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SYSTEM FOR DETECTION OF
NITROSYLATED PROTEINS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/339,268, filed on Dec. 12. 2001.

U.S. GOVERNMENT RIGHTS

This invention was made with United States Government
support under Grant Nos. 1RO1 HL59337, HL.10026 and
GMS57601-01, awarded by the national Institute of Health.
The United States Government has certain rights in the inven-
tion.

BACKGROUND OF THE INVENTION

Nitric oxide (NO) has relatively recently been recognized
as a biological messenger that reacts with a variety of sulthy-
dryl-containing molecules and enzymes to produce S-ni-
trosylated compounds. Since NO has a short half-life under
physiological conditions, it generally exists in biological sys-
tems as adducts of amino acids, peptides, and proteins (“NO
equivalents™). These NO equivalents are usually biologically
active in that they behave as NO donors, and thereby possess
unique pharmacological properties. The various targets for
nitrosylation include serum albumin, tissue-type plasmino-
gen activator, transcriptional activators, glyceraldehyde-3-
phosphate dehydrogenase, human immunodeficiency virus
protease, hemoglobin, and protein-phosphotyrosine phos-
phatase.

Nitrosylation can alter protein conformation, leading to the
activation or inactivation of enzymes or receptor proteins.
Like phosphorylation, the nitrosylation reaction behaves like
a “chemical switch” that allows cells to transmit stimuli from
the plasma membrane to the nucleus in a highly regulated
manner. However, the functions and processes of nitrosyla-
tion are difficult to deconvolute, due to the high number of
closely-related kinases, and due to the lack of currently avail-
abletechnology to easily and accurately measure the extent or
presence of protein nitrosylation.

Sulthydryl groups (—SH, also referred to as “thiol”) are
among the most reactive groups found in protein molecules.
S-nitrosoproteins, S-nitrosothiols, and protein S-nitrosyla-
tion reactions are terms that refer to compounds with linkages
through the thiol (—SH) group. These types of compounds
play important roles in cell signaling processes such as neu-
rotransmission, anion channel regulation, host defense and
gene regulation. The chemical modification of the —SH
group in proteins thus has important regulatory implications
and can be used as a tool in the discovery of novel therapeu-
tics.

Chemical modification of thiol groups occurs physiologi-
cally via oxidation reactions yielding either mixed disulfides
or S-nitrosylated compounds. Alternatively, modification can
occur through persulfide and trisulfide bond formation. The
“S-nitrosylation” of proteins refers to the transfer of nitric
oxide (NO) to sulthydryl groups on proteins.

By way of example, some cysteine proteases such as
caspase-3 and cathepsin K have been demonstrated to be
inhibited by NO donors. (See Wang, Peng et al., Inkibition of
Papain by S-Nitrosothiols, J. of Biol. Chem., 275, 2000 pp
20467-20473). Cysteine proteases play important roles in
various biological processes. Elevated proteolytic activity of
cysteine proteases is associated with many disease condi-
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tions, such as muscular dystrophy, inflammation, and rheu-
matoid arthritis. The active sites of cysteine proteases contain
a cysteine sulthydryl group which is highly sensitive to oxi-
dation.

Compounds such as S-nitrosoglutathione (GSNO) are rel-
evant biological molecules involved in nitrosylation reactions
under physiological conditions. These compounds are also
known to fluoresce, which would theoretically make their
detection facile in samples derived from biological systems.
However, identification of S-nitrosoproteins and measure-
ment of their concentration following certain cellular events
has proven to be extraordinarily cumbersome, thus extremely
limiting its potential utility.

In light of the significant physiological implications of NO
levels, it would be useful to have a diagnostic technique that
can readily detect levels of NO or NO equivalents, such as
S-nitrosothiols and other nitrosylated NO equivalents, to
determine whether levels are normal for normal physiological
conditions, or whether a patient has an existing or predispo-
sition towards a pathophysiological condition. There is a
particular need for procedures that are affordable and man-
ageable, yet sensitive enough to detect levels of NO, or NO-
adducts such as S-nitrosothiols. (See Beckman, J. S. et al.,
Methods in Nitric Oxide Research, Feelisch and Stainler,
Wiley, Chichester, UK., 1996; U.S. Pat. No. 5,891,735 to
Stamler).

