an EPR cell immediately after adding the peroxynitrite by the bolus addition
to the other components, and spectra were recorded at room temperature. (Right panel) Incubation conditions were the same as above except that APBA
was used at a concentration of 250 #M, and the concentration of ONOO ™ was varied (50, 150, 250 #M). Other experimental conditions are as indicated.
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Figure 3. DEPMPO spin-trapping of the acetylphenyl radical formed from a reaction between ONOO ~and acetylphenylboronic acid. (Left panel)
Incubation mixtures contained the following components: APBA (50, 150, 250 M), ONOO™ (250 uM), and DEPMPO (20 mM) in a phosphate
buffer (100 mM, pH 7.4) containing DTPA (100 #4M). The reaction mixture was transferred to an EPR cell immediately after adding the peroxynitrite by
the bolus addition to the other components, and spectra were recorded at room temperature. (Right panel) Incubation conditions were the same as
above except that APBA was used at concentration of 250 #M, and the concentration of ONOO ™ was varied (50, 150, 250 uM). Other experimental
conditions are as indicated.

the presence of PAPA-NONOate, and by the phenyl radical
adduct of DEPMPO (DEPMPO-Ph) in the presence of PAPA-
NONOate and APBA (Figure 4, left panel). These spectral
changes are attributed to the trapping of hydroxyl radicals

(formed from the decomposition of ONOO™) and phenyl
radicals (formed from the decomposition of the APBA/ONOO ™
adduct) by DEPMPO. In the absence of PAPA-NONOate,
boronate reduced the DEPMPO-OOH adduct to the

dx.doi.org/10.1021/tx100439a |Chem. Res. Toxicol. 2011, 24, 687-697
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Figure 4. DEPMPO spin-trapping of radicals formed from the reaction between acetylphenylboronic acid and cogenerated "NO and O," . (Left panel)
Incubation mixtures containing xanthine (X, 200 #M), xanthine oxidase (XO, generating a flux of O,"" of 6 #M/min), PAPA-NONOate (generating a
flux of "NO of 6 uM/min), APBA (250 M), and DEPMPO (20 mM) in a phosphate buffer (50 mM, pH 7.4) containing DTPA (100 uM). The -
reaction mixture was transferred to an EPR cell immediately after mixing, and spectra were recorded at room temperature after incubation for 5 min.
(Right panel) The same as the left panel, but in the presence of SOD (0.0S mg/mL).

DEPMPO-OH. Using the coumarin boronate, we determined
the rate constant for the coumarin boronate-mediated reduction
of the DEPMPO-OOH adduct to the DEPMPO-OH adduct to
be ca. 39 M 's™ ' (Supporting Information, Figure S1). During
this reaction, coumarin boronate was converted to hydroxycou-
marin, which was monitored using the fluorescence detection
method.”

In parallel, we investigated the effect of SOD on DEPMPO
spin adduct formation (Figure 4, right panel). At the concentra-
tions used, SOD abolished the formation of DEPMPO-OOH
and DEPMPO-OH formed from incubations containing X/XO
and APBA but did not affect the formation of the DEPMPO-Ph
adduct detected in the presence of X/XO, APBA, and PAPA-
NONOate. These results are consistent with the rapid reaction
between NO and O," as compared to the SOD-catalyzed
dismutation of O," .

We then monitored the effect of variation of "NO/QO," flux
ratios on the DEPMPO-Ph adduct yields. Spin trapping experi-
ments were performed in incubation mixtures containing
DEPMPO, APBA, a constant flux of O,"” (6 #M/min), and
different fluxes of "NO (0—24 #M/min) obtained by varying the
concentrations of PAPA-NONOate (0—770 uM). Figure S (left
panel) shows the DEPMPO spin adduct spectra formed from
incubations containing SOD. As shown, as the "NO/O," flux
ratio varied from 1:4 to 4:1, the EPR signal intensity of the
DEPMPO-Ph spin adduct increased until the "NO/O," " ratio
reached unity and later remained at the same level with increasing
*NO. These results are attributed to the formation of ONOO
followed by a rapid reaction between APBA and ONOO ™ with
the formation of phenyl radicals. Figure S (right panel) shows the
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DEPMPO spin adduct spectra formed from the same incuba-
tions in the absence of SOD. At low rates of "NO generation
("NO/O,"" flux ratio of 1:4), the DEPMPO-OH spin adduct
was predominant with considerably less contribution from the
DEPMPO-Ph adduct. However, with increasing rates of "NO
generation, the intensity of the DEPMPO-Ph adduct became
more intense, reaching a maximal level at equal rates of genera-
tion of "NO and O,"".

