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The discovery of nitric oxide (NO) as a regulator of cellular
redox is of universal importance, particularly because of its

impact on signal transduction.1�4 Cysteinyl S-nitrosylation
(SNO) is a major mechanism by which NO modulates protein
activity, and it is now increasingly appreciated that aberrant
S-nitrosylation of specific molecular targets contributes to dis-
ease pathogenesis. Consequently, there is much interest in
developing methods that quantify altered protein S-nitrosylation
for investigative studies and clinical diagnosis.

Several approaches have been developed to gauge the degree
of SNO modifications, including chemiluminescence5 and
colorimetric6 methods; however, detection of SNO and identi-
fication of modified proteins were truly enabled by the develop-
ment of the “biotin-switch technique” (BST).7,8 This extensively
utilized method represents the gold standard for the identifica-
tion of protein SNO and uses biotin as an affinity ligand or biotin
linked to a fluorescent probe to additionally confer quantifica-
tion, together with a thiol-reactive functional group for the
purification of sulfhydryl-containing proteins. Since the develop-
ment of the BST, several modifications have been developed to
gauge the degree and impact of SNO on biochemical processes,

including the incorporation of stable isotope or fluorescent
labels.1,3,9 However, all of these approaches use methyl metha-
nethiosulfonate (MMTS) to first S-alkylate free protein thiols.
This is followed by removal of NO from cysteine by ascorbate
(Asc) treatment. The resultant cysteine is then alkylated by the
S-reactive agent attached to biotin and can then be purified by
affinity adsorption with streptavidin.

Several difficulties have arisen, however, that impact the
efficacy and accuracy of the BST approach when applied to
unbiased proteomic analysis. Some of the more important issues
include alteration of the electrophoretic mobility of proteins by
biotin, rendering global differential analysis difficult. The increase
or decrease in signal intensity may also be due to altered protein
abundance, not only a change in SNO levels. For fluorescenctly
labeled BST, quantitative accuracy is impacted by protein losses
that occur from multiple precipitations and streptavidin elution.
Additional problems relate to the use of MMTS and Asc, as well
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ABSTRACT: Cysteinyl S-nitrosylation has emerged as an
important post-translational modification affecting protein
function in health and disease. Great emphasis has been placed
on global, unbiased quantification of S-nitrosylated proteins
because of physiologic and oxidative stimuli. However, current
strategies have been hampered by sample loss and altered
protein electrophoretic mobility. Here, we describe a novel
quantitative approach that uses accurate, sensitive fluorescence
modification of cysteine S-nitrosylation that leaves electro-
phoretic mobility unaffected (SNOFlo) and introduce unique concepts for measuring changes in S-nitrosylation status relative
to protein abundance. Its efficacy in defining the functional S-nitrosoproteome is demonstrated in two diverse biological
applications: an in vivo rat hypoxia-ischemia/reperfusion model and antimicrobial S-nitrosoglutathione-driven transnitrosylation
of an enteric microbial pathogen. The suitability of this approach for investigating endogenous S-nitrosylation is further
demonstrated using Ingenuity Pathways analysis that identified nervous system and cellular development networks as the top
two networks. Functional analysis of differentially S-nitrosylated proteins indicated their involvement in apoptosis, branching
morphogenesis of axons, cortical neurons, and sympathetic neurites, neurogenesis, and calcium signaling. Major abundance changes
were also observed for fibrillar proteins known to be stress-responsive in neurons and glia. Thus, both examples demonstrate the
technique’s power in confirming the widespread involvement of S-nitrosylation in hypoxia-ischemia/reperfusion injury and in
antimicrobial host responses.
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as recent modifications to the original method, including alter-
native labeling strategies.1,6,10 In many respects, the efforts to
globally quantify and identify proteins that undergo SNO mirror
those in pursuit of the same goals in discovery proteomics.
Chemical modification with a reporter group that permits
quantification (and/or normalization for losses), separation,
isolation, and identification of significantly abundant proteins
underlies most of these efforts.

We have recently developed a strategy that accomplishes these
goals with minimal impact on the chemical behavior of proteins
using saturation fluorescence labeling of cysteines for accurate
quantification of proteins separated by two-dimensional gel
electrophoresis (2DE) in discovery proteomics investigations.11,12

Further, we have modified this approach to study the global
impact of respiratory syncytial virus (RSV) infection on reactive
oxygen formation and the protective effects of human lung
epithelial cell-derived peroxiredoxin (Prdx) 1 and 4. In that
proteomic study, we identified 15 uniquely oxidized proteins
following RSV infection and Prdx knockdown.13

Here, we report a novel strategy for specifically labeling,
detecting, and quantifying protein SNO by fluorescence satura-
tion (SNOFlo). In this approach, the total cysteine content of the
cell extracts is determined by amino acid analysis, followed by
denaturation and division of the extract into two equal fractions.
One fraction is labeled with a 60-fold excess of BODIPY FL-
maleimide (BD), an uncharged cysteine-specific fluorescent dye,
under conditions that minimize nonspecific modifications,11 and
the second fraction is treated with Asc to reverse the SNO
modification and is likewise labeled with BD. Subsequent 2DE
with fluorescence quantification permits the ratiometric deter-
mination of protein regulation between control and experimental
samples treated with Asc, as well as the ratiometric determination
of the change in SNO in the fractions not treated with Asc. This
“ratio of ratios” yields the change in SNO normalized to the
change (if any) in protein abundance. For example, after experi-
mental stimulus, proteins not treated with Asc that demonstrate
lower fluorescence compared to controls are indicative of
increased SNO (i.e., labeling blocked by SNO) induced by the
experimental stimulus. Examination of the same proteins after
Asc-mediated reversal reveals the up- or downregulation of the
protein itself (when compared to controls). Thus, the ratio of
Asc-treated to untreated controls and experimentals reveals
whether an increased (or decreased) signal intensity is the result
of altered protein abundance or S-nitrosylation status. The ability
to perform these analyses, therefore, is uniquely dependent on
the uncharged nature of the dyes and their lack of influence on
the modified protein pI values, permitting spot matching in 2DE
between Asc-treated and untreated samples, and saturation
fluorescence labeling, permitting accurate and sensitive quanti-
fication of SNO-modified proteins, regardless of their SNO
modification or labeled state.

