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METHODS OF DETECTING NITROTYROSINE AND
AMINOTYROSINE RESIDUES OF PEPTIDES AND PROTEINS
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention generally relates to nitroderivative compounds such as diazo
compounds, and residues thereof (e.g., diazotyrosine-containing proteins). More particularly, the
invention relates to such compounds azo-coupled to a signal-producing target compound, and to
methods and compositions for identifying or quantifying such compounds, especially in
biological specimens. Still more particularly, the invention relates to assessing in vivo nitrative
stress, and to aiding in the detection of illness or disease by quantitating or detecting the signal
resulting from such azo-coupling.
Description of Related Art

The nitration of tyrosine residues in proteins to form 3-nitrotyrosine has been
characterized as one of several nitric oxide dependent chemical modifications of proteins.
Nitrogen dioxide and derivatives of peroxynitrite (both are products of the non-enzymatic
oxidation of nitric oxide in vivo) [1-8], reactive compounds produced from nitrite by peroxidases
and other enzymes with metal cofactors, as well as by non-enzymatic Fenton-type reactions [9-
14] are main natural protein nitration agents. In addition, it was also shown that intense visible
light elevates tyrosine nitration in retina, although the chemistry of this process remains poorly
understood [15]. Nitrotyrosine levels increase dramatically when the cells are experiencing
nitrosative or oxidative stress, and is associated with inflammation, asthma and atherosclerosis
[16, 17]. Nitration of specific residues in proteins may play a role in regulating Alzheimer's and
Parkinson disease, and cancer [18-21]. The presence of nitrotyrosine residues in proteins can
change their activity and/or half-life and may have physiological effects in the normal conditions.
For example, tyrosine nitration of sperm proteins occurs in capacitated human spermatozoa [22].
Tt was shown that nitrotyrosine residues can lead to other processes of protein modifications [23-
25]. One of them is the reduction of nitrotyrosine to aminotyrosine, probably through the nitroso-
and hydroxyamino derivatives. This reduction can be both enzymatic and non-enzymatic [26, 27]
and is regulated independently on nitration mechanism. Thus, at every moment the cell, organ or
organism has a unique composition and pattern of nitro- and aminotyrosine containing proteins.

Formation of aminotyrosine can be attributed to several alternative pathways. Sodum and
Fiala found high levels of aminotyrosine (>0.1% of the total protein tyrosine) in the liver of rats
treated with 2-nitropropane, a strong hepatocarcinogen, or few other secondary nitroalkanes,

oximes as well as hydroxylamine-O-sulfonate [28]. Determination and quantification of these
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NO-dependent modifications of proteins are necessary to understand the key cellular processes

and could have clinical applications [29].

SUMMARY OF THE INVENTION

It is now proposed that aminotyrosine residues can be diazotized in vivo yielding
diazotyrosine-containing proteins, and it is demonstrated herein that diazotyrosine residues in
peptides and proteins have significant stability and can be identified as products of azo-coupling
with naphthylamine derivatives.

In accordance with certain embodiments of the present invention, a method of quantifying
and/or identifying a nitroderivative compound, or residue thereof, is provided. The method
generally comprises (2) providing a sample containing the nitroderivative compound, or a residue
thereof, in the form of a diazo compound or a residue of the diazo compound; (b) azo-coupling
the diazo compound, or its residue, to a target compound capable of producing a signal, to yield
an azo-coupled complex; (c) quantitating and/or detecting the signal, to yield a quantitation
and/or detection result; and (d) determining from that quantitation and/or detection result the
identity and/or concentration of the nitroderivative compound, or residue thereof, in the sample.
Tn certain embodiments, the method includes isolating the nitroderivative compound, or residue
thereof, or the azo-coupled complex. In certain embodiments of the method, the nitroderivative
compound, or residue thereof, is a component of a protein, peptide or nucleic acid. For example,
the nitroderivative compound, or residue thereof, may be chosen from the group consisting of
nitrotyrosine, aminotyrosine, and diazotyrosine, and residues thereof, in some embodiments.

In certain embodiments of the method, the nitroderivative compound, or residue thereof,
is chosen from the group consisting of tyrosine, trypthophan, histidine, and guanosine.

In certain embodiments of an above-described method, step (a) includes converting the
nitroderivative compound, or residue thereof, to a diazo compound, or residue thereof. For
instance, step (a) may include reducing the nitroderivative compound, or a residue thereof, prior
to converting the nitroderivative compound, or residue thereof, to a diazo compound, or residue
thereof. In some embodiments, the nitroderivative compound is nitrotyrosine and step (a)
comprises reducing the nitrotyrosine, or residue thereof, to an aminotyrosine compound, or
residue thereof.

In certain embodiments of the method, step (c) comprises spectral or colorimetric
monitoring of an azo-coupling reaction. In certain embodiments of the method, the sample
comprises a biological sample containing at least one nitroderivative compound, or residue

thereof.
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In certain embodiments of an above-described method, the target compound of the azo-
coupling step comprises a synthetic molecule. For instance, the synthetic target molecule
contains a naphthyl moiety in some embodiments.

Also provided in accordance with certain embodiments of the present invention is a
method of detecting illness or disease in a mammalian subject. This detection method generally
comprises (2) carrying out an above-described quantitating/detecting method wherein the sample
of interest is a biological sample from a subject in need of such testing; and (b) determining from
the identification and/or concentration of said nitroderivative compound, or residue thereof, in the
biological sample, the presence and/or level of illness or disease in the subject.