Free Radical-Mediated Products of Boronate Reaction
with Peroxynitrite. Although the reaction between boronates
and ONOO " is stoichiometric, the hydroxyl derivative accounts
for only 85—90% of the total amount of the consumed boronate.
Previously, we reported that oxidation of phenylalanine boronic
acid by peroxynitrite resulted in the formation of tyrosine as a
major product and nitrotyrosine and dityrosine as minor
products.® Moreover, nitrotyrosine and dityrosine were formed
even in the presence of an excess of phenylalanine-4-boronic
acid. Under these conditions, the probability of the reaction
between ONOO™ and the corresponding phenol (i.e., tyrosine)
forming nitrotyrosine and dityrosine was negligible. We used the
HPLC technique to monitor the profile of distribution of the
minor products formed during the reaction between ONOO
and APBA. Figure 6 shows the HPLC chromatogram of the
reaction between APBA (250 uM) and ONOO™ (200 uM). In
the presence of ONOO , the intensity of the peak due to APBA
(eluting at 10.7 min) decreased, and additional peaks eluting at
11.3, 14.9, and 16.7 min emerged. These have been assigned to
the major oxidation product 4'-hydroxyacetophenone (HAP,
11.3 min), 4'-hydroxy-3'-nitroacetophenone (HNAP, 14.9 min),
and 4'-nitroacetophenone (NAP, 16.7 min) after comparing with

dx.doi.org/10.1021/tx100439a |Chem. Res. Toxicol. 2011, 24, 687-697
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Figure S. Effect of varying "NO and O," " flux on DEPMPO spin-trapping of radicals formed from acetylphenylboronic acid. (Left panel) Incubation mixtures
contained the following components: xanthine (X, 200 #M), xanthine oxidase (XO, generating a flux of O," of 6 #M/min), PAPA-NONOate (generating a
flux of "NO yielding the "NO/O,"" ratios indicated above the traces), APBA (250 uM), and DEPMPO (20 mM) in a phosphate buffer (100 mM,
pH 7.4) containing DTPA (100 #M) and SOD (0.05 mg/mL). (Right panel) Incubation conditions were the same as in the left panel except that SOD was
omitted. The reaction mixture was transferred to an EPR cell immediately after mixing, and spectra were recorded at room temperature after incubation for S min.

the corresponding authentic standards. These results indicate that
nitrogen dioxide ("NO,), phenoxyl (PhO®), and phenyl (Ph")
radicals were formed during the oxidation of APBA by ONOO .
As only the formation of the phenyl radical is supported by EPR
experiments and quantum chemical calculations (see below), it is
likely that the phenoxyl radical is formed as the secondary
intermediate with respect to Ph” and/or "NO, radicals. It is
known that phenyl radicals react very rapidly with oxygen (the
second order rate constant is about 10° M~ 's~')?*~*° with the
formation of a highly oxidizing phenylperoxyl radical (PhO,")
capable of oxidizing the phenolic compounds (the magnitude of
second order rate constant depends on the Iphenol structure, but
in many cases is in the range of 10° M~ 's~").** 73 We surmised
that if these reactions play a role in the formation of phenoxyl
radical-derived products (i.e., HNAP), then their yields should
depend on the oxygen concentration. Therefore, we investigated
the effect of oxygen on the yield of nitration and oxidation
products. Figure 7A and B show the effect of increasing con-
centrations of O, on HNAP, AP, and NAP formation in
incubation mixtures containing APBA in phosphate buffer
(pH 7.4, SO mM) containing DTPA (100 uM). Enhanced
formation of NAP and AP (phenyl radical-derived products),
and decreased formation of HNAP (phenoxyl radical-derived
product) were observed when incubations were deaerated by
bubbling with argon gas. The decrease in the yield of NAP in the
presence of oxygen may be explained in terms of the competition
between “NO, and O, for the phenyl radical.

