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Abstract
Protein tyrosine nitration is a common biomarker of biological aging and diverse pathologies
associated with the excessive formation of reactive oxygen and nitrogen species. Recently, we
suggested a novel fluorogenic derivatization procedure for the detection of 3-nitrotyrosine (3-NT)
using benzylamine derivatives to convert specifically protein or peptide bound 3-NT to a highly
fluorescent benzoxazole product. In the current study, we applied this procedure to fluorogenic
derivatization of protein 3-NT in sections from adult rat cerebellum in order to: (i) test this method
in imaging nitrated proteins in fixed brain tissue sections, and (ii) compare the chemical approach
to immunohistochemical labeling with anti-3-NT antibodies. Immunofluorescence analysis of
cerebellar sections using anti-3-NT antibodies showed differential levels of immunostaining in the
molecular, Purkinje, and granule cell layers of the cerebellar cortex; in agreement with previous
reports, the Purkinje cells were most highly labeled. Importantly, fluorogenic derivatization
reactions of cerebellar proteins with 4-(aminomethyl)benzenesulfonic acid (ABS) and K3Fe(CN)6
at pH 9, following sodium dithionite (SDT) reduction of 3-NT to 3-aminotyrosine (3-AT), showed
a very similar pattern of relative intensity of cell labeling and improved resolution when compared
with antibody labeling. Our data demonstrate that ABS-derivatization may be either a useful
alternative or a complimentary approach to immunolabeling in imaging protein nitration in cells
and tissues, including under conditions of dual labeling with antibodies to cell proteins, thus
allowing for cellular co-localization of nitrated proteins and any protein of interest.
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Introduction
Tyrosine (Tyr) nitration to 3-nitrotyrosine (3-NT) represents a nitric oxide (•NO)-dependent
protein modification that is recognized as a biomarker of numerous diseases and biological
aging associated with oxidative stress [1–5]. Several proteomic studies have provided data
about protein targets for nitration in vivo [6–12] demonstrating that the accumulation of 3-
NT on proteins is not random but controlled by multiple parameters such as: (i) mechanisms
of nitration, (ii) accessibility of Tyr residues, (iii) the nature of the sequence in which Tyr is
located, (iv) the potential repair of 3-NT, and (v) protein turnover. While proteomic methods
can locate and quantify 3-NT residues in target proteins, they usually do not provide details
about the location of nitrated proteins in intact cells or tissues. However, such information is
very important for studies of oxidative injury and protection against oxidative stress, as well
as for redox signaling in vivo.

Thus far, data on the spatial distribution of 3-NT-containing proteins in cells and tissues
have been obtained only by confocal fluorescence microscopy after immune labeling of
permeabilized tissue sections using 3-NT-specific primary antibodies. Since the first report
in 1994 by Beckman and co-workers [13,14], this approach has been continuously used to
monitor •NO - and peroxynitrite-dependent protein nitration in plants [15] and animal
models of pathological states associated with oxidative stress, such as cardiovascular disease
[16–18], hypoxia and ischemia [19,20], spongiform encephalopathy [21], other
neurodegenerative diseases [22–26], and aging-associated protein nitration [16,27–29]. In
the brain, significant levels of protein 3-NT were detected in the cerebellum of adult
animals, a brain region characterized by high expression levels and activities of different
nitric oxide synthase (NOS) isoforms, by the release of •NO from nerve endings and the
spatial regulation of synaptic excitability by •NO [30–32], and by the selective vulnerability
of specific populations of neurons (such as Purkinje cells) towards oxidative stress
[26,29,33,34].

However, the potential for non-specific binding and the restricted accessibility of antibodies
to target proteins in crowded and highly compartmentalized cellular structures are always a
concern with regard to immunohistochemistry. Recently, we reported on the development of
a fluorogenic chemical derivatization strategy specific for 3-amino and 3-hydroxy
substituted Tyr residues, such as 3-aminotyrosine (3-AT) and 3,4-dioxyphenylalanine
(DOPA), using 4-(aminomethyl) benzenesulfonic acid (ABS), [35,38,39]. The product of
such a reaction is the highly fluorescent phenylbenzoxazole. A simplified scheme for the
fluorogenic derivatization of 3-NT or DOPA with ABS is shown in Fig.1. The ABS reagent
is not fluorescent and does not form fluorescent products with any isolated amino or
hydroxyl groups of proteins and other biomolecules, except with 5-hydroxytryptophan [39].
It should be noted that 5-hydroxy-Trp may also be formed on proteins under conditions of
oxidative stress. We previously demonstrated that ABS derivatization can be used for the
fluorescent staining of either 3-NT or DOPA-containing proteins separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [39]. Specificity of the
reaction of ABS with 3-NT is achieved through reduction of 3-NT to 3-AT by sodium
dithionite (SDT) prior to derivatization with ABS. Conduct of the derivatization reaction
without prior reduction with SDT may thus serve as a control for the specificity of the
reaction with 3-NT.