We present here two biological examples of the use of SNOFlo
to estimate and identify the degree of SNO in proteins discov-
ered in an unbiased evaluation of cell-driven nitrosylation in a
hypoxia-ischemia (HI) /reperfusion (HHI) rat model, and
externally S-nitrosylated proteins [via S-nitrosylated glutathione
(GSNO)].

’EXPERIMENTAL PROCEDURES

Neonatal Hypoxia-Ischemia and Hyperoxia Treatment.
PregnantWistar rat dams (CharlesRiver Laboratories,Wilmington,

MA) were allowed to deliver spontaneously. On day P1, the
litters were culled to 10 pups and randomly mixed among two
dams (having a total of 20 pups per experiment). On day P7, all
pups were removed from the dam, weighed, sexed, and randomly
assigned to one of four groups: sham, HI, HI with extreme
hyperoxia treatment (100% oxygen, HHI 100%), or HI with
moderate hyperoxia treatment (40% oxygen, HHI 40%). HI was
induced as previously described by Rice et al.14 and modified by
Grafe et al.15 Briefly, in a 37 �C E-Z anesthesia chamber
(Euthanex Corp., Palmer, PA), day P7 rat pups were anesthetized
with isofluorane (5% for induction and 2% for maintenance)
balanced with 100% O2 blood-gas grade. The left carotid artery
was isolated after a midneckline incision and permanently ligated
by electrocauterization. After being anesthetized, the sham
surgical pups received a midneckline incision and were immedi-
ately sutured and cleaned. The sham pups were not subjected to
common carotid artery isolation to prevent minor ischemia/
reperfusion events. All pups were then returned to their dams for
a recovery period of 90 min. After recovery, the sham pups were
placed in a normoxia chamber at 37 �C and the ischemic pups
were placed in a 37 �C humidified hypoxia chamber (8% oxygen
balanced with blood-gas grade nitrogen) where systemic hypoxia
was induced for 90 min.16�19 A cohort of these pups also
received extreme (100% blood-gas grade O2) or moderate
(40% O2 balance with blood-gas grade nitrogen) hyperoxia
treatment at 37 �C immediately after HI for a period of 120 min.
Sham and HI-treated pups were kept at 37 �C normoxia for the
length of time of the hyperoxia treatment. Immediately after, the
pups were returned to their dams until their assigned survival
time point.
Preparation of Rat Brain Extracts. Pups were deeply an-

esthetized with isofluorane and then decapitated. The whole
brains were removed, and ipsilateral cortices (from the anterior
tuber cinereum to the anterior of the occipital cortex, encom-
passing the parietal cortex) were collected one day after the
insult.
Preparationof Bacterial Protein Extracts.Enteropathogenic

Escherichia coli (EPEC) E2348/69 cells20 were grown in 100 mL
of LB medium at 37 �C with shaking for 3 h until late log phase
(OD600 = 0.8�1.0). The cells were centrifuged at 4 �C for 30min
at 3200g and washed once with 15 mL of cold PBS containing
1 mM EDTA and 0.1 mM diethylenetriaminepentaacetic acid
(DTPA) (Sigma, St. Louis, MO). The supernatant was removed,
and the protein fraction was prepared with chloroform-hypo-
tonic shock as described previously.21 Briefly, the cell pellet was
resuspended in the residual medium; 30 μL of chloroform was
added, and the cells were vortexed and kept at room temperature
(RT) for 5 min. Then 10 mL of cold 10 mM Tris (pH 7.4)
containing a cocktail of protease inhibitors (Complete EDTA-
free, Roche, Indianapolis, IN) was added, and the mixture was
vortexed. The resulting extract was centrifuged at 22000g for 10min
at 4 �C. The extracted proteins in the supernatant were pre-
cipitated at�20 �C for 1 h with 4 volumes of cold 100% acetone
and pelleted for 30 min at 4 �C and 3200g.
Probing Bacterial Proteins with Cysteines Available for

SNO. All procedures, including GSNO treatment, S-alkylation,
and reduction, were performed away from direct sunlight. The
details have been published previously22 and are presented here
briefly. Before GSNO treatment of proteins under native non-
reducing conditions (1�100 μM), proteins were resuspended at
a concentration of 2 mg/mL with 50 mM HEPES (pH 7.7)
containing 1% zwitterionic detergent CelLytic B (Sigma), 1 mM



5603 dx.doi.org/10.1021/bi200008b |Biochemistry 2011, 50, 5601–5614

Biochemistry ARTICLE

EDTA, 0.1 mM neocuproine (Sigma), and protease inhibitors
(Roche). Protein extracts were treated with 1, 10, or 100 μM
GSNO at RT for 40 min with mild shaking. The untreated
control and the GSNO-treated protein fractions were precipi-
tated with 100% acetone as described above and washed three
times with cold 70% acetone.
To block the free thiols, the pellets were resuspended at 0.8 mg

of protein/mL in 200 mM HEPES (pH 7.7) containing 20 mM
S-methylmethane thiosulfonate (MMTS), 1mMEDTA, 0.1mM
neocuproine, and 2.5% SDS. The suspensions were incubated at
50 �C for 40 min with vortexing at 10 min intervals. Excess
MMTS was then removed by precipitating the proteins with
100% acetone and washing three times with cold 70% acetone as
described above.
To reduce the SNO’s to thiols, the washed protein pellets were

resuspended in 0.5 mL of 50 mM HEPES buffer containing 1%
SDS and 1 μM CuCl, and 0.5 mL of SNO Reducing Reagent
(S-Nitrosylated Protein Detection Kit, Cayman Chemical Co.,
Ann Arbor, MI), and the reducing reactions were conducted at
RT with mild shaking for 1 h. Subsequently, the proteins were
precipitated with 100% acetone as described above. As a speci-
ficity control, SNO photolysis was used to demonstrate protein
SNO as described previously.41