The present invention also provides, in certain embodiments, a method to aid in
diagnosing in a mammalian subject a pathology associated with a nitroderivative compound.
This diagnostic method generally comprises carrying out an above-described method of detecting
illness or disease, and then determining from the presence and/or level of nitroderivative
compound in the biological sample a diagnosis as to the pathology in the subject. For example, a
diagnosis as to such pathologies as asthma, atherosclerosis, inflammation, ischemia, Alzheimer's
disease, Parkinson's disease and cancer is determined.

Further provided in accordance with certain embodiments of the present invention is a
method of assessing in vivo nitrative stress in a subject. This method generally comprises (a)
providing a biological specimen from the subject, the specimen comprising a protein or peptide
containing a nitro-modified amino acid residue chosen from the group consisting of nitrotyrosine,
aminotyrosine, diazotyrosine, and diazoaminotyrosine; (b) reducing the nitrotyrosine and/or
diazotyrosine residue(s), if present, to form, respectively, aminotyrosine and/or
diazoaminotyrosine residue(s); (c) converting the nitrotyrosine and/or diazotyrosine residue(s), if
present, to form, respectively, diazotyrosine and/or diazoaminotyrosine residue(s); (d) coupling
the diazotyrosine and/or diazoaminotyrosine residue(s) to a target compound capable of
producing a signal, such that an azo-coupled protein or peptide complex is provided; (¢) isolating
the protein or peptide, or the azo-coupled protein or peptide complex; (f) quantitating and/or
detecting the signal, to yield a quantitation and/or detection result; (g) determining from the
quantitation and/or detection result the identity and/or concentration of the nitrotyrosine or
nitroaminotyrosine residue(s) in the biological specimen; and (h) determining from the
identification and/or concentration of the nitrotyrosine or nitroaminotyrosine residue(s) a level of
nitrative stress in the subject.

Still further provided in accordance with certain embodiments of the present invention, is
a composition comprising a diazo compound, or residue thereof, azo-coupled to a target

compound capable of producing a quantifiable and/or detectable signal. In some embodiments,

3



10

15

20

25

30

35

WO 2005/124338 PCT/US2005/020193

the diazo compound residue is a component of a protein, peptide or nucleic acid azo-coupled with
a target molecule capable of producing a quantifiable and/or detectable signal. In some
embodiments, the diazo compound residue comprises a diazonitrotyrosine or diazoaminotyrosine
residue in a protein or peptide. In some embodiments, the composition comprises an isolated
complex containing a protein, peptide or nucleic acid azo-coupled to said target compound. For
examine, the target compound could comprise a naphthyl group. These and other embodiments,
features and advantages of the present invention will become apparent with reference to the

following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Figures 1A-B are schema showing the chemical structures of starting compounds,
intermediates, and reaction products in accordance with certain embodiments of the present

invention. Figure 1A depicts Scheme 1. Figure 1B depicts Scheme 2.

Figures 2A-C are graphs showing the dependence of the yield of BSA-NEDA azodye on
the reaction conditions. In Figure 24 squares indicate the effects of nitrosation time on the yield
of BSA-NEDA at 0°. Triangles indicate the stability of diazo-BSA after the removal of nitrites
was monitored by varying the incubation times with sulfamate at 37°C before addition of BSA-
NEDA. Figure 2B shows the effect of urea on the efficiency of nitrosation. Figure 2C shows the

effect of NEDA concentration on the efficiency of azo-coupling.

Figure 3 is a graph showing the ion-spray mass spectrum of the nitro-peptide Ac-
LAAAGY(NO,)DVEKNNSR-CONH, (M = 1593) and the MALDI mass spectrum of the same
peptide (inset, upper spectra).

Figures 4A-C are graphs showing the MALDI mass spectra of azo-peptide dyes with
NEDA (Figure 4A), DENEDA (Figure 4B) and Arg-NEDA (Figure 4C). Ions of unmodified
tyrosine, H,N-Tyr, HO-Tyr (3,4-dihydroxy-phenylalanine) residues are marked as P-H, P-NH,,
P-OH, respectively. The insets shows P-H, - P-OH regions (left) and molecular ions regions

(right) at higher scales, which are different both in abscissa and ordinate.

Figures 5A-B are photographs of polyacrylamide gel electrophoresis patterns showing
the detection of diazotyrosine by Western blot (WB). Lysate of RAW cells (columns 1, 2) and
nitro-BSA (column 3) were separated by PAGE and proteins were transferred on PVDF
membrane. Membrane was preincubated with Bio-NEDA and then developed by HRP-WB

4
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(column 1); Membrane was developed by HRP-WB without Bio-NEDA (column 2). Membrane
was reduced by Na,S,0;, diazotized, preincubated with Bio-NEDA, and developed by HRP-WB

(column 3). Figure 5A: Coomassie stained. Figure SB: Western blot.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Tt is disclosed herein for the first time that nitrotyrosine residues in peptides and proteins,
as well as its reduced form, can be converted to diazotyrosine derivatives. These diazo
compounds have unique chemical reactivity allowing azo-coupling of diazotyrosine-containing
proteins with synthetic targets. These properties can be used to identify and quantify protein
nitration and/or other nitroderivatives of proteins. Moreover, because nitrosation is a common
chemical reaction for all nitric oxide produced organisms and its efficiency for proteins is
clevated due to micellar catalysis (micellar oxidative nitrosation) [30-32], diazotization of
aminotyrosine residues of proteins may be a natural process of diazotyrosine formation in vivo.