The aim of the current study was to apply this chemical method of 3-NT labeling to the
visualization of cellular protein 3-NT by confocal microscopy. Cryotome sections of rat
brain cerebellar cortex were selected for an examination of in situ cellular labeling using the
ABS reaction with protein 3-NT. The choice of the cerebellar region for these studies was
based on reasons described previously [27,40], including high levels of expression of NOS
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in granule cell neurons of this brain region and the importance of •NO in shaping long-term
changes in synaptic activity of key Purkinje neurons [30–32,36,37]. Fluorogenic
derivatization of fixed and permeabilized cerebellar sections with ABS following SDT
reduction of 3-NT to 3-AT, produced a pattern of fluorescence labeling that correlated with
that of 3-NT immunofluorescence. The formation of benzoxazole derivatives was confirmed
by the spectral properties of the fluorescent images obtained after ABS derivatization, and
by the observed reduction of fluorescent signals when the SDT reduction step was omitted.
The yield of benzoxazole was increased when unfixed cerebellar slices were exposed to
SIN-1, a reagent that releases •NO and superoxide [34,41,42]. Importantly, the 3-NT
derivatization strategy was shown to produce specific labeling when used in dual labeling,
fluorescence studies with a protein-specific antibody, anti-synaptophysin antibody, thus
allowing for the co-localization of 3-NT-modified proteins and other cellular constituents,
such as the vesicular protein synaptophysin which marks nerve endings that are likely to be
the sources of •NO released upon synaptic activation [30–32,37,43]. Such co-localization
studies are, of course, essential for revealing not only protein targets of Tyr nitration in
tissues but also of the type of protein modification that may drastically alter intracellular
signaling, such as that by Tyr phosphorylation.

Materials and methods
Materials

ABS was synthesized as described previously [39]. The antibodies used in the present
studies were: anti-3-NT mouse monoclonal from GenWay Biotech (San Diego, CA), anti-
synaptophysin from Chemicon (Temecula, CA), Alexa 568-conjugated goat anti-rabbit from
Life Technologies (Grand Island, NY), Alexa 488 goat anti-mouse from Molecular Probes
(Carlsbad, CA), and HRP-conjugated goat anti-mouse from Thermo Fisher Scientific
(Rockford, IL). Rabbit muscle phosphorylase b (Ph-b) was obtained from Prozyme (San
Leandro, CA). Electrophoresis buffer systems used were from Invitrogen (Carlsbad, CA),
0.45 µm PVDF membranes from Millipore (Billerica, MA), and ECL or ECL-Plus detection
kits from Amersham Biosciences (Piscataway, NJ). All other chemicals were from Sigma-
Aldrich (St. Louis, MO).

Cerebellum immunohistochemistry
Twelve month-old Spague-Dawly Wistar rats were perfused and the tissues fixed following
transcardial perfusion with 4% paraformaldehyde-phosphate-buffered saline
(paraformaldehyde-PBS) solution [44]. The brains were removed, dissected and post-fixed
in the same buffer at 4°C overnight, rinsed in PBS, cryopreserved in 30% sucrose-PBS
solution, and stored at 4°C. Cerebellar sections (22 µm thick) were cut by cryotome
sectioning, and immunostaining for 3-NT performed as follows. The sections were treated
with fresh NaBH4 (1 mg/ml in PBS, three times for 10 min), rinsed in 2 mM EDTA in PBS
(10 min at 23°C), incubated in 3% gelatin-PBS (1 hr at 37°C), rinsed with EDTA-PBS
(three times for 10 min), permeabilized with 0.1% Triton X-100 in PBS (15 min at 23 °C),
and rinsed again in EDTA-PBS (10 min at 23°C). The sections were subsequently incubated
with anti-3-NT monoclonal antibody (1:500 dilutions) at 4°C overnight and for 1 hr at 23°C.
After rinsing with EDTA-PBS, the sections were incubated (2 hrs at 37°C) with Alexa488
goat anti-mouse secondary antibody (1:1000 dilutions), rinsed in PBS buffer, and mounted
on glass slides in 70% glycerol-PBS. In control experiments, the incubation of cerebellar
sections with anti-3-NT antibodies was preceded by incubation with either 10 or 100 mM
(10 min) SDT in order to reduce the 3-NT to 3-AT. This was followed by rinsing with
EDTA-PBS (10 min at 23 °C) and processing as described above.
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ABS derivatization reactions in cerebellar sections
Floating, permeabilized cerebellar sections were pre-treated with 10 mM SDT in 0.1 M
sodium phosphate buffer (pH 9.0) for 30 min, rinsed with the same buffer (three times for 5
min), incubated with 2 mM ABS and 10 µM K3Fe(CN)6 (1 hr at 23°C), rinsed in PBS, and
mounted on glass slides in 70% glycerol–PBS. ‘