To determine whether other radical scavengers (phenyl radical
scavengers, in particular) had any influence on the minor
oxidation products’ profiles, we investigated the effects of
acetonitrile (MeCN), MNP (2-methyl-2-nitrosopropane), 2-Pr-
OH (2-propanol), L-tyrosine, and ABTS (2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonate). Both Ph* and *NO, radicals are
formed together within the solvent cage where they can readily
recombine to form NAP as a product or diffuse away to the bulk
solvent. Acetonitrile is a poor radical scavenger, but it can serve as
a H-atom donor under certain conditions, i.e., in the presence of
highly reactive radicals (such as *OH or "H) that are capable of
abstracting a hydrogen atom.>' As shown in Figure 8, the yield of
AP was slightly enhanced and that of NAP was slightly decreased
in the presence of 2.5% MeCN, suggesting that the radical
formed is a good hydrogen atom acceptor. Reaction mixtures
containing MeCN served as a control for the sample containing
the MNP spin trap since MeCN was used as a solvent for MNP
stock solutions. As shown in Figure 8, inclusion of MNP
(20 mM) inhibited the formation of radical-derived products,
AP and HNAP. In contrast to MeCN, 2-PrOH is a good
hydrogen atom donor in reactions with radicals capable of
abstracting H-atoms, and reacts with phenyl radicals rapidly
(k ~10°—10" M~ 's").?®3%32 A5 can be seen in Figure 8, the
addition of 2-PrOH inhibited HNAP formation with a conco-
mitant increase in the yield of AP, suggesting the direct scaven-
ging of the Ph” radical. ABTS is a potent radical scavenger that
can be oxidized by many radical species to a stable radical cation

dx.doi.org/10.1021/tx100439a |Chem. Res. Toxicol. 2011, 24, 687-697
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Figure 6. HPLC chromatograms of products formed from the reaction
between acetylphenyl boronic acid and ONOO ™. (Upper trace) HPLC/
UV (detection at 252 nm) analyses of standards of APBA, HAP, HNAP,
AP, and NAP (100 M), (middle trace) incubations containing APBA
(250 uM) in phosphate buffer (pH 7.4, 100 mM) containing DTPA
(10 uM), and (bottom trace) the same as above but in the presence of
ONOO™ (200 uM). Except for the mixture of standards, the signal
intensities of the minor products (at the retention time >12 min) were
multiplied by 20.

whose formation is easily monitored at 735 nm (¢ = 1.6 X
10* M 'em™ ). Oxidants formed in the boronic acid/peroxyni-
trite reaction that can potentially oxidize ABTS to its radical
cation, ABTS"", include the PhO,", PhO®, and *NO, radi-
cals.”” 3%%%3* The addition of ABTS caused an inhibition in
the formation of HNAP without any apparent change in the yield
of other radical-derived products. Similar effects were observed
in the presence of tyrosine (2 mM), although small amounts of
HNAP were still present (Figure 8).

The use of biologically relevant reductants (GSH, NADH, and
ascorbic acid) showed a trend (Figure 9) similar to that seen with
the hydrogen atom donors described above (Figure 8). Acet-
ophenone formation was significantly enhanced in the presence
of GSH and NADH (which can act as hydrogen atom donors).
The inhibitory effects of ascorbic acid, tyrosine, and ABT'S on the
yield of HNAP can be attributed to the scavenging of phenylper-
oxyl and/or phenoxyl radicals, and not phenyl radicals, as there
was no increase in the yield of AP (Figures 8 and 9). The lack or
only a modest inhibition of NAP formation by the radical scavengers
may be rationalized in terms of a rapid recombination of Ph°® and
*NO, radicals within the solvent cage. Scheme 2 summarizes the
sequence of the reactions leading to product formation in the
absence of radical scavengers.