Nitration of tyrosine residues is known as one of several nitric oxide dependent chemical
modifications of proteins. The level of nitrotyrosine can be elevated by the nitrative stress and is
regarded as a marker for inflammation or some pathologies. Nitrotyrosine residues can be
reduced to aminotyrosine in vivo and in vitro. Because protein molecules can catalyze auto-
nitrosation by nitric oxide in aerobic conditions, it is proposed that these aminotyrosine residues
could be diazotized in vivo yielding diazotyrosine-containing proteins. It is demonstrated herein
that diazotyrosine residues in peptides and proteins have significant stability and can be identified
as products of azo-coupling with naphthylamine derivatives. In MALDI-TOF mass-spectra these
azodyes give a unique ion pattern of products due to (thermo)lysis of N=N bonds. Using
biotinylated derivatives of naphthylamine and Western blotting diazotyrosine compounds in

proteins can be identified at levels as low as about 1 ng.

Materials and Methods

Chemicals. All chemicals were of highest possible grade and used without additional
purification unless otherwise specified. Bovine serum albumin, Fraction V, (BSA), sodium
nitrite (NaNO,), sodium dithionite (N2;S5;04), sulfamic acid (NH,SO;H) were obtained from
Sigma-Aldrich (St. Louis, MO), synthetic nitrotyrosine peptide was from Sigma.

N-(1-Naphthyl)ethylenediamine dihydrochloride ~(NEDA)  (Sigma) and N'-(1-
Naphthyl),N*-diethylethylenediamine oxalate (DENEDA) (Berlin-Chemi) were re-crystallized
from hot ethanol-water mixture, tested for purity by TLC and stored in darkness.

L-Arginyl-NEDA (Arg-NEDA), Biotinyl-NEDA (Bio-NEDA) and Biotinyl-Arginyl-
NEDA (Bio-Arg-NEDA) were synthesized by common procedures of peptide synthesis from

5
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NEDA-2HCI, Cbs-Arg, and Biotin. Briefly, Cbs-Arg was condensed with NEDA using
DME/SOC], and amino group was deprotected using HBr/CH;COOH as described previously
[33]. Biotinyl-derivatives were prepared from NEDA or Arg-NEDA and biotin using ethyl-3-[3-
(dimethylamino)propyl]carbodiimide or succinimidyl D-biotinate (Sigma). All new compounds
were purified by chromatography on Davisil silica-gel, grade 635 (Aldrich) and/or
recrystallization and were characterized by common chemical methods.

TLC was performed using Silica-gel on aluminum plates (Sigma-Aldrich) and the spots
were detected under UV by fluorescence of separated compounds.

Spectrophotometric measurements were made on Cecil CE 9500 UV-Vis
spectrophotometer at room temperature.

Nitration and reduction of proteins and peptides. Proteins were nitrated by
tetranitromethane according to previously published method with slight modifications [34, 35].
Briefly, 1 ml of 5 mg/ml bovine serum albumin (BSA) in 50 mM sodium phosphate buffer (pH
7.8) was stirred at 4°C with 5 pl of tetranitromethane (heterogeneous mixture). After 2 h, the
solution was centrifuged and the nitrated protein was separated from nitroformate using a size
exclusion chromatography (Sephadex G-25). The yellow fraction of nitrated protein was
collected and stored at 4°C in the dark. The separation of nitroformate from peptides and low-
molecular compounds was performed by chromatography on Silica-gel column.

The reduction of protein 3-nitrotyrosine to 3-aminotyrosine was accomplished by adding
a freshly prepared solution of 0.25 M sodium dithionite (Na;S;04) to the solution of protein in
sodium phosphate buffer at 25°C, followed by desalting the mixture on Sephadex G-25 column
after few minutes of incubation [35, 36]. In the case of peptides and low-molecular nitrotyrosine
compounds, removal of excess of the reductant was performed by addition of SrCl, solution and
precipitation of the white pellet by centrifugation. Because aminotyrosine is light- and air-
sensitive, reduced proteins or synthetic peptides usually were diazotized immediately after
reduction. Otherwise, argon-purged solutions could be stored a few days at 0°C.

Diazotization and azo-coupling. In a typical procedure 200 ul of 2 M sodium nitrite
was added to 10 m! of cold (< 0°C) 0.2 M HCl solution and mixed by stirring. Equal volumes of
prechilled aminotyrosine-containing protein solution in 0.05 M sodium phosphate buffer and cold
HNO,/HC] solution were mixed on ice. The resulting yellowish solution was incubated on ice for
2 min, and 0.1 volume of 1 M sulfamic acid was added to remove the excess of nitrite. Usually,
evolving nitrogen forms a foam or small bubbles. After 1 min the slightly yellowish solution of
diazotyrosine containing protein does not contain nitrite and can be removed from ice.

A solution of NEDA or other target for azo-coupling in 0.05 M HCI or in DMF was

added to the obtained solution of diazo-protein and mixture was incubated at 37°. After a few
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minutes a color change to blue or violet (the color is pH-sensitive — see Results) was observed.
The development of azo-coupling reaction was monitored by absorption, usually at 540 nm.
When the reaction was finished, the resulting azo-protein was separated from the excess of
NEDA and byproducts using a Sephadex G-25 column. In near-neutral buffers the color changes
1o pink.

Tryptic hydrolysis of nitro- and azo-BSA was performed at 37°C with a trypsin/protein
ratio of ~1:20 (w/w) for 16 h according manufacturer protocol (Invitrogen). The tryptic
hydrolyzates consisting of both unmodified and modified peptides were then filtered through a
molecular membrane with a 3000 Da cut-off (Microcon YM-3, Millipore) and separated by
reverse-phase HPLC.