Lowering the SDS Concentration for 2DE. To lower the
SDS concentration of the protein samples, the pellets were
resuspended in 0.5 mL of 50 mM HEPES (pH 7.7), 1 mM
EDTA, 0.1 mM neocuproine, and 0.1% SDS. Then 3 volumes
(1.5 mL) of neutralization buffer (NB) [50 mM HEPES
(pH 7.7), 100 mM NaCl, 1 mM EDTA, and 1% Triton X100]
was added. The proteins were precipitated by adding 4 volumes
of cold 100% acetone, and the suspension was incubated at RT
for 20min before being centrifuged at 22000g and 7 �C for 5min.
The pellet was resuspended in 1.2 mL of NB (an aliquot was
taken for the BCA protein assay), and the suspension was
precipitated with 100% acetone as described above. The pellet
was washed twice with 70% RT acetone. The samples were then
processed for BD labeling and 2DE.
Biotin-Switch Technique with Streptavidin Pull-Down. In

part of the samples, the SNO groups of the proteins were
switched to biotin by including SNO Labeling Reagent
(Cayman Chemical Co.) in the SNO Reducing Reagent. The
reducing and labeling reactions were conducted at RT with mild
shaking for 1 h. Subsequently, the proteins were precipitated with
100% acetone. The pellets were resuspended in 0.5 mL of 50mM
HEPES (pH 7.7), 1 mM EDTA, 0.1 mM neocuproine, and
0.1% SDS. To perform the streptavidin pull-down, 250 μL of the
suspension was diluted with 750 μL of NB. This solution was
tumbled oovernight at 4 �C with 30 μL of streptavidin agarose
beads, which had been prewashed with NB. The beads were
pelleted at 200g for 30 s, washed with NB containing 600 mM
NaCl, and pelleted. The pellet was then treated for two-dimen-
sional (2D) analysis.
Cysteine Saturation Fluorescence Assay (SNOFlo) for 2D

Gel Separations and Analyses of the S-Nitrosoproteome.
Amino acid analysis (Hitachi) was used to determine the total
cysteine content of the protein sample. Protein (400 μg) in 7 M
urea, 2 M thiourea, 2% CHAPS, and 50 mM Tris (pH 7.5) was
labeled with BODIPY FL N-(2-aminoethyl)maleimide (Life
Technologies, Inc., Carlsbad, CA) at a 60-fold excess of cysteine
to BODIPY FL-maleimide (BD) as described previously.11

Protein samples from the rat HHI model were treated with
Asc to reverse SNO and then dialyzed against the urea buffer to

remove Asc, which interferes with labeling. Bacterial samples
were labeled directly after dissolution in the urea buffer. After the
labeling reaction had been quenched with a 10-fold molar excess
of β-mercaptoethanol (BD:βME), 200 μg of labeled protein in
0.5% IPG buffer (pH 3�10) (GE Healthcare) was loaded onto a
11 cm pH 3�10 IPG strip (GE Healthcare) in duplicate, and
proteins were focused according to the following protocol: (1)
50 V for 11 h (hydration of strip), (2) 250 V for 1 h, (3) 500 V for
1 h, (4) 1000 V for 1 h, (5) 8000 V for 2 h (steps 2�5 are
gradient increases in voltage), and (6) 8000 V � 48000 V/h.
After focusing, the IPG strips were equilibrated in 6 M urea,
2% SDS, 50 mM Tris (pH 8.8), and 20% glycerol for 30 min at
RT, applied to an 8 to 16%Tris-glycine-SDS gel, and run at 150 V
for 2.25 h at 4 �C. The gels were fixed for 1 h in 10% methanol
and 7% acetic acid and washed overnight in 10% ethanol. Finally,
gels were imaged on a ProXpress 2D Proteomic Imaging System
[Perkin-Elmer; excitation λ = 480 nm (40 nm bandpass), and
emission λ = 535 nm (50 nm bandpass)]. We have previously
demonstrated that this covalent sulfhydryl alkylation method
using an uncharged thiol-reactive dye exhibits excellent specifi-
city for cysteine thiols (with little to no modification of other
amino acid residues), does not impact protein electrophoretic
mobility (for spot matching with unlabeled proteins), and
accomplishes highly accurate and reproducible quantification
(by virtue of its specificity and saturating concentration over
protein thiols).11,23 Finally, the label does not interfere with high-
confidence mass spectrometric identification of proteins, while
exploiting the linearity of detection and labeling11 and inherent
sensitivity of fluorescence detection. With respect to the latter,
we have established the limit of detection of our fluorescence
imager (PE ProExpress 2D) of singly labeled enolase (one
cysteine) to be 0.6 fmol/protein spot (unpublished ob-
servations), a sensitivity equivalent to roughly 1500 copies of a
given protein from 200000 cells (our typical protein load for a
discovery 2DE experiment).
Protein Quantification and Image Analysis. The 2DE

images were analyzed using Progenesis/SameSpots (Nonlinear
Dynamics, Ltd., Newcastle Upon Tyne, U.K.). The current
version of Progenesis SameSpots, unlike traditional analysis,
does not rely on propagating and matching spots to an arbitrary
reference. Instead, it relies on geometric correction of the scans
themselves and projecting them all into the same reference space,
performing pixel-to-pixel matching before spot detection. This
approach ensures that spot boundaries are the same for all gels,
eliminating errors that accumulate in the reference gel(s) as the
number of gels within one experiment increases. Once the pixel
matching and spot detection are complete, a reference gel is
selected according to several criteria, including the quality and
number of spots. Subsequent to automatic spot detection, spot
filtering is manually performed and spots with an area of less than
250 pixels are filtered out, and spots with a volume (intensity):
area ratio of less than 375 pixels (whose abundance is insufficient
for MS identification) are also filtered. Typically, some manual
spot editing is required to correct for spots that are not split
correctly, not detected, or split unnecessarily during the auto-
mated detection process. Thematching of spots between the gels
is manually reviewed and adjusted as necessary. The software
normalizes spot volumes using a calculated bias value based on
the assumption that the great majority of spot volumes represent
no change in abundance (ratio of control to experimental = 1.0)
(Nonlinear Dynamics documentation).