Fluorescence microscopy
The fluorescence labeled tissue sections were viewed using a spinning disk in an Olympus
1X81 laser confocal microscope with various excitation/emission settings prior to the
selection of the optimal wavelength combination for visualization. The filters used for
excitation were 340±13, 377±25, and 387±13 nm, and for the emission: 447±25, 531±32,
and 624±20 nm. The excitation/emission settings for immunostained sections were 488/510
nm for sections stained with Alexa488-conjugated antibodies, and 578/603 for Alexa568-
stained sections. All images captured were processed using Slidebook 5.0 software. 3-D
Images were reconstructed using 0.1 µm thick series of z-sections and were processed
further using the Adobe Photoshop CS program.

In vitro protein tyrosine nitration in cerebellar slices
Non-fixed cerebellar slices (~300 µm thick) were incubated (1 hr at 37°C) in artificial
cerebrospinal fluid (ACSF) containing 125 mM NaCl, 25 mM NaHCO3, 1.25 mM KCl, 1.25
mM KH2PO4, 1.5 mM MgCl2, 2 mM CaCl2, 16 mM glucose (pH 7.4) in the absence or
presence of 3 or 10 mM SIN-1 [41,42]. Each cerebellar slice was divided into two parts, one
was used for WB analyses and the other processed for fluorescence microscopy following
derivatization with ABS or after labeling with anti-3-NT antibody as described above. The
slices used for WB analyses were homogenized in ACSF in Eppendorf tubes using a Potter-
Elvehjem homogenizer. Protein concentration was determined using the BioRad protein
assay method (Bradford) as suggested by the manufacturer, and samples containing 100 µg
of protein were mixed with equal volume of 2× reducing Sample Buffer, boiled for 2 min
and subjected to electrophoretic separation on precast Bio-Rad 4–20% gradient gels using
Tris-Glycine-SDS Running buffer (all from Invitrogen, Carlsbad, CA). The gels were then
either stained for protein by Coomassie Blue or electro-blotted onto a 0.45 µm PVDF
membrane prior to WB analysis. For WB analysis, anti-3-NT antibodies (1:4000 dilutions)
and HRP-conjugated secondary goat anti-mouse antibody (1:10000 dilutions) were used.
The bands were visualized with either the ECL or ECL-Plus detection kit according to the
manufacturer’s procedure.

Preparation of a nitrated protein standard for Western blot analysis
Peroxynitrite (ONOO−) was generated by the ozonolysis of sodium azide solutions as
described earlier [45]; the ONOO− content in 0.1% NaOH (pH 12) stock solutions was
quantified using ε302=1,670 M−1cm−1. Prior to protein tyrosine nitration, 1 mg/mL (~10
µM) rabbit muscle phosphorylase b (Ph-b) dissolved in a buffer containing 1% (w/v) SDS,
50 mM NH4HCO3, pH 7.8, was reductively alkylated through incubation with 2 mM DTT
for 30 min at 50°C, followed by the addition of iodoacetic acid at a final concentration of 5
mM and incubation for an additional 30 min at room temperature. The alkylated protein was
separated from unreacted compounds and side products by precipitation in ten volumes of
cold ethanol for 4 h at −20°C followed by centrifugation at 14,000 g for 2 min.
Reconstituted 100-µL (100-µg) Ph-b aliquots in 0.1 M phosphate buffer containing 1% SDS
were then nitrated by the addition of 10 µL alkaline stock solution of ONOO− (final
concentration 3 mM) while vortexing to yield ca. 100 µM protein 3-NT. The content of 3-
NT in Ph-b was quantified by UV-spectroscopy (ε430=4,400 M−1cm−1 at pH>9) [2] using
non-nitrated protein samples for background control.