HPLC separations were carried out using Waters 600 HPLC unit equipped and Water
2487 Dual A Absorbance detector. Samples were separated on a reverse-phase Delta Pack Cig
column (Waters, cat #WAT036875) equipped with a guard column. All samples were analyzed
by HPLC equipped with two optical detection channels. For detection of peptides we used
wavelengths 215 nm and 280 nm, for nitrotyrosine contained products — 340, 430 nm, for
naphthylamine derivatives — 280 nm and 340 nm, for azo-coupling products of diazotyrosine —
500 nm and 580 nm. Peptides were loaded for 10 min at a flow rate of 0.5 mL/min in isocratic
conditions of 5 % of solvent B, then eluted with a 60 min 5%-80% gradient of solvent B. Both
solvent A (0.1% TFA in water) and solvent B (0.08% TFA in acetonitrile) were purged
continuously with helium. Fractions were collected and used for MS.

Mass Spectrometry Analyses. HPLC fractions were dried under vacuum and
redissolved in 50% methanol with1% formic acid. Aliquots of the solutions were deposited in
gold/palladium-coated glass nanoelectrospray capillary tubes for analysis on a PerkinFlmer Sciex
API 3000 triple quadrupole mass spectrometer (Concord, Ontario, Canada) equipped with a
Protana nanoelectrospray source (Odense, Denmark) and/or directly to the target plate of the ABI
Voyager-DE STR MALDI — TOF mass spectrophotometer (Foster City, CA) using a-cyano-4-
hydroxycinnamic acid (10 pg/pl) as matrix. The samples were analyzed by one or more of the
following procedures. For determination of peptide molecular mass, full scan mass specira were
recorded utilizing either Q1 as the resolving analyzer in positive ion mode on the triple
quadrupole instrument or by time of flight in the positive ion reflectron mode of analysis.
Product ion spectra were acquired on the electrospray instrument utilizing Q1 to transmit the
precursor ion of interest to the radio frequency-only collision cell Q2 under collisionally activated
decomposition conditions. Nitrogen was the collision gas, and collision energies in the range of

20-50 eV product ions were analyzed using Q3 to determine the peptide sequence.
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Development of modified samples in PAGE and PVDF. The samples were separated
on 7.5% PAGE and the colorimetric development was performed directly in gel or after the
transfer of proteins on PVDF membrane. The reduction, diazotization and azo-coupling were
carried out similar to protocols in solution. Extensive washes were performed between steps.
Because of a slow diffusion rate of reagents into the gels, reaction times and washings were
increased.

Western blotting. Proteins azo-coupled with Bio-NEDA and Bio-Arg-NEDA were
transferred from 7.5% PAG (polyacrylamide gel) on PVDF membrane and the presence of
coupling was determined by Western blotting using anti-biotin HRP-conjugated antibodies at
dilution of 1:800 in 5% non-fat dried milk. The signal was developed with ECL plus reagent

according to the manufacture's instructions.

Results and Discussion

Rationale. Nitrosation and nitration are the main NO-dependent protein
modifications. We formed the hypothesis that if the nitration of tyrosine residues and their
subsequent reduction to aminotyrosine are ordinary biochemical processes, then a diazotization of
the aminotyrosine by natural nitrosants (products of nitric oxide oxidation or nitrite in acid
solutions) might yield diazotyrosine residues in proteins. Surprisingly, although diazotyrosine
derivatives are easily generated by chemical synthesis [37] and o-diazophenol compounds have
found broad industrial applications (mostly as dyes and precursors of quinone diazides, used in
microelectronics) [38-40], there appears to be no information about diazotyrosine in proteins.
High reactivity (including reactions with side-groups of the same proteins) and very low steady
state concentrations of such derivatives, and their apparent instability, as well as an apparent lack
of any purposeful searching for these protein modifications, may also have contributed to the
deficiency of information.

Diazotization of aminotyrosine residues in proteins. We obtained diazotyrosine
derivatives of proteins according to the Scheme 1, shown in Figure 1A, and as described in
Material and Methods. Tt was found that the diazotyrosine derivatives are more stable than their
low-molecular weight analogs. First, we investigated the approaches for quantification of these
derivatives. It should be noted that since both nitro- and aminotyrosine residues (I, II,
respectively, in Scheme 1 (Figure 1A)) can be converted to diazotyrosine derivatives (III), these
appfoaches may be common for nitrotyrosine- and aminotyrosine-containing proteins.

A reaction of azo-coupling of diazotized arylamines with derivates of naphthylamine
(Griess reaction) has broad application for the colorimetric quantification both aryl amines and
nitrite. We carried out a representative test for the quantification of diazotyrosine derivatives, as