We applied several strategies to estimate the yield of the radical
pairs PhB(OH),0"™ - - - "NO, formed from the homolytic clea-
vage of the peroxide (O—O) bond of the APBA/ONOO™
adduct. We used ABTS oxidation to estimate the amount of
radical pairs formed. In the presence of ABTS, the amount of
ABTS"" reflects the sum of phenyl radical and nitrogen dioxide
radical concentrations. Thus, the amount of radical pairs
(PhB(OH),0"" - - -"NO,) as precursors of ABTS oxidants is

A HO.gOH oy o NO,

0P TP Q¢

1 1 1
10 11 15 16 17 18 19
Retention time [min]
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Figure 7. Effect of oxygen on products formed from the reaction
between acetylphenylboronic acid and ONOO™. (A) (Upper trace)
Incubation mixtures containing 250 #M APBA in argon-purged phos-
phate buffer (pH 7.4, SO mM) containing DTPA (100 uM) and
ONOO™ (200 uM), (middle trace) the same as above except under
aerated conditions, and (bottom trace) the same as the upper trace
except that phosphate buffer was purged with oxygen. APBA, HAP, and
the minor oxidation products HNAP, AP, and NAP were detected using
HPLC/UV detection at 252 nm. The signal intensities of the minor
products (at the retention time >12 min) were multiplied by 20. (B)
Comparison of the amount of APBA and its oxidation products in the
mixtures obtained at different oxygen concentrations. The values
detected under anaerobic conditions have been taken as 100%.

% of the amount detected
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two times lower than the amount of ABTS"" detected. In the case
of NAP, the amount of the product directly reflects the amount of
the radical pair precursors. On the basis of the concentrations of
ABTS™" (~10—11 uM/100 uM ONOO™) and of NAP (~1—
1.5 uM/100 uM ONOO™), we estimated the yield of the
PhB(OH),0" - - -*NO, radical pair to be ca. 6 4uM/100 uM
ONOO . The second approach to estimate the amount of
radical pairs was based on quantitative analysis of the MNP-
phenyl radical spin adduct (using Tempol as a standard), which
indicated the yield of the MNP-phenyl radical adduct to be 4.3
4M/100 uM ONOO . This combined with the amount of
HNAP and NAP detected in the presence of MNP (Supporting
Information, Figure S2), indicated the total yield of phenyl
radicals to be ca. 5.5 uM/100 uM ONOO . Another approach
used was based on the quantitative analysis of nitration and
oxidation of tyrosine induced by the radical byproduct. On the
basis of the yield of nitrotyrosine (3 #M/100 4uM ONOO™) and
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Figure 8. Effects of radical scavengers on products formed from the
reaction between acetylphenylboronic acid and ONOO . HPLC chro-
matograms of the products of reaction between APBA and ONOO ™
alone and in the presence of various radical scavengers, MeCN,
acetonitrile; MNP, 2-methyl-2-nitrosopropane; 2-PrOH, 2-propanol;
L-tyrosine; and ABTS, 2,2~ azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt are shown. Incubation mixtures consisted of 250
UM APBA in phosphate buffer (pH 7.4, 100 mM) containing DTPA (10
uM) and ONOO™ (200 uM). APBA, HAP, and the minor oxidation
products HNAP, AP, and NAP were detected using HPLC/UV detec-
tion at 252 nm. The signal intensities of the minor products (at the
retention time >12 min) were multiplied by 20.

dityrosine (1.9 #4M/100 4uM ONOQO ™), we estimated the yield of
radical pairs being precursors of tyrosine modification as 4.9 uM/
100 #M ONOO . Under these conditions, we were still able to
detect HNAP, AP, and NAP with the total amounts indicative of
1.5 uM of radical pairs/100 4uM ONOO™ (Supporting Informa-
tion, Figure S2). Thus, in the presence of tyrosine we estimated
the yield of radical pairs as 6.4%. The results on the tyrosine
nitration/oxidation by peroxynitrite in the presence of boronates
clearly indicate the possibility of using boronic compounds as
protective agents against ONOO ™ -induced modification of
intracellular components. The other approach to estimate the
amount of radical pairs, based on the reduction of phenyl radicals
by 2-propanol to AP, provided the yield of phenyl radicals as 8.6
UM/100 uM ONOO™, from the yield of AP (8.0 xM/100 uM
ONOO ™) and NAP (0.6 #M/100 uM ONOO", Supporting
Information, Figure S2). Taken together, using four different
approaches, the yield of radical pairs was estimated to lie between
5 and 9 uM/100 uM ONOO  for the reaction between APBA
and ONOO .