5604 dx.doi.org/10.1021/bi200008b |Biochemistry 2011, 50, 5601–5614

Biochemistry ARTICLE

Calculation of the Ratio of Ratios and Oxidation Protec-
tion Index. Because the purpose of this study is to establish a
method for identifying proteins whose cysteines have undergone
modification due to an experimental treatment, it is critical to
differentiate the cellular response of changing protein expression
versus changing S-modification. However, because both are
measured by the fluorescence intensity of the cysteine-bound
fluorophore, it was necessary to measure the fluorescence
intensity before and after treatment with Asc. Hence, the
abundance ratios of proteins with and without Asc treatment
and within each experimental and control sample were calcu-
lated. From these, a ratio of ratios was calculated as follows:

ratio of ratios ¼ Δ½Cys-NO�
Δ½protein� ¼ ½BDExp

Asc�=BD
Ctrl
Asc��

½BDExp
Ascþ=BDCtrl

Ascþ�
where BD is the normalized BODIPY fluorescence intensity of a
protein spot, Asc� denotes a lack of Asc treatment, Ascþ denotes
Asc treatment, Exp denotes HI or HHI, and Ctrl denotes control.
Thus, the ratio of ratios reflects the degree of cysteinyl

oxidation relative to the total protein abundance for that protein
spot. The change in the ratio of ratios across the experiment is
defined as the oxidation protection index (PI). A negative value is
indicative of an increase in the level of oxidation (lower normal-
ized BD fluorescence), while a positive value represents a decreased
level of oxidation (higher normalized BD fluorescence).
Statistical Analysis and Database Interrogation.. Normal-

ized spot volume ratios across samples were calculated, and
ANOVA and q-value analyses [permitting false discovery (FDR)
for the selected population of proteins to be calculated]24

generated by SameSpots were used to select protein spots for
MS identification and correlation analyses. Normalized spot
volumes greater than (1.3-fold (p < 0.05) were considered signifi-
cantly changed, and these spots were subsequently robotically picked
and digested with trypsin.
Hierarchical clustering was performed using unweighted aver-

age (UPGMA) as the clustering method, Euclidean distance as
the similarity measure, and average value as the ordering func-
tion. A heat map was generated using Spotfire 9.1 (TIBCO
Software Inc., Palo Alto, CA). The standardized spot volumes
(V) from SameSpots for the significant spots were first normal-
ized by being converted to Z scores. This involved calculation of
the Z score for each spot, i, in every sample, as Zi = (Vi � μ)/σ,
where μ and σ are the mean and standard deviation, respectively,
across all samples for that spot. The average Z score for a spot
across all of the samples is equal to zero; therefore, positive and
negative values denote above and below average protein abun-
dance, respectively. The Z scores are depicted graphically in the
form of a heat map with the rows representing the different
proteins (spots) and columns the different samples.
Protein Identification andDatabase Interrogation.Protein

gel spots were excised and prepared for MALDI TOF/TOF
analysis using Genomic Solutions’ ProPic II and ProPrep robotic
instruments (DigiLab, Ann Arbor, MI) following the manufac-
turer’s protocols. Briefly, gel pieces were incubated with trypsin
[20 μg/mL in 25 mM ammonium bicarbonate (pH 8.0)
(Promega Corp.)] at 37 �C for 4 h.
Matrix-assisted laser desorption ionization time-of-flight mass

spectrometry (MALDI TOF-MS) was used to analyze the
samples and identify proteins. Data were acquired with an
Applied Biosystems 4800 MALDI TOF/TOF Proteomics Anal-
yzer. The Applied Biosystems software package included a 4000

Series Explorer (v. 3.6 RC1) with Oracle Database Schema
(version 3.19.0) and Data (version 3.80.0) to acquire both MS
and MS/MS spectral data. The instrument was operated in
positive ion reflectron mode; the mass range was 850�
3000 Da, and the focus mass was set at 1700 Da. For MS data,
2000�4000 laser shots were acquired and averaged from each
sample spot. Automatic external calibration was performed using
a peptide mixture with reference masses of 904.468, 1296.685,
1570.677, and 2465.199.
Following MALDI MS analysis, MALDI MS/MS was per-

formed on several (5�10) abundant ions from each sample spot.
A 1 kV positive ion MS/MS method was used to acquire data
under post-source decay (PSD) conditions. The instrument
precursor selection window was (3 Da. For MS/MS data,
2000 laser shots were acquired and averaged from each sample
spot. Automatic external calibration was performed using refer-
ence fragment masses of 175.120, 480.257, 684.347, 1056.475,
and 1441.635 (from a precursor mass of 1570.700).
Applied Biosystems GPS Explorer (version 3.6) was used in

conjunction with MASCOT to search the respective protein
database using both MS and MS/MS spectral data for protein
identification. Proteinmatch probabilities were determined using
expectation values and/or MASCOT protein scores. MS peak
filtering included the following parameters: mass range of
800�4000 Da, minimum signal-to-noise (S/N) filter of 10, mass
exclusion list tolerance of 0.5 Da, and mass exclusion list (for
some trypsin and keratin-containing compounds) that included
masses of 842.51, 870.45, 1045.56, 1179.60, 1277.71, 1475.79,
and 2211.1. For MS/MS peak filtering, the minimum S/N filter
equaled 10.
For protein identification, the relevant taxonomy was searched

in the NCBI database. Other parameters included the following:
selecting the enzyme as trypsin; maximum number of missed
cleavages, 1; fixed modifications included BD (C) for 2D gel
analyses only; variable modifications included oxidation (M);
precursor tolerance set to 0.2 Da; MS/MS fragment tolerance set
to 0.3 Da; mass, monoisotopic; and peptide charges only
considered as þ1. The significance of a protein match, based
on both the peptide mass fingerprint (PMF) in the first MS and
the MS/MS data from several precursor ions, is based on
expectation values; each protein match is accompanied by an
expectation value. The expectation value is the number of
matches with equal or better scores that are expected to occur
by chance alone. The default significance threshold is p < 0.05, so
an expectation value of 0.05 is considered to be on this threshold.
We used a more stringent threshold of 10�3 for protein
identification; the lower the expectation value, the more sig-
nificant the score.