follows.
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In this reaction we predicted that diazotization of an aminocompound would yield a
diazonium cation capable of reacting with substituted naphthylamine to generate a dye. Indeed,
in our tests a colorless solution of aminotyrosine-containing BSA (H,N-Tyr-BSA, Scheme 1, IT)
diazotized in HCI solutions, and formed a yellowish solution of, presumably, BSA containing
diazotyrosine (‘N=N-BSA, Scheme 1, III). As predicted, the following reaction with 1-
(naphthyl)ethylendiamine (NEDA, IV, R = NH,) yielded a BSA solution containing a blue dye,
presumably the azodyes V (azo-BSA) in Scheme 1 (Figure 2A). The color of the reaction
product is pH-sensitive. At low pH (<2) the product appears blue (max at 580 nm), but at higher
pH the products appears pink (max at 500 nm). These spectral properties allow us to directly
monitor the formation of the reaction product and could be used to selectively isolate peptides or
proteins with diazotrosine modification. More specifically, Figures 2A-C are graphs showing
the dependence of the yield of BSA-NEDA azodye on the reaction conditions. NH,-BSA
solution was nitrosated by NaNO,/HC] at 0°C and the excess of nitrite was removed by addition
of sulfamate. NEDA was added and the mixtures were incubated at 37° for 2-12 hours. The
formation of BSA-NEDA azodyes is monitored by measuring the absorption at 500 nm of 5 fold-
diluted aliquots. Results are normalized to the highest yield in the series. Referring to Figure
2A, the squares indicate the effects of nitrosation time on the yield of BSA-NEDA at 0°. NH,-
BSA was incubated with NaNO,/HCl. At different time points aliquots were taken and
nitrosation reaction was stopped by addition of sulfamate. After the completion of the time
course, aliquots were supplied with NEDA, incubated for 2 hours at 37°C and the formation of
BSA-NEDA detected. In Figure 2A, the triangles indicate stability of diazo-BSA after the
removal of nitrites was monitored by varying the incubation times with sulfamate at 37°C before
addition of BSA-NEDA. In Figure 2B the effect of urea on the efficiency of nitrosation is
shown. NH,-BSA was supplied with various concentrations of urea before addition of
NaNO,/HCI. Sulfamate solution was added 2 min later and azo-coupling with NEDA performed
as described. Figure 2C shows the effect of NEDA concentration on the efficiency of azo-
coupling. The yield of BSA-NEDA was measured 12 hours after addition of NEDA.

Monitoring spectroscopically the formation of blue dyes in the model BSA protein after
reaction with NEDA, we optimized the conditions for diazotization (reaction (II) in Scheme 1)
and investigated the stability of diazotyrosine product in proteins. Low temperatures, short
reaction times and low pH were found to be optimal for diazotization of BSA containing
aminotyrosine. E.g.,, at 0°C in 0.04 M NaNO,/0.2 M HCV/0.025 M phosphate solution
diazotization of H,N-Tyr-BSA and formation of "N=N-BSA was complete in under a minute.

These reaction times are rather short, when compared with usual conditions for production of
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azodyes [38, 40]. It should be noted that at neutral and basic pH, a photo-reactive quinone
diazide (Scheme 1, IIIa) could be formed and it could interfere with the yield of final azodye.

Prolonged incubation of *N=N-BSA with even 0.04 M nitrite at 0°C significantly
decreased the yield of subsequent azo-coupling reaction with NEDA and formation of azo-BSA
(Figure 2B). To remove the excess of nitrite after diazotization, we used sulfamic acid, which
reacts with nitrite yielding nitrogen. Interestingly, urea, which is used to remove nitrites in
industrial procedure of azo dyes synthesis [40], was not effective in this case. For additional
details, see the description of Figure 2B in the Description of the Drawings, above.

Under the reaction conditions not only aminotyrosine, but also amidogroups, e.g.
sulfamic acid, could react with nitrite. Primary amides can be nitrosated irreversibly yielding
nitrogen and carboxyl as follows: CO-NH, +NO*= COOH + N, + H", However, diazotization of
HoN-Tyr-BSA can be done in a large excess of urea, commonly used for protein denaturation
(Figure 2C).

To check whether protein amide groups could react with diazotization of aminotyrosine
we used the following synthetic peptide Ac-LAAAGY(NO,)DVEKNNSRCONH,, M = 1593.
This peptide has a broad combination of side-groups susceptible to nitrosation, including three
CO-NH; groups of Asn and Arg-amide, H,N-group of lysine, guanidine of Arg, HO- of Ser, two
HOOC- of Asp and Glu and CO-NH groups of peptide bonds. The carboxy- group of Asp and
Glu nitrosates extremely fast, but resulting nitrosocarboxylates are unstable. However, they may
be used to catalyze nitrosation of other groups [41]. At low pH amino- and guanidino- groups are
protonated and should have low reactivity. Peptide CO-NH groups and HO-group of Ser could
be nitrosated, but the reactions are reversible. In this case, even if the RONO groups are formed,
in acidic conditions addition of sulfamate will shift the RONO « NO, equilibrium, and quickly
decrease the RONO concentration. To test the effects of nitrozation on protein amidogroups, we
reduced the peptide’s nitrotyrosine to aminotyrosine, and then diazotized it as described in herein.
The azo-coupling with several substituted naphthylamines (Scheme 1, IV) resulted in blue azo-
peptides, which were separated from the excess of reagents by HPLC and analyzed by mass-
spectra.

Mass-spectral analysis of diazotyrosine-containing peptide. When nanospray MS
analysis was used, we found the expected molecular ion at 797.5 corresponding to the (M + 2H")
mode of unmodified peptide, and few small signals, corresponding to higher ionization modes of
the peptide (Figure 3). In MALDI-TOF MS analysis of unmodified nitrotyrosine- containing
peptides the molecular ions (M + H)" are accompanying a group of ions [M + H — 14 (-O + 2H)T,
[M +H - 16 (-0)]*, [M + H - 30 (-20 + 2H)]" and [M + H — 32 (-20)]", which are reduction