HO-OH OH OH NO,

EEE:

\ APBA + ONOO

e X

\ +1mMGSH
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x 20 : : f +1mM AscH2
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Figure 9. Effects of reductants on products formed from the reaction
between acetylphenylboronic acid and ONOO . HPLC chromato-
grams of the reaction mixtures containing APBA and ONOO " in the
presence of GSH, NADH, and ascorbic acid (AscH,). Incubation
mixtures contained 250 uM APBA in phosphate buffer (pH 7.4,
50 mM) containing DTPA (100 M) and ONOO™ (200 uM). APBA,
HAP, and the minor oxidation products HNAP, AP, and NAP were
detected using HPLC/UV detection at 252 nm. The signal intensities of
the minor products (at the retention time >12 min) were multiplied by 20.

Quantum-Mechanical Studies. The DFT calculations were
performed to characterize the structures of the key intermediates
of the radical pathway of boronate reaction with peroxynitrite
[ie, PhB(OH),0"" radical anion]. To estimate the possible role of
the surrounding solvent in the postulated radical anion fragmen-
tation, we considered a model with one water molecule explicitly
included to answer the question, is the fragmentation of PhB-
(OH),0"" preceded by protonation of the B(OH), O part of the
radical anion, and if so, does it facilitate the fragmentation? To
this end, we modeled the B—C bond breaking reaction using an
expanded model by adding one explicit water molecule. In both
cases, we assumed the radical anion PhB(OH),0" formed upon
the homolytic O—O bond cleavage undergoes further fragmen-
tation resulting in phenyl radical (Ph") formation. Starting from
the optimized structure either of the PhB(OH),O"" radical
anion or its complex with explicit water molecule, we computed
the potential energy surface. During optimization of the geome-
try of the PhB(OH);" radical (the fully protonated form of
PhB(OH),0""), we observed the spontaneous fragmentation of
the intermediate radical to the phenyl radical Ph* and the B(OH)s.
This again supports the proposed mechanism of phenyl radical
formation during the reaction of boronates with peroxynitrite.
According to the PCM/M06-2X/6-314+G(d,p) calculations, the
activation energy for the boron—carbon (B—C) bond cleavage
in the PhB(OH),0" radical anion and its model with one water
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Scheme 2. Sequence of the Reactions Leading to the Products (the Major Pathway Shown in Blue and the Minor Pathway in
Green) during the Oxidation of Boronates by Peroxynitrite (Under Aerobic Conditions and in the Absence of Radical Scavengers)
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Figure 10. Fragmentation of the PhB(OH),0°

" radical anion. (A) PCM/MO06-2X/6-31+G(d,p)-optimized structure of the PhB(OH),0"~

radical anion

(RA), the structure of the transition state (TS) of its fragmentation reaction, and the structure of the fragmentation products (P). (B) PCM/M06-2X/

6-31+G(d,p)-computed energy profile of the fragmentation reaction of the PhB(OH),0"™

radical anion.

molecule is only 3.5 and 4.3 kcal/mol, respectively. This suggests
the possibility of fast and spontaneous fragmentation of that
radical anion after its formation. On the basis of the activation
energies obtained for the boron—carbon bond cleavage, it is
evident that adding an explicit water molecule does not facilitate
PhB(OH),0"" radical anion fragmentation. Analysis of the
partial atomic charges and the spin densities obtained with the
APT scheme®® clearly indicates that the majority of the radical
character in the PhB(OH),0"" radical anion is located on the
O" oxygen atom, whereas in the transition state, it is carried by

the carbon atom of the phenyl ring being attached to boron. Both
models, with and without water assistance, resulted in a very
similar distribution of partial charges and spin densities. Upon
further elongation of the B—C bond, the spin density is shifted
toward the phenyl ring carbon atom, while the B(OH),O moiety
retained the anionic character (Tables S1 and S2 in Supporting
Information). Figure 10A shows the computed structures of the
PhB(OH),0"" radical anion, the transition state, and the frag-
mentation products. Figure 10B shows the energy profile of the
PhB(OH),0" radical anion fragmentation pathway.
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B DISCUSSION