Sharov et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2013 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Double-labeling of cerebellar sections using the ABS derivatization reaction and
synaptophysin antibody

Cerebellar sections were first reacted with ABS as described above, and then labeled with
anti-synaptophysin antibodies (1:1500 dilutions). After overnight incubation at 4°C, the
sections were rinsed with PBS (15 min at 23°C), incubated with Alexa 568-conjugated goat
anti-rabbit antibody (1:1000 dilution, 2 hr at 37°C), rinsed in PBS (three times for 5 min at
23°C), and mounted on glass slides as described above.

Results
3-NT reactivity in intact rat cerebellar slices

Labeling with anti-3-NT-antibodies produced differential immunostaining patterns in rat
cerebellar cortex neurons. Immune reactivity with putative nitrated proteins was prominent
in Purkinje neurons and less so in granule cells and in cells within the molecular layer of the
cerebellum (Fig.2A). The more pronounced levels of immune staining of Purkinje neurons
as compared with those of granule cell neurons that we observed were consonant with those
previously reported by others [27,29,33,34]. The observed levels of immune staining with
anti-3-NT antibodies also correlated well with the differential expression levels and
activities of NOS in these two cell types, as well as the differential sensitivity of cerebellar
neuronal populations to reactive oxygen and nitrogen species [26–28,46,47]. The specificity
of 3-NT immunostaining was validated in our studies by the fact that labeling of cells in
cerebellar sections was significantly decreased in sections that were pre-treated with SDT
(Fig.2B and 2C), a chemical treatment that was expected to reduce protein 3-NT to 3-AT
[14].

Fluorogenic derivatization of permeabilized cerebellar sections with 2 mM ABS and 10 µM
K3Fe(CN)6, after SDT reduction of 3-NT to 3-AT, led to a very similar pattern of cell
labeling as that observed in sections immunostained with anti-3-NT antibodies (Fig.3A).
The maximal fluorescence intensity was detected at excitation and emission wavelengths of
the microscope filters set at 387 ± 11 and 470 ± 30 nm. These excitation and emission
wavelengths were in good agreement with the excitation and emission maxima of
approximately 360 and 480–490 nm, respectively, of ABS-tagged protein 3-NT in solution
[39]. Furthermore, the specificity of fluorogenic derivatization of 3-NT in situ was
confirmed in control experiments where either all reagents or only one of the reagents
necessary for 3-NT fluorogenic derivatization were excluded (Fig.3, B–E). In addition, it
should be noted that without SDT reduction, ABS derivatization did not result in significant
fluorescent product formation (Fig.3D). This is an indication that the in situ ABS reaction
led to relatively low levels of other potential derivatization targets, such as protein DOPA or
5-hydroxy-Trp (no other amino acids generate fluorescent products upon reaction with
ABS). The low levels of background fluorescence in these experiments also excluded the
possibility of the formation in cerebellar sections of additional products of protein Trp
oxidation, such as N-formylkynurenine and kynurenine. Such products, if formed, would
have fluorescence spectral properties comparable to the ABS derivatization product,
benzoxazole [39]. However, in the control samples, the levels of intrinsic fluorescence were
negligible (Fig.3B). Overall, the fluorescence imaging obtained following the reaction of
cerebellar proteins with ABS was strongly indicative of the fluorogenic derivatization of
protein 3-NT by ABS and thus could be considered as being comparable in terms of
sensitivity to that of immunofluorescence with anti-3-NT-specific antibodies.