products [44, 45]. We found an analogous combination of ions for our studied nitropeptide
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(Figure 3, inset). Under reflectron conditions an abundant protonated molecular ion at m/z
1593.80, as well as several lower mass ions at m/z 1577.81 [-O], 1561.83 [-20] and 1563.83 [-
20, +2H] were detected. In addition to this pseudo-triplet, a few small and unfocused ions are
seen in the reflectron spectrum, suggesting that various metastable processes are also occurring,
In addition, we observed an ion at 1562.51 [(M + H) - 31.29], which is located between the m/z
1561.83 ion and its *C (or BN, or H, or 17O) isotopomer at m/z 1562.82, and whose mass is
inconsistent with the elemental composition of the peptide. The similar ion with m/z [(M + H) -
31.7] was also observed for other nitrotyrosine containing peptide [42]. More specifically,
Figure 3 shows the ion-spray mass spectrum of the nitro-peptide Ac-
LAAAGY(NO,)DVEKNNSR-CONH, (M = 1593) and the MALDI mass spectrum of the same
peptide (inset, upper spectra). In MALDI the molecular ions are shown as P-NO, (1593.83 and
isotopomers), and reduction products are shown as P-NO (1577.81 and isotopomers) and P-N
(1561.83 and isotopomers). The complex combination of ions of P-N region should be noted in
particular. The MALDI spectrum of partly reduced sample of the nitro-peptide (probably a
mixture of nitro- and nitroso- forms) after HPLC-separation is shown in a lower panel of the
inset). P-NO; ions are reduced, but P-NO and P-N did not change.

Referring now to Figures 4A-C, MALDI-TOF mass-spectra of azo-coupling products of
diazo-peptide with three substituted naphthylamines IV (R = NH, (Figure 4A), NEt, (Figure
4B), NH-Arg (Figure 4C),) are shown. Ions of unmodified tyrosine, H,N-Tyr, HO-Tyr (3,4-
dihydroxy-phenylalanine) residues are marked as P-H, P-NH,, P-OH, respectively. The insets
shows P-H, - P-OH regions (left) and molecular ions regions (right) at higher scales, which are
different both in abscissa and ordinate. Due to overlapping P-NH, and P-OH regions, 1564.85-
1564.88 (shown as 1565) ions are the summa of P-OH molecular ion and P-NH, isotopomers
with one additional neutron (*C, N or '"0). If an impact of P-OH is small, so the signal of
1563.86-1563.89 (shown as 1564) ion (P-NH, only) is larger, then signals of 1565 ions (P-NH,
isotopomers and P-OH) (see left inset in B), if an impact of P-OH is significant, so the first peak
(1564 ion - P-NH, only) is smaller, then the second (signals of 1564.85-1564.88 ions (P-NH,
isotopomers and P-OH)) (see left insets in A and C). It should be noted that the correlation
between P-H and P-OH signals (P-H and P-OH are proportional to each other. Two small peaks
to the left from P-NHj ion (the first shown as 1562 in A) could be nitren or quinone-imin (first)
and their isotopomers or o-quinone (second). More specifically, molecular ions 1761 (Va), 1817
(Vb), and 1917 (Ve) of these three azodyes (shown in Figures 4A, 4B and 4C, respectively) are
accompanying the main group of ions at (M — 30) and (M — 29) (marked as P-NH, and P-OH; M
is a mass of nitrated peptide), which is similar for all three compounds, and (M — 45) ion of the

non-nitrated peptide (marked as P-H). The signals of P-H and P-NH, ions are small at R = NEt,
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and large for two other dyes. With nanospray MS we found molecular ions at 441 (Va), 606.5,
455 (Vb) and 640, 480 (Vc) as well as few additional ions (data not shown). The main signals of
azodyes ions in nanospray spectra were in (+3H") and (+4H") modes because all used
naphthylamine compounds IV had addition positive-charged groups. Strong signals of molecular
ions of azodyes Va, Vb, Ve with a predicted distribution of isotopomers and a lack of +1-shifis
(NH;, — OH) for these ions indicated that (1) we are able to change a nitro-group of nitrotyrosine
residue on diazo-naphthylamine groups with addition substitute reporter groups (R), and (2) that
in our diazotization/azo-coupling conditions there were no significant modifications of other amino-, amido-,
guanidino- and other side-groups of the peptide.

The presence of P-H, P-NH,, and P-OH ions in all MALDI spectra of azodyes indicated
that N=N bond of V has low stability under the conditions of the laser-assisted evaporation-
jonization of the samples. Referring now to Scheme 2, shown in Figure 1B, free-radical product
of photolysis VI is either partially reduced to peptide with non-nitrated tyrosine VII (P-H), or
partially oxidized to catechol derivative VIII (P-OH).

A competing path exists for aminotyrosine derivative IX (P-NH_), probably through
hydrazino- compound XII. Indeed, if nitren XI would be intermediate, so its uncharacterized
stable isomers X (M — 32, shown as quinone-imine derivatives), which we observed in MALDI
MS of nitrotyrosine containing peptide I, must be one of the main products. However in all three
spectra of Va, Vb, Ve both (M — 32) and (M — 31) ions (1562 and 1563) are much smaller than
(M — 30) ion. (Alternatively, nitren XI is not intermediate by photo-reduction of I, and for
detectable ions X (M — 32) in the spectra of nitrotyrosine peptides exists an alternative pathway.)

These results demonstrate that nitrotyrosine containing peptides, their reduced forms, as
well as their diazotyrosine derivatives can be identified by MALDI MS of azo-tyrosine dyes
using the aminotyrosine/catechol doublets (P-NH, and P-OH) accompanying signals of peptide
with non-modified tyrosine (P-H) and a molecular ion of azodye.