Previously, we reported that ONOO  reacts with aryl bor-
onates nearly a million times faster than H,O, and two hundred
times faster than HOCL® As demonstrated earlier,6 both H,O,
and HOCI react with boronates directly and stoichiometrically,
yielding a single major phenolic product close to 100% yield. In
contrast, ONOQO  reacted with boronates to form the same
product, but with an 80—85% yield. Spin-trapping experiments
with aryl boronates and H,0, or HOCI did not reveal any radical
intermediates (data not shown), consistent with the proposal
that 100% of boronate is converted to 100% phenol in a two-
electron oxidation/reduction process. With ONOO  dependent
oxidation of boronates, however, radical intermediates were
detected, leading to the formation of minor products (<15%).

Recently, we reported that the boronate-based fluorogenic
probe (i.e,, coumarin-7-boronic acid) was oxidized to 7-hydro-
xycoumarin as the predominant product in the presence of
varying fluxes of O," and *NO.” At constant flux of O," and
with increasing “NO flux, product formation increased linearly
with the maximum yield of the product occurring at a 1:1 ratio of
O," and "NO fluxes, and began to plateau at higher "NO fluxes.
In this study, we observed that the EPR signal intensities of
radical adducts formed from trapping of the phenyl radicals (with
both MNP and DEPMPO) also increased with the maximum
yield occurring at nearly 1:1 ratio between the boronate and
ONOO . These results further reiterate the proposal that both
the major and minor products are formed from the same
boronate/ONOO ™~ anion adduct (Scheme 2).

The formation of phenyl radicals can be rationalized by the
reaction mechanism presented in Scheme 2. We propose that the
initial reaction involves the nucleophilic addition of ONOO " to
the electrophilic boron atom of the boronate moiety with the
formation of an anionic adduct, and the subsequent heterolytic or
homolytic cleavage at the O—O bond giving the phenol and
nitrite (the major, nonradical pathway), or a caged radical pair
PhB(OH),0* + ¢+« *NO, (the minor, radical pathway). The
phenyl radical can be subsequently formed via the fragmentation
of the PhB(OH),0"" radical anion. According to the DFT
quantum mechanical calculations, the dissociation of the PhB-
(OH);" radical (protonated form of the PAB(OH),0"" radical
anion) is barrierless, and the computed energy barrier for the
decomposition of PhB(OH),O"" radical anion leading to the
formation of phenyl radical is very low (3—4 kcal/mol), which
strongly indicates the possibility of a very fast and spontaneous
dissociation of that radical anion in aqueous media at room
temperature. It is likely that other factors (e.g., steric hindrance
and electronic effects of substituents) could alter the stability of
the intermediate and the mechanism of decomposition.

In this study, we provide evidence for the formation of radical
intermediates during the reaction between boronates and ONOO .
The EPR spin-trapping results indicate that the yield of the
DEPMPO-phenyl radical spin adduct is ca. 4%, whereas the total
yield of the radical pairs formed is estimated to be ca. 5—10%. Under
aerobic conditions, phenyl radicals formed via the homolytic
cleavage of the O—O bond in the peroxynitrite/boronate adduct
undergo a rapid reaction with the molecular oxygen, generating a
highly oxidizing phenylperoxyl radical. Phenylperoxyl radicals can
rapidly react with phenols, forming phenoxyl radicals and products
derived from them. The inhibitory effects of phenyl radical scaven-
gers on nitrophenol formation suggest that the phenoxyl radical is
formed as the secondary species from the primary phenyl radical.

It is conceivable that the minor radical pathway derived from
selected boronates may also be used in cells to further substantiate
the formation of peroxynitrite because other oxidants (H,O, and
HOCI) do not give rise to free radical intermediates, and reactive
nitrogen species such as "NO, do not react with boronates as does
ONOO' . Therefore, one can potentially use the EPR spin-trapping
assay to independently confirm the formation of ONOO in
cellular systems. A thorough understanding of the reaction mechan-
ism between boronate and peroxynitrite is toxicologically relevant
because aromatic boronates and other boronate containing com-
pounds may be used to mitigate peroxynitrite-mediated cytotoxicity.
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