’RESULTS

General Strategy and Approach. Current approaches to
estimating SNO in an unbiased proteomics experimentmay yield
misleading results because cells may respond to challenge by
modulating protein synthesis, as well as altering their proteins via
post-translational modifications. S-Nitrosylation of cysteines
lends itself to gauging the separate contributions of each cellular
response by virtue of its reversibility; i.e., differential analyses
against controls can be performed before Asc-mediated SNO
reversal to measure SNO, and after reversal to estimate overall
experimentally induced changes in protein abundance (in this
case hypoxia/reperfusion). Expressing the protein abundances as
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a ratio of intensities yields an estimate of SNO relative to the
specific protein abundance across the experiment (Figure 1).
Accomplishing this, however, requires that the protein mobility
not be dependent upon the state of cysteine modification (SNO
or fluorescence-labeled); otherwise, matching and quantification
of proteins across the experiment will be problematic.
In Figure 1, we examine three hypothetical circumstances

(cases A�C), each reflecting differing degrees of SNO. Each case
assumes no change in protein abundance across the experiment;

however, the ratio of ratios eventually normalizes any changes.
Case A describes a protein with no SNO, where all cysteines are
modified, resulting in a strong fluorescence signal. The ratio of
intensities before and after Asc treatment remains at 1.0 because
the protein abundance does not change.
Case B illustrates partial cysteinyl S-nitrosylation where the

fluorescence intensity reflects the unmodified fraction before Asc
treatment. After Asc treatment, all cysteines are labeled; hence,
the ratio reflects the fraction of SNO. Because the ratio of ratios is

Figure 1. Schematic of saturation fluorescence labeling with cysteine-specific BODIPY FL-maleimide (BD) dye. Three cases are presented focusing on
the degree of cysteine modification that can be reversed by Asc (i.e., S-nitrosylation). All assume that the protein abundance does not change with the
treatment. Case A demonstrates a canonical protein structure with no cysteine S-nitrosylation before treatment with BD, after labeling, and after Asc
treatment and labeling. No change in protein spot fluorescence will be observed unless the protein abundance changes. This is quantified by the ratios of
ratios as described in Experimental Procedures. Case B demonstrates the partial S-nitrosylation after treatment and the resultant ratio of ratios upon Asc
treatment and labeling. Here ratios of <1 are expressed as the negative reciprocal. Case C demonstrates the complete S-nitrosylation and the ratio of
ratios after Asc reversal. If the protein abundance changes due to the HI or HHI treatment, with or without S-nitrosylation, the ratio of ratios will
normalize the values.
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less than one, the standard calculation is applied to generate a
negative abundance ratio.
Finally, case C examines the circumstance in which all available

cysteines are S-nitrosylated. Before Asc treatment, the fluores-
cence intensity is zero (background), while after reduction by
Asc, the intensity is maximal. The ratio of the two values is very
small; therefore, the ratio of ratios is a large negative value. For all
cases, any change in protein abundance due to the experimental
treatment (control vs test) is normalized by the ratio of ratios,
which then reflects the degree of S-nitrosylation of the protein
due to the experimental treatment.
Rat Hypoxia-Ischemia/Reperfusion Model. To illustrate

this concept experimentally, we have studied endogenous SNO
in a rat hypoxia-ischemia (HI)/reperfusion (HHI) model, be-
cause S-nitrosylation is widely implicated in ischemic injury, for
example, targeting specifically PTEN,25 as well as apoptosis.26,27

Neonatal HI is a major cause of neonatal morbidity andmortality
and is the most common cause of developmental neurological
deficits such as cerebral palsy and delayed cognitive and beha-
vioral deficits such as mental retardation.28,29 The initial phase
following neonatal HI is accompanied by cellular energy failure,
membrane depolarization, local release of potentially neurotoxic
excitatory neurotransmitters, edema, increase in the intracellular
level of calcium, lipid peroxidation, the production of oxygen-free
radicals, and decreased blood flow, all of which can lead to cell

death.17,29,30 This initial phase is immediately followed by further
neuronal damage, apoptosis, and cerebral edema.
The current clinical treatment for neonatal HI is the use of

supraphysiological concentrations of oxygen (HHI) for resusci-
tation of infants that have been asphyxiated and require assisted
ventilation.31�33 However, recent reports have shown early
increases in levels of biochemical markers of oxidative stress
after HHI.34 It has also been shown in animal models that oxygen
supplementation after asphyxia increases the rate of formation of
free oxygen radicals and decreases cerebral perfusion.32,35 The
Rice�Vannucci model14 is a clinically relevant model of neonatal
HI relying on day P7 rat pups. The lesion is largely restricted to
the cerebral hemisphere ipsilateral to the common carotid artery
occlusion and is mostly observed in the cerebral parietal cortex
and hippocampus.19 Hyperoxia is an effective resuscitating
treatment, but it does not prevent edema, hypoxic insult, brain
injury, or motor coordination.19

We applied SNOFlo to critically evaluate protein S-nitrosyla-
tion in our rat HI/HHI model. We first selected proteins on the
basis of the ratios of protein abundance from experimental (Exp)
versus control (Ctl) ratios alone. Of the 374 protein spots detected
by 2DE, 202 (Exp Asc�/Ctl Asc� and Exp Ascþ/Ctl Ascþ,
separately) showed statistical significance (ANOVA p < 0.05),
and all exhibited abundance ratios relative to the controls greater
than 1.3. Of these, 164 demonstrated a power of >0.8, and in the

Figure 2. (A) HHI two-dimensional gel separations. Representative gels from (left to right) the control, HI, and HHI triplicate samples are shown with
the 41 proteins demonstrating significant ratio of ratio responses. Details are described in the text. (B) Principal component analysis (PCA) of the
protein spot intensities. PCA of the 41 protein spots (IDs are presented in Table 1). Principal component 1 represents controls vs HI and HHI and
accounts for 40.0% of the variance, while principal component 2 represents the variance between Ascþ and Asc� and accounts for 20.2% of the variance.
In total, the top five principal components account for nearly 84% of the total variance. Key: cluster 1, control Asc�; cluster 2, control Ascþ; cluster 3, HI
Asc�; cluster 4, HI Ascþ; cluster 5, HHI Asc�; cluster 6, HHI Ascþ.
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effort to minimize false positives, 41 of these satisfied the FDR of
<0.05, meaning that two proteins may be falsely discovered in
this analysis. Figure 2A shows the average gels of the triplicate
samples with the 41 protein spots highlighted with their assigned
spot numbers. Principal component analysis (PCA) was

performed on the 164 powered (>0.8) protein spots (Figure 2B).
PC 1 represents the variance due to controls versus HI and HHI,
while PC 2 represents the variance in the data due to the Ascþ