Protein 3-NT derivatization with ABS in cerebellar slices after exposure to SIN-1
To validate the use of the ABS-derivatization method in fluorescence microscopy of protein
nitration in tissue sections, we incubated living cerebellar cortex slices with SIN-1, a
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compound that releases •NO and superoxide (O2
•−) [41,42,48]. As shown in Fig. 4, SIN-1

caused a concentration-dependent increase in protein nitration levels as assessed by WB
analyses. The overall protein 3-NT content was below 5 pmol per 100 µg protein based on a
comparison with a nitrated standard protein, rabbit Ph-b. We note that a band of ca. 25kDa
shows significant affinity to the anti-3-NT antibody in tissue not exposed to SIN-1 (Fig. 4B,
lane 1). The intensity of anti 3-NT-antibody staining of this 25 kDa band increases after the
exposure to SIN-1, suggesting that this band represents a nitration-sensitive target in our
cerebellar cryosections. The fact that SDT treatment of cerebellar cryosections abolishes the
reactivity of cerebellar cryosections towards the anti-3-NT antibody (Fig. 2) suggests that
the anti-3-NT antibody shows little non-specific reactivity towards non-nitrated proteins in
cerebellar cryosections.

Images of ABS labeling of cells in cerebellar sections obtained from control, i.e. non-SIN-1
treated slices, were compared with those of sections derived from slices pre-incubated with
SIN-1. The sections from SIN-1-pre-incubated slices exhibited more extensive fluorescent
staining, particularly of the Purkinje cell layer (Fig.5A–C). In the Purkinje cells of the
SIN-1-treated sections, both the cell body and the processes (dendrites) were strongly
fluorescent when compared with the surrounding tissue (cf. especially Fig. 5B, F), while
tissues not treated with SIN-1 showed predominantly labeling within the cell body (Fig. 5A,
D). It should be noted though, that both ABS and anti-NT labeling in sections that were not
pre-exposed to SIN-1, labeled primarily Purkinje cell bodies (Fig. 5A, D), whereas after
SIN-1 treatment, they labeled both cell bodies and dendrites (Fig. 5B, C, E, F). An increase
in 3-NT staining following exposure of the cerebellar slices to SIN-1 was also observed
using anti-3-NT antibodies (Fig.5D–F). A direct comparison between these two approaches
could not be made because different tissue sections were used for ABS labeling and
immunolabeling. In general, protein 3-NT images obtained by ABS derivatization displayed
a higher contrast than those following immunolabeling. The fact that nearly only Purkinje
cells are labeled with ABS in Fig. 5A while the anti-3-NT antibody labels both Purkinje and
granule cells in Fig. 5D is likely due to some variation in the specific tissue sections that
were used to monitor fluorescence labeling in these experiments. As shown above under low
magnification in Fig. 3A, ABS clearly labeled both Purkinje and granule cells, though
granule cells were not homogeneously labeled throughout the tissue section (Fig. 3A).

Conjoint use of protein 3-NT ABS tagging and protein immunolabeling in cerebellar
sections

In order to probe for the specific cellular compartmentation of proteins that are labeled
following ABS derivatization of 3-NT, it would be necessary to perform studies of
combined labeling with ABS and an antibody that is targeted to a specific cellular domain of
interest. Such co-localization studies are routinely performed using confocal microscopy
following tissue labeling with two different primary and secondary antibodies. In previous
studies, a double immunofluorescence approach using polyclonal antibodies against α-
synuclein and monoclonal antibodies against protein 3-NT was used to study Tyr nitration of
α-synuclein in the rat brain under hyper- and hypoglycemic conditions [49]. A similar
approach was used to probe for the co-localization of neuronal protein markers involved in
neurotransmitter metabolism (e.g., dopamine transporters or tyrosine hydroxylase) with
protein 3-NT for the assessment of the role of nitrative damage in the selective vulnerability
of neurons to degeneration during the aging process [28]. These types of studies require
multiple species-specific primary antibodies, the use of which may be limited by different
sensitivities and/or specificities of mono- and polyclonal antibodies.

In the present study, we tested whether ABS tagging of protein 3-NT can be used for co-
localization studies, based on the observations that the derivatization approach was as
sensitive as that of labeling tissue proteins with monoclonal anti- 3-NT antibodies. Shown in
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Fig. 6, are the images obtained from double labeling using ABS derivatization and anti-
synaptophysin antibodies. Synaptophysin was selected for this double-labeling study in
order to map the distribution of nerve terminals in the granule cell, Purkinje cell, and
molecular layers. Some of these nerve terminals, such as those of the climbing and of
parallel fibers making synapses on Purkinje neurons, are considered to be the primary
generators of the NO released in the cerebellar cortex. Thus, the question considered in this
study was whether protein nitration in Purkinje neurons detected by ABS derivatization of 3-
NT, was more prominent at post-synaptic sites to nerve terminals labeled by synaptophysin.
Microscopic examination of sections double labeled as described above revealed an
extensive pattern of synaptophysin labeling in the cerebellar cortex (Fig. 6). Purkinje cell
dendrites were surrounded by nerve endings labeled with anti-synaptophysin antibodies.
However, there were comparatively few synaptophysin-labeled nerve fibers or terminals on
Purkinje cell bodies, yet the cell bodies were strongly labeled, once again, by the reaction
products of ABS derivatization. Thus, ABS tagging of protein 3-NT can be applied together
with any protein–specific antibodies in order to characterize the cellular compartmentation
of proteins that may be nitrated in vivo. With respect to the cerebellar sections examined in
this study, protein nitration appeared to be occurring within a larger volume or spatial
distribution within neuronal cell bodies and was not confined to sites post-synaptic to such
terminals.