It has been previously shown that the pattern of reduced products for nitrotyrosine
containing peptides is matrix-sensitive. When a 2,4,6-trihydroxyacetophenone —nitrocellulose
matrix (THAP-NC) was used, the yield of (M + H - 30)" and (M + H - 32)" ions was very small
compared to cyano-4-hydroxycinnamic acid [43]. It is possible that the matrix plays a role of
reductant during the laser assisted evaporation-ionization. In this case it is likely that a change of
matrix can affect the competing path of diazotyrosine azodyes fragmentation in MALDI as well.

Of all the amino acids, only tyrosine, tryptophan, and histidine can react with reactive
aryldiazonium salts at neutral pH. Thus, these residues could react with newly produced protein
azotyrosine and affect NEDA derivatization of azotyrosine. In this case only azotyrosine residues

that do not have in their vicinity His, Trp or Tyr residues could be available for azo-coupling with
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NEDA. However, if the induction of azotyrosine is produced after the protein denaturation the
impact of such intramolecular azo coupling could be lower. Moreover, this intramolecular azo
coupling could be further decreased if the formation of protein azotyrosine is performed at acidic
pH, when Tyr, Trp or His residues are protonated and less reactive.

We tested this hypothesis by preincubating diazo-BSA for one hour with an excess of
Tyr, Trp or His amino acids and their derivatives in acidic solutions. No azo-coupling was
detected, as determined by absence of changes in UV-Vis spectra Moreover, the yield of the
following azo-coupling reaction with NEDA or DENEDA, monitored by absorbance at 580 nm,
was not affected by these preincubations. In a different approach, preincubation of diazo-BSA
with 15-80 kDa polymers poly-His, poly-Tre, poly-(Lys, Phe), poly (Arg, Pro, Tre) did not affect
the mobility of diazo-BSA on the PAGE, suggesting the lack of azo-coupling. These results
indicate that in tested conditions diazotyrosine residues have low reactivity and do not react with
other amino acids, although they effectively react with NEDA.

Improving the sensitivity of diazotyrozine detection. To increase the sensitivity of
detection of coupled products we used biotin as the substitute R (Scheme 1, IV and V). Using
anti-biotin HRP-conjugated antibodies we were able to identify ~ 1 ng of nitro-BSA after reaction
with Bio-NEDA (Figure 5A) and Bio-Arg-NEDA (not shown). To determine if diazotyrosine-
containing proteins occur in vivo, we transferred on PVDF membrane proteins from lysate of
RAW cells separated by PAGE. When these membranes were incubated with Bio-NEDA for
azo-coupling, and developed by WB multiple protein species were detected (Figure 5B). When
Bio-NEDA was omitted no signals were observed, indicating the specificity of the analysis.
Similar data were obtained with Bio-Arg-NEDA (data not shown). Clearly, the same approach
can be used for identification of small concentrations of nitro-tyrosine containing proteins. In this
case the membrane has to be reduced and diazotized before azo-coupling. As an example, in line
3 WB-detection of nitro-BSA is shown. In Figures 5A-B, lanes 1 and 2 are the lysate of RAW
cells. Lane 3 is the Nitro-BSA compound. Treatments were as follows: Membrane was
preincubated with Bio-NEDA, then developed by HRP-WB (lane 1); membrane was developed
by HRP-WB (lane 2); or membrane was reduced by Na;S;O4, diazotized, preincubated with Bio-
NEDA, then developed by HRP-WB (lane 3). In Figure SA the membrane was stained with
Coomassie, and in Figure 5B the Western blots are shown.

NEDA-mediated biotinylation of diazotyrosine can be also used to separate and
concentrate diazotyrosine containing proteins or peptides (as well as their nitro-, nitroso-,
hydroxyamino- and amino- precursors) on streptavidine columms. The feasibility of such
approach was demonstrated [36], when aminotyrosine-containing human serum albumin (HSA),

derived from nitrated HSA was acylated at pH 5 by sulfo-NHS-SS-Biotin.
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Apart from tyrosine, there are other natural targets for in vive nitration both in proteins
(trypthophan [4, 44], histidine [45]) and nucleic acids (guanosine [47, 48]). All of those natural
targets may be reduced (even in vivo [27]), then diazotized and identified by the same or similar
methods as described herein. The present examples are considered representative of methods and
compositions employing other natural targets, and the scope of the present invention is intended
to encompass all such natural targets for iz vivo nitration.

In the present disclosure it is shown that diazotyrosine residues in the proteins are rather
stable and their azo-coupling products (azo-tyrosine derivatives) can be used for identification
and quantification of nitro- and aminotyrosine containing proteins. Nitrosation of these latter in
vivo could be a natural source of diazotyrosine for all nitric oxide producing organisms. Its
reactivity should be taken into consideration to understand the metabolism of nitrogen oxides, for
treatment of pathologies and illness, for which the high level of nitrotyrosine in proteins is
known, such as inflammation, asthma, Parkinsonism, Alzheimer's disease, ischemia, cancer, and
other diseases.

Without further elaboration, it is believed that one skilled in the art can, using the
description herein, utilize the present invention to its fullest extent. The foregoing embodiments
are to be construed as illustrative, and not as constraining the remainder of the disclosure in any
way whatsoever. While the preferred embodiments of the invention have been shown and
described, modifications thereof can be made by one skilled in the art without departing from the
spirit and teachings of the invention. The embodiments described herein are exemplary only, and
are not intended to be limiting. Many variations and modifications of the invention disclosed
herein are possible and are within the scope of the invention. For example, just as the chemistry
of o-hydroxydiazocompounds and their quinone diazide isomers have shown broad applications
for the photo and microelectronic industries, the disclosed chemistry, methods, compositions and
technical design are expected to find use in a variety of applications in biochemistry, proteomics,
and molecular medicine.