versus Asc� samples. The figure suggests that most of the variance
between HI and HHI samples was due to differences in SNO
rather than protein abundance changes, because clusters 3 and 5
(Asc�) were well separated when compared with clusters 4 and 6
(Ascþ). PC 1 represents ∼40% of the variance, while PC
2 represents 20% of the variance in the data set. The top five
principal components account for more than 83% of the total
variance. This figure emphasizes the need to normalize against
protein abundance to extract the SNO response.
To further investigate the relationship of the spots and their

abundances, unsupervised cluster analysis was performed and a
heatmap generated on the basis of theZ scores of the FDR subset
(41 spots satisfying a FDR, <0.05) of the powered protein spot
intensities (Figure 3A). This figure shows the clustering of the
proteins with disease severity, the intermediate behavior of
the HI rats, and the inverse relationship between the controls
and the HHI rats. To complete the analysis, a heat map was
generated of the 41 protein spots clustered according to the ratio
of ratios (Figure 3B). Clear discrimination between a subset of
the proteins between HI and HHI samples is shown. The
identities, abundance, statistics, and oxidation state (ratio of
ratios and oxidation protective index) of the 41 proteins clustered
in panels A and B of Figure 3 are summarized in Table 1.
Although the identities of 17 of the 41 proteins selected were
questionable (MS expectation scores of >0.001), these were
included nevertheless because of their ANOVA and FDR
(q value) statistics. The FDR values from this collection imply
that perhaps no more than two of the 41 proteins were falsely
discovered (i.e., null).24

Upon HI induction, 26 of the 41 proteins exhibited significant
expression (|abundance| g 1.30) changes [Table 1, HI expres-
sion ratio (Ascþ)]. Upon reperfusion, 25 proteins exhibited
significant expression changes [HHI (Ascþ)]. However,
21 proteins showed the greatest changes in SNO (Table 1, ratio
of ratios) upon HI induction, while 19 showed the greatest
changes in SNO upon HHI. Five identified proteins were found
in multiple gel spots (ACTG1, 1MABA, PIAS2, DPYSL3, and
TKT), suggesting they were post-translationally modified iso-
forms, while a sixth remained unidentified (GI: 109506160).
Finally, Ingenuity Pathways Analysis was performed to extract

biochemical relationships among the 35 unique proteins and to
rationalize their responses to the hypoxic and HHI stressors.
Nervous system and cellular development were identified as the
top networks that were generated, and the merged network is
shown in Figure 4. Of the 35 protein identities submitted, 8 were
not functionally identified and 22 were found in the network
(Table 1). Functional analysis of the data set included proteins
involved in apoptosis (EIF5A, PIAS2, STMN1, NRGN, PDIA3,
ALB, NME2, and SCNB); branching morphogenesis of axons
(PDIA3), cortical neurons (DPYSL3), and sympathetic neurites
(GAP43); neurogenesis (PDIA3, PIAS2, DYPSL3, NRGN, and
VIM); and calcium signaling (NRGN, GAP43, and MARCKSL1).
Not surprisingly, major abundance changes were also observed
for fibrillar proteins known to be stress-responsive in neurons
and glia, such as TUBA1C, ACTG1, and VIM.
Comparison of SNOFlo to BST in Defining the Bacterial

Nitrosoproteome. The gut lumen represents a complex micro-
environment that has the potential to S-nitrosylate bacterial
proteins as a means of regulating host�microbe interactions.2

Figure 3. Heat maps of protein spot abundances and ratios of ratios.
(A) Protein spot intensities from the Asc� samples were analyzed as
described in the text, and the heat map was generated. Proteins are
arrayed vertically with their spot numbers along the right side of the
figure. Red indicates spots with positive Z scores (Z > 1.2), while green
indicates spots with negative Z scores (Z <�1.2) and black intermediate
Z scores. (B) Ratios of ratios of proteins in panel A. Red indicates spots
with positive ratios of ratios (increased R-SH, decreased S-nitrosylation),
while green indicates spots with negative ratios of ratios (increased
S-nitrosylation, decreased R-SH). Hierarchical clustering was performed
with Spotfire. The clustering results are displayed in the form of
dendrograms. The row dendrogram (to the left of the diagram) shows
the clustering of the proteins, with those clustering together grouped and
connected by vertical lines. The horizontal distance is a measure of the
dissimilarity in the expression patterns.
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Potential sources of S-nitrosylating agents include dietary ni-
trates and heme, cellular and microbially derived nitric oxide, and
S-nitrosylated proteins and peptides. We have previously re-
ported that stimulated glial cells in the gut regulate intestinal
inflammation via the secretion of GSNO, which is a potent
transnitrosylating agent.36 The S-nitrosylating potential of the
gut lumen is elevated further by the activation of nitric oxide
synthases during inflammation and infection and confers a
potentially important disease-modulating role. However, at pre-
sent, it remains unclear whether such immunomodulatory
SNO signals, or indeed how pharmacological doses of antimi-
crobial GSNO,2 may also act on bacterial virulence factors in the
gut lumen.
To address this possibility and to validate SNOFlo as amethod

for the quantitative detection of SNO, we extracted native
proteins from enteropathogenic E. coli (EPEC) using chloro-
form-osmotic shock and treated this preparation under nonredu-
cing conditions with GSNO (1�100 μM, ranging from
physiologic to pharmacologic concentrations) to identify micro-
bial proteins that are readily S-nitrosylated molecular targets.
Pilot studies demonstrated similarly elevated bacterial protein
S-nitrosylation profiles over this GSNO concentration range
[<5 μM being physiologic in the GI tract (unpublished
findings)], and a robust 100 μM antimicrobial pharmacologic
dose was chosen to demonstrate proof of concept. Protein SNO
specificity was additionally demonstrated by SNO photolysis of
the GSNO labeling (UV; 302 nm for 10 min at 9000 μW/cm2),
which yielded a similar reduction to ascorbate [1�20 mM
(Figure S1 of the Supporting Information)]. GSNO-treated
versus untreated extracts were analyzed by 2DE, and 25 spots
with higher labeling intensity in the GSNO treatment group were
selected and identified by mass spectrometry. The SNO proteins
identified by our method (Table 2) included those involved in
protein synthesis (E-Tu and RF4), folding (rotamase B and
DnaK), global regulation (NHS and SodB), quorum sensing
(LuxS), signal transduction (four kinases), and bacterial attach-
ment (OmpA and OmpX). Twenty of the 25 identified proteins
harbored the minimal sequence motif for SNO (cysteine ad-
jacent to an Asp or Glu).37 Many of the SNO proteins identified
were of cytoplasmic origin, which is not surprising because this
represents a rich source of cysteine-containing proteins, and
chloroform treatment of E. coli cells releases cytoplasmic and
cytoplasmic membrane (CM)-associated proteins below
100 kDa via mechanosensitive MscL channels37 [including
elongation factor Tu (E-Tu) and molecular chaperone DnaK].
Fourteen of the identified proteins (Table 2) have been pre-
viously indicated as targets for SNO in other organisms, indir-
ectly validating our method.
Further, to critically compare SNOFlo with the popular BST,