Discussion
Cerebellum represents a brain structure exposed to relatively high levels of •NO due to the
expression of both nNOS and iNOS in the cells of this region [27,40]. The primary neuronal
populations in the cerebellum that express NOS are the granule cell neurons [37]. These
neurons send their axonal processes, the parallel fibers, to the molecular layer where they
form excitatory, glutamatergic synapses on Purkinje cell dendrites. The second population of
neurons that express high levels of NOS are the stellate and basket cells within the
molecular layer [37]. These neurons form inhibitory, gabaergic synapses that surround the
cell body of Purkinje neurons. Purkinje cells do not appear to express NOS that is detectable
by immunostaining methods [37]. Yet, despite the low expression levels of NOS in Purkinje
neurons, these cells display high levels of protein 3-NT. We assume that the nitrated
proteins detected in Purkinje cells represent a target of the •NO signaling initiated by the
release of •NO from the nerve terminals of granule cell and basket cell neurons, or possibly
other neuronal types that form synapses on Purkinje neurons.

It has been estimated that •NO levels following parallel fiber stimulation in cerebellum may
reach nanomolar (1–50 nM) and up to micromolar concentrations [31,51,52]. The volume of
distribution of •NO that is released from the nerve terminals of parallel fibers has been
estimated to be 1–5 µm in all directions from the point of its release [30,31,52]. The •NO
that permeates post-synaptic neurons may form secondary reactive nitrogen species which
would be expected to cause protein nitration, possibly at sites distant to the nerve terminal
synapses. The distance from the sites of •NO release that one might find nitrated proteins
would depend not only on the volume within which •NO might diffuse, but also on the
intracellular compartmentation of proteins susceptible to Tyr nitration and the transport and
degradation processes that are involved in the trafficking of these proteins. In addition, the
activation of endothelial and inducible isoforms of NOS from microglia (mostly localized in
the molecular layer of the cerebellum) may contribute to the total •NO flow in the cerebellar
cortex and to protein nitration associated with neuronal damage [26].

Our observations during the exposure of cultured tissue slices to external sources of reactive
oxygen and nitrogen species, i.e., to SIN-1, confirms the expected outcome that the
simultaneous formation of •NO and O2

•− results in enhanced 3-NT formation in cerebellar
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cortex, particularly in neurons selectively vulnerable to oxidative stress, such as the Purkinje
cells. These data suggest that the sensitivity of cells to protein nitration in intact tissue may
be determined, in part, by higher rates of O2

•− generation by mitochondria, and the
subsequent reaction of superoxide with •NO˙ to form peroxynitrite [2,3]. Overall, our data
demonstrate that the accumulation of 3-NT on proteins in the cerebellar cortex is not
random, and represents an outcome of multiple cell-specific processes, which may
ultimately determine long-term changes in cell signaling or the susceptibility to oxidative
injury.

In this study, we suggest a novel approach to study protein Tyr nitration in cells and tissues
based on the selective fluorogenic tagging of protein 3-NT in situ. Our data show that ABS
derivatization, proposed earlier for the quantitative proteomic analysis of protein and peptide
3-NT in cell lysates and tissue homogenates [35,38,39], can be applied to fluorescence
microscopy imaging of nitrated proteins in fixed tissue samples. Fluorescence microscopy
data for ABS-tagged protein 3-NT in rat cerebellum demonstrates a sensitivity comparable
to that of anti-3-NT antibodies, and promises even higher specificity based on the selective
derivatization procedure, as the tagging reagents are not fluorescent until reacted with 3-NT.
This feature may be valuable for the development of high-resolution fluorescence
microscopy directed toward the molecular localization of proteins that are fluorescently
tagged [52]. Another advantage of this approach is the use of a low molecular weight
tagging reagent which can easily diffuse through tissue sections. The demonstration in the
present study that fluorogenic ABS tagging of protein 3-NT can be used in combination with
protein immunofluorescence offers an additional benefit for protein 3-NT localization
studies. Furthermore, the application of a fluorogenic 3-NT tagging reagent that contains an
additional affinity tag [53] may provide an opportunity to pull down nitrated proteins from
tissue sections after the completion of microscopic analyses. This would allow for proteomic
identification of the nitrated protein sequences. Overall, we have shown that ABS-tagging of
3-NT in proteins may be a useful alternative to or a complementary approach for in situ
imaging of protein nitration in cells and animal tissues.
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Highlights