Representative of prior art approaches to monitoring of
nitrosylation, U.S. Pat. No. 5,459,076 to Stamler et al. (incor-
porated herein by reference) describes a detection method
that requires pretreatment with mercurous ion and a protein-
precipitating agent. The samples are then monitored by
chemiluminescence. This method involves cumbersome pre-
treatment procedures with a toxic mercury compound and,
thus, presents considerable difficulties in application. It
would be useful to have a simple procedure with minimal
manipulation and without the use of additional chemicals.

The present invention is directed to a practical electro-
phoresis-based separation and identification system for cel-
Iular nitrosoproteins. The detection system meets a recog-
nized need in the art for monitoring of NO in normal states
and in disease states, provides a method for identifying and
quantifying NO in normal and in disease states, and would
facilitate the understanding of these processes for the devel-
opment of better therapeutic drug species.

SUMMARY OF THE INVENTION

The present invention is directed towards a method for
detecting the presence of nitrosylated species in biological
samples. In a preferred embodiment, the biological samples
are comprised of amino acid-based species. Preferably, the
nitrosylated species are adducts between NO and amino
acids, peptides, or proteins. The atoms forming the adducts
with NO include carbon, nitrogen, sulfur, and oxygen. Pref-
erably, the adduct is between NO and sulfur groups. More
preferably, the adduct is a nitrosylated protein. Still more
preferably, the protein is a nitrosothiol, or an “S-nitrosopro-
tein.” Still more preferably, the nitrosylated protein is S-ni-
trosoalbumin.

In an embodiment of the invention, the method for detect-
ing the presence of nitrosylated species in a biological sample
comprises the steps of contacting the biological sample with
developing reagents, exposing the sample to excitation radia-
tion, and detecting the resultant emitted fluorescence.

In a preferred embodiment, the developing reagents com-
prise a fluorescence-developing agent and a molecular spe-
cies bearing a reactive moiety capable of transnitrosylation.
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Preferably, the reactive moiety is a thiol bearing group. More
preferably, the molecular species capable of transnitrosyla-
tion is cysteine.

In yet another embodiment, the developing reagents com-
prise a saturated solution of copper (I) chloride. In still
another embodiment, the fluorescent agent is 4,5-diaminof-
Iuoroscein. In a preferred embodiment, the developing
reagents are added to the biological sample simultaneously.
Alternatively, one or more of the developing reagents are
added to the biological sample sequentially. Alternatively or
additionally, the method of detecting nitrosylated species
involves heating or incubating the biological sample to which
the fluorescent-developing agent has been added in the pres-
ence of ascorbate and carboxyPTIO.

In another embodiment, the method for detecting nitrosy-
lated species in a biological sample is also capable of quan-
tifying the amount of nitrosylated species in the sample.

In the present invention, the wavelength of the excitation
radiation is about 488 nm. The preferred fluorescent emission
is monitored at a wavelength of about 530 nm.

In still another embodiment, the biological sample com-
prises a mixture of proteins derived from eukaryotic cells.
Preferably, the mixture of proteins is derived from mamma-
lian cells in the absence of metal chelators.

In another embodiment, the method comprises the addi-
tional step of transferring the nitrosylated species to a solid
support material capable of binding prior to contacting the
sample with the developing reagents. The preferred solid
supports include nitrocellulose, polyamides, and other syn-
thetic membranes capable of binding amino acid-based spe-
cies.

The present invention further provides a method of detect-
ing the presence of nitrosylated species in a biological sample
comprising one or more amino acid-based species, which
involves separating the amino acid-based species in the
sample, contacting each of these species with developing
reagents, exposing the species to excitation radiation, and
detecting the emitted fluorescence.

The nitrosylated species in the separated sample comprise
an adduct between NO and an amino acid-based species. The
adduct is formed between NO and an atom on the amino
acid-based species, including carbon, nitrogen, oxygen and
sulfur. The preferred adduct is through a sulfur atom. More
preferably, the preferred adduct is between NO and a sulfur
atom on a protein. Still more preferably, the nitrosylated
protein is S-nitrosoalbumin.