we analyzed bacterial SNO labeling using the two different
methods by 2DE. Direct comparison of the BST and BD-labeled
protein populations produced very different patterns because for
every cysteine labeled, the biotin moiety imparts a pKa of 4.66,
thereby altering the pI of the proteins modified. By contrast, the
SNOFlo method does not alter the pI of modified proteins.

’DISCUSSION

We have presented an alternative quantitative, reproducible,
and sensitive method for establishing the S-nitrosylated state of
cysteines, in both in vitro and in vivo models. Our approach
described here builds on our previously published methods thatT
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are specifically targeted to investigations of global proteomic
inquiry.11,12 Recognizing that more than 90% of human proteins
contain at least one cysteine,38 the strategy is based upon
cysteine-specific, truly saturation labeling with uncharged fluor-
escent dyes for addressing quantification in unbiased differential
proteomics investigations. Important considerations for un-
biased differential proteomics investigations include the impact
of the modification on electrophoretic mobility or chromato-
graphic selectivity and the need for high sensitivity.

To minimize sample manipulation, such as precipitations and
adsorptive chromatography before samples are labeled, our
approach permits electrophoresis immediately after labeling
without removal of unincorporated (but passivated) dye. Free
dye diffuses out of the medium during IEF incubation, and the
remainder migrates off the 2D gel during electrophoresis. How-
ever, dialysis is required to remove ascorbate prior to the labeling
step (as ascorbate interferes with maleimide labeling), but this
methodology represents a significant advance over existing

Figure 4. Ingenuity pathway analysis of identified proteins in the rat HHImodel. Protein ID’s were submitted to Ingenuity Pathway Systems (Ingenuity
Systems, http://www.ingenuity.com), along with their protection indices. The top pathway generated by IPA is represented here and was identified as
the nervous system development and function pathway. Of the 35 unique proteins exhibiting significance (Table 1), 23 play a role in this pathway and are
colored (red for positive PI and green for negative PI), and their PIs are listed below their location in the pathway.
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technology. Furthermore, recognizing that the reproducibility
and accuracy of quantification require modifications that ensure
true saturation, our approach estimates the cysteine content of
the entire protein extract by amino acid analysis and incubates
the extract with a 60-fold molar excess of dye over protein thiol.
Strict pH control (pH 7.5) is maintained to minimize non-
cysteine modifications, even for dye:protein thiol ratios of 100:1.
Finally, any modification that alters the electrophoretic mobility
of proteins, or LC retention time for peptides, greatly diminishes
the ability to match across the experiment, particularly when
variable degrees of modification are present. This is critical for
SNO quantification, where the amount of protein-bound fluor-
escent label reflects the degree of initial SNO modification and
may vary due to the experimental goals. In our approach, the
uncharged character of BD permits direct estimation of protein
intensity between samples regardless of whether the proteins’
cysteines are unmodified, partially modified, or fully modified
while at the same time allowing the calculation of the ratio of
ratios to normalize for changes in protein abundance and changes
in SNO due to the experimental design.

Specifically with respect to the BST strategy, some concerns
have been raised that the use of Asc may reverse not only
nitrosylation but also other modifications of protein thiols.
For example, it has been shown that Asc reduces the sulfenic
acid form of the catalytic cysteine of yeast peroxiredoxin 1,39

returning it to an active state. As a result, our studies presented
here may have quantified total Asc-reversible cysteine modifica-
tions (excepting disulfide reduction), rather than specifically
S-nitrosylation. Others have observed false positive signals in
samples for which no S-nitrosylation has occurred,40,41 or which
suggest reduction of glutathione-adducted cysteines.42 These
observations initiated a directed study that concluded that false

positive signals might have originated from denitrosylation of
endogenous SNOs by indirect sunlight,43 which is known to
cause loss of the unstable SNO. This study demonstrated the
profound ascorbate dependency of the BST and specificity of
ascorbate (up to 100 mM) for protein SNO. However, this
phenomenon does not explain the observed reactivity of com-
pletely reduced and S-alkylated proteins.40 It is possible that this
discrepancy may be due to incomplete protein denaturation in
the latter study, because SNO may be quite stable in structurally
intact proteins.44 Moreover, several reports have recently de-
monstrated transition metal ion dependency of the BST, with
ascorbate�metal ion complexes showing specificity for protein
SNO, and not for other oxidative cysteinyl modifications,
including disulfides.45�49 It may therefore be possible to sig-
nificantly enhance the sensitivity of SNOFlo by simple sample
assay addition of metal ions to the ascorbate reduction step.49 In
support of this notion, we demonstrate enhanced reversal of
GSNO-induced protein SNO by ascorbate copper I ions versus
ascorbate alone and confirm the specificity by SNO photolysis41

(Figure S1 of the Supporting Information). Until the ascorbate
specificity for protein SNO is unanimously authenticated for
BST or alternative reducing agents are implemented,50 protein
targets should ideally be validated using techniques such as
selected reaction monitoring, as these provide unequivocal
demonstration of the cysteinyl modification.