• 3-Nitrotyrosine in brain tissue is converted to fluorescent benzoxazole.

• Benzoxazole can be monitored by laser confocal microscopy.

• Fluorogenic labeling is an alternative strategy to monitor 3-nitrotyrosine.
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Figure 1.
Reaction scheme for fluorogenic derivatization of protein 3-NT or DOPA with ABS to form
a protein-linked sulfophenylbenzoxazole product. The introduction of either an amino (R =
H) or a second benzylamino (R = CH2-Ph-SO3H) substituent into the final benzoxazole
depends on the reaction conditions [39].
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Figure 2.
Labeling of cerebellar cortex cells by anti-3-NT monoclonal antibody and characterization
of the specificity of such labeling. A) Low magnification image of cerebellar cortex that was
exposed to anti-3NT antibody and Alexa 488-conjugated anti-mouse secondary antibody. B
and C) Same low magnification image as in (A) except that the tissue sections were pre-
reacted with either 10 mM (B) or 100 mM (C) SDT in order to convert 3-NT to 3-AT.
Pretreatment with SDT markedly decreased immune labeling of cells in cerebellar sections
and was, therefore, used as a control for antibody specificity toward 3-NT. GC, granule cell
layer; PC, Purkinje cell layer; Mo, Molecular layer. Bar: 10 µm.
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Figure 3.
Confocal fluorescence microscopy images of protein 3-NT derivatized with ABS in sections
of cerebellar cortex. A) Low magnification image of cerebellar cortex that was exposed to
reduction with 10 mM Na2S2O4 followed by derivatization with 2 mM ABS and 10 µM
K3Fe(CN)6 as described under Methods. Controls for the specificity of labeling are shown in
panels B–E where derivatization either was not performed (B) or was performed excluding
ABS (C), SDT (D) or K3Fe(CN)6 (E), respectively. Bar: 10 µm.
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Figure 4.
Biochemical analysis of protein nitration in cerebellar slices pre-exposed to SIN-1.
Migration of molecular size standards are shown on the left of each electropherogram/
Western blot. A) Separation of proteins by SDS-PAGE and visualization by Coomassie Blue
staining. To each lane of the gel we added 100 µg protein extracted from cerebellar slices
that were either not incubated or incubated with SIN-1 as indicated: Lane 1, no exposure to
SIN-1; Lane 2, incubated with 3 mM SIN-1; Lane 3, incubated with 10 mM SIN-1. B)
Immunoblot detection of nitrated proteins using anti-3-NT monoclonal antibody as
described under Methods. Lanes 1–3 as in Figure 4A; lane 4 represents 0.1 µg of nitrated
rabbit myophosphorylase b standard (5 pmol of 3-NT).
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Figure 5.
Images of fluorescent labeling following either derivatization of 3-NT-containing proteins
with ABS (A–C) or immunolabeling of same proteins with anti-3-NT antibody (D–F) in
cerebellar cortex from slices that were pre-incubated without or with SIN-1 at varying
concentrations. Sections shown in images A and D were from slices not exposed to SIN-1,
whereas sections in B, C, E, and F were from slices pre-treated with either 3 mM SIN-1 (B
and E) or 10 mM SIN-1 (C and F). Bar: 10 µm.
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Figure 6.
Double labeling of cerebellar sections by derivatization with ABS (green) and
immunostaining with anti-synaptophysin antibody (red). A) Image of labeling by the ABS
reaction; B) Image of immune labeling by anti-synaptophysin antibody; and C)
superimposition of images from A and B. Mo, PC, and GC. All designations are the same as
in Figure 1. Bar: 10 µm.
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