In a preferred embodiment, the developing reagents com-
prise a fluorescence-developing agent and a molecular spe-
cies bearing a reactive moiety capable of transnitrosylation.
Preferably, the reactive moiety on the molecular species is a
thiol group. More preferably, the molecular species is cys-
teine.

In another embodiment, the developing reagents include a
saturated solution of copper (I) chloride. More preferably, the
fluorescence-developing agent includes 4,5-diaminofluoros-
cein (DAF-2). Preferably, the developing reagents are added
to the biological sample simultaneously. Alternatively, one or
more of the developing reagents are added to the biological
sample sequentially.

In another embodiment, the method is capable of quanti-
fying the amount of each separated nitrosylated species in the
biological sample.

The method further comprises the additional step of incu-
bating the biological sample and the developing reagent to
elevated temperature in the presence of ascorbate and carbox-
yPTIO. Preferably, the sample is heated to around 37° C.
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Preferably, the wavelength of the excitation radiation is
about 488 nm. Also, the fluorescent emission is monitored at
about 530 nm.

Preferably, the mixture of proteins that are separated prior
to detection and quantification are derived from eukaryotic
cells. More preferably, the mixture of proteins are derived
from mammalian cells in the absence of metal chelators prior
to separation and prior to detection and quantification. The
separation can be achieved by commonly used methods that
rely onthe characteristic physical properties of the molecules,
such as the charge, size, molecular weights, polarity, etc.
Preferred methods of separation include isoelectric focusing,
agarose gel electrophoresis, polyacrylamide gel electro-
phoresis, HPL.C, and preparative chromatography. Most pre-
ferred is the method of separation using gel electrophoresis.

The invention provides the additional step of determining
the chemical identity of the individual nitrosylated species in
the biological sample.

Another aspect of the invention is the capability of provid-
ing a kit for detecting nitrosylated species comprising a fluo-
rescence-developing agent and a molecular species bearing a
reactive moiety capable of nitrosylation, and optionally con-
taining a saturated solution of copper (I) chloride. Preferably,
the kit contains 4,5-diaminofluoroscein (DAF-2). Also, pref-
erably, the reactive moiety capable of transnitrosylation is
cysteine.

Preferably, the kit provides the capability of detecting the
nitrosylated proteins and identifying the nitrosylated proteins
in a sample. Also, preferably, the kit provides the capability of
quantifying the amount of nitrosylated species in a biological
sample using the kit.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows the fluorescence from 8 nM to 1000 nM of
S-nitrosoalbumin (SNOBSA) compared to that of the same
concentration of native albumin;

FIG. 2 shows the fluorescence from 8 nM to 1000 nM of
S-nitrosoglutathione (GSNO) compared with that of the same
concentration of glutathione; and

FIG. 3 shows the fluorescence of cytoplasmic (Cyto) and
mitochondrial (Mito) proteins obtained from undifferentiated
(O) or differentiated (D) neuroblastoma cells expressing
wild-type (WT) or mutant (G41D) superoxide dismutase. The
arrows indicate proteins with increased fluorescence in the
mitochondrial fraction of cells expressing G41D.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, “nitrosoprotein” and similar terms encom-
pass any protein that has an —NO group linked through a
thiol group, oxygen, carbon, or nitrogen group. S-nitrosopro-
teins, S-nitrosothiols, and protein S-nitrosylation reactions
are terms that refer to compounds with linkage through the
thiol (—SH) group. These types of compounds play impor-
tant roles in cell signaling processes such as neurotransmis-
sion, anion channel regulation, host defense and gene regu-
lation.

Although a burgeoning number of articles describe a role
for S-nitrosoproteins and protein S-nitrosylation reactions in
cell signaling processes such as neurotransmission, anion
channel regulation, host defense and gene regulation, the
detection of nitrosoproteins has been met with limited suc-
cess. An important implication is in the FAS induced deni-
trosylation of Capase-3, which allows lymphocyte apoptosis
to proceed. (See Mannick JB, et al. Fas-induced capsase
denitrosylation. Science 1999, 284: 65.) A method for deter-