In addition to the value of the calculation of the ratio of ratios
in indicating the Asc-reversible modifications of cysteines, an
important corollary is the change in the ratio of ratios as a result
of the treatment, a concept we note as the oxidation protection
index (PI; a positive value as a result of a treatment is correlated
with an increased level of free sulfhydryls, hence “protection”
against oxidation). While the ratio of ratios for a given protein

Table 2. GSNO-Treated Bacterial Proteins Identified by SNOFloa

no. protein name gene name accession no.b spot no. no. of cysteinesc cysteine-containing peptidesd

1 DnaK transcriptional regulator dksA 215485305 4 4 FGYCESCGVE, ADLCIDCKTL

2 S-ribosylhomocysteinase luxS 215488011 5 3 LRFCVPN, PMGCRTG, VYQCGTY

3 elongation factor P efp 215489494 6 1 QAECIVT

4 superoxide dismutase sodB 215486832 7 1 YWNCLAP

5 outer membrane protein X ompX 215485901 10 1 KIACLSA

6 peptidyl-prolyl cis�trans isomerase B ppiB 215485602 11 2 LDYCREG, WGYCVFA

7 nucleoside diphoshate kinase ndk 215487868 12 1 GEVCPRT

8 ribosome recycling factor frr 215485333 13 1 MDKCVEA

9 adenylate kinase adk 215485554 14 1 QEDCRNG

10 uridine phosphorylase udp 215489172 15 3 VIVCSTG, DFECTTA, LTMCASG

11 outer membrane protein A ompA 215486075 16 2 GNTCDNV, LIDCLAP

12 molecular chaperone dnaK 215485175 17 1 TNSCVAI

13 elongation factor Tu tufA 215488625 18 3 HVDCPGH, LNKCDMV, KSTCTGV

14 elongation factor G fusA 215488626 20 3 MVYCAVG, LVTCGSA, DTLCDPD

15 phosphoenolpyruvate carboxykinase pckA 215488683 21 4 DAFCGAN, GAKCTNP, EGGCYAK, FSACFGA

16 elongation factor Tu tufA 215488625 22 3 HVDCPGH, LNKCDMV, KSTCTGV

17 phosphoglycerate kinase pgk 215488219 23 3 AALCDVF, DVACAGP, LTTCNIP

18 elongation factor Ts tsf 215485331 24 2 MMDCKKA, EVNCQTD

19 alkyl hydroperoxide reductase subunit C ahpC 215485649 25 2 TFVCPTE, GEVCPAK

20 elongation factor Tu tufB 215489312 26 3 HVDCPGH, LNKCDMV, KSTCTGV
aThe table shows the 20 most intensely stained E. coli E2348/69 proteins from 2DE gels, which were picked and identified by MS. The table also shows
the number of cysteines calculated from corresponding protein sequences as well as the sequences around the cysteines harboring the putative minimal
sequential S-nitrosylation motif (Cys with adjacent Asp or Glu). bGI number. cNumber of cysteines in the protein sequence. d Protein sequence around
the cysteines.
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under a given biological treatment indicates the degree of
modification, when a different biological treatment (or time
course) results in a change in this degree of modification, then
important information relating to the protein and its role in the
biology of the oxidative challenge may be implied. Thus, a series
of targeted experiments to further characterize and illuminate its
role or mechanism of action may be indicated by calculation of
the PI.

Of great interest was the involvement of three calmodulin
(CaM)-binding proteins (NRGN, GAP43, and MARCKSL1)
found to respond to HI and HHI in this study. The first two are
members of the calpacitin protein family whose apparent func-
tion is to bind calmodulin in the presence of low levels of calcium,
regulating its availability. Both are substrates for PKCγ, which
upon phosphorylation release CaM. This activity has been
proposed to directly govern plasticity in mice by determining
the kinetics and magnitude of the response to calcium.51 Of
relevance to this study is the fact that in response to S-glutathio-
nylation, the binding affinity of NRGN for PKC is lower than that
of its unmodified form, while that of GAP43 is higher than that of
its unmodified form.52 Our study shows that the PI values for
these two proteins are also inversely correlated; i.e., in response
to HHI, GAP43 exhibits a negative PI (�0.19, shift toward
SNO), while NRGN exhibits a positive PI (0.34, shift toward the
reduced SH). These observations suggest that, although opposite
in nature, both shifts result in NRGN and GAP43 states that are
more favorable for PKC phosphorylation and release of CaM,
which may play a role in the augmentation of inflammation and
edema by hypoxia.18,19

What is more intriguing is the involvement of ER protein 29, a
chaperone protein most likely playing a role in the stress
response mechanisms associated with HI and HHI, as well as
the involvement of MDH2, and STMN1, given that there is
evidence of a shift from mitochondrial apoptotic signaling to ER
death signaling with more necrotic features after HI.18 Proteo-
some activity (PSMA1 and PSMA2) was also involved, not
surprisingly given the cell death responses exhibited by HI16

and HHI.18

Also of interest is the response of protein disulfide isomerase
(PDIA3) toHI andHHI. This protein is found on the cell surface
and has been shown to catalyze the transfer of extracellular NO to
intracellular protein thiols near the membrane.53,54 It also
catalyzes sulfhydryl oxidization of newly synthesized proteins
to aid in proper folding and is kept in the oxidized state in the
endoplasmic reticulum. In the absence of oxygen (HI), proteins
may be misfolded, triggering the unfolded protein response
process that ultimately leads to proteosomal degradation.55 In
our study, PDIA3 shifts from a reduced state under HI to an
oxidized state under HHI (PI = �1.15).

At the risk of overinterpretation, these results might imply that
cysteine S-nitrosylation plays a significant role in the coordina-
tion of phosphorylation pathways known to regulate calcium
fluxes and subsequent cell death phenotypes and inflammation,
as well as neuronal cell development in general. This will require,
however, more detailed investigation and at this stage is spec-
ulative. These studies have been made possible by the use of
saturating conditions for fluorescence labeling and the use of an
uncharged dye to permit direct and quantitative comparisons and
matching of protein spots in unbiased proteomics investigations.
It is our belief that the SNOFlo procedure can be put to good use
in further illuminating the role of SNO in the regulation of
cellular signaling systems.

’ASSOCIATED CONTENT

bS Supporting Information. BST as described in Experi-
mental Procedures with E. coli E2348/69 cell extract (Figure S1).
Two micrograms of protein per lane was loaded onto a 4 to 20%
gradient SDS gel. Detection with IRDye800 streptavidin and
Licor Odyssey at 800 nm: lane 1, nontreated control; lane 2,
sample treated with 100 μM GSNO; lanes 3�5, samples after
100 μM GSNO treatment with 1 mM ascorbate and 1 μM CuI,
SNO photolysis, and 20 mM ascorbate, respectively, before
blocking. This material is available free of charge via the Internet
at http://pubs.acs.org.
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