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Abstract
Protein S-nitrosation is a reversible post-translation modification critical for redox-sensitive cell
signaling that is typically studied using the Biotin Switch method. This method and subsequent
modifications usually require avidin binding or Western blot analysis to detect biotin labeled
proteins. We describe here a modification of the Biotin Switch assay that eliminates the need for
Western blot or avidin enrichment protocols and allows direct comparison of the S-nitrosation
state proteins from two different samples in the same gel lane or on the same 2D gel. This S-FLOS
method offers detection, identification and quantification of S-nitrosated proteins, with the
potential for site-specific identification of nitrosation events.
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Protein S-nitrosation (also referred to as S-nitrosylation), a reversible post-translation
modification of cysteines, affects many cell signaling pathways [1,2]. Emerging evidence
suggests that dysregulation of this redox-sensitive modification is a marker of, or contributes
to the pathophysiology of many disease processes including arthritis, pre-eclampsia, asthma,
and stroke[3,4].

Rapid and global detection of biologically relevant nitrosated proteins would help to identify
novel NO signaling pathways and molecular mechanisms of many redox-sensitive
pathophysiologies[5,6]. The Biotin Switch assay [2] is one of several methods ([7] for recent
review) that has been used to study S-nitrosation in a variety of proteomes [8-11]. It
involves three steps aimed at replacing the cysteine linked nitrosothiol with a biotin tag at
the S-nitrosation sites: (1) block free thiols, (2) selectively reduce S-nitrosated cysteines, and
(3) biotinylate the newly released cysteine thiols (Fig. 1). The nitrosated proteins are then
detected by Western blotting for the biotin label or enriched using streptavidin resins or anti-