Without further elaboration, it is believed that one skilled in the art can, using the
description herein, utilize the present invention to its fullest extent. The foregoing embodiments
are to be construed as illustrative, and not as constraining the remainder of the disclosure in any
way whatsoever. While the preferred embodiments of the invention have been shown and
described, modifications thereof can be made by one skilled in the art without departing from the
spirit and teachings of the invention. —Many variations and modifications of the invention
disclosed herein are possible and are within the scope of the invention. Accordingly, the scope of
protection is not limited by the description set out above, but is only limited by the claims which

follow, that scope including all equivalents of the subject matter of the claims. The disclosures of
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all patents, patent applications and publications cited herein are hereby incorporated herein by

reference, to the extent that they provide exemplary, procedural or other details supplementary to

those set forth herein.
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CLAIMS

‘What is claimed is:

1. A method of quantifying and/or identifying a nitroderivative compound, or residue
thereof, comprising:

providing a sample comprising said nitroderivative compound, or residue thereof, in the
form of a diazo compound or residue thereof;

azo-coupling said diazo compound, or residue thereof, to a target compound capable of
producing a signal, to yield an azo-coupled complex;

quantitating and/or detecting said signal, to yield a quantitation and/or detection result;
and

determining from said quantitation and/or detection result the identity and/or

concentration of said nitroderivative compound, or residue thereof, in said sample.

2. The method of claim 1 comprising isolating said nitroderivative compound, or residue

thereof, or said azo-coupled complex.

3. The method of claim 1 wherein said nitroderivative compound, or residue thereof, is a

component of a protein, peptide or nucleic acid.

4. The method of claim 1 wherein said nitroderivative compound, or residue thereof, is

chosen from the group consisting of tyrosine, trypthophan, histidine, and guanosine.
5. The method of claim 3 wherein said nitroderivative compound, or residue thereof, is
chosen from the group consisting of nitrotyrosine, aminotyrosine, and diazotyrosine, and residues

thereof.

6. The method of claim 1 wherein said providing comprises converting said nitroderivative

compound, or residue thereof, to a diazo compound, or residue thereof.

7. The method of claim 6 wherein said providing comprises reducing said nifroderivative

compound, or residue thereof, prior to said converting.
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8. The method of claim 6 wherein said nitroderivative compound is nitrotyrosine and said
method comprises reducing said nitrotyrosine, or residue thereof, to an aminotyrosine compound,

or residue thereof.

9. The method of claim 1 wherein quantitating and/or detecting said signal comprises

spectral or colorimetric monitoring of an azo-coupling reaction.

10. The method of claim 1 comprising providing a biological sample containing at least one

said nitroderivative compound, or residue thereof.

11. The method of claim 1 wherein the target compound of said azo-coupling step comprises

a synthetic molecule.

12. The method of claim 11 wherein the synthetic target molecule contains a naphthyl

moiety.

13. A method of detecting illness or disease in a manmimalian subject comprising:

carrying out the method of claim 1, wherein said sample of interest is a biological sample
from said subject; and

determining from said identification and/or concentration of said nitroderivative
compound, or residue thereof, in said sample, the presence and/or level of illness or disease in

said subject.

14. A method to aid in diagnosing in a mammalian subject a pathology associated with a
nitroderivative compound, the method comprising:

carrying out the method of claim 13; and

determining from said presence and/or level of nitroderivative compound in said subject a

diagnosis as to said pathology.
15. The method of claim 14 wherein said pathology is chosen from the group consisting of

asthma, atherosclerosis, inflammation, ischemia, Alzheimer's disease, Parkinson's disease and

cancer.
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16, A method of assessing in vivo nitrative stress in a subject comprising:

providing a biological specimen from said subject, said specimen comprising a protein or
peptide containing a nitro-modified amino acid residue chosen from the group consisting of
nitrotyrosine, aminotyrosine, diazotyrosine and diazoaminotyrosine;

reducing said wnitrotyrosine and/or diazotyrosine residue(s), if present, to form,
respectively, aminotyrosine and/or diazoaminotyrosine residue(s);

converting said nitrotyrosine and/or diazotyrosine residue(s), if present, to form,
respectively, diazotyrosine and/or diazoaminotyrosine residue(s);

coupling said diazotyrosine and/or diazoaminotyrosine residue(s) to a target compound
capable of producing a signal, such that an azo-coupled protein or peptide complex is provided,;

isolating said protein or peptide, or said azo-coupled protein or peptide complex; and

quantitating and/or detecting said signal, to yield a quantitation and/or detection result;

determining from said quantitation and/or detection result the identity and/or
concentration of said nitrotyrosine or nitroaminotyrosine residue(s) in said biological specimen;
and

determining from said identification and/or concentration of said nitrotyrosine or

nitroaminotyrosine residue(s) a level of nitrative stress in said subject.

17. A composition comprising a diazo compound, or residue thereof, azo-coupled to a target

compound capable of producing a quantifiable and/or detectable signal.
18. The composition of claim 17 wherein said diazo compound residue is a component of a
protein, peptide or nucleic acid azo-coupled with a target molecule capable of producing a

quantifiable and/or detectable signal.

19. The composition of claim 18 wherein said diazo compound residue comprises a

diazonitrotyrosine or diazoaminotyrosine residue in a protein or peptide.

20.  The composition of claim 18 comprising an isolated complex containing a protein,

peptide or nucleic acid azo-coupled to said target compound.

21. The composition of claim 16 wherein said target compound comprises a naphthyl group.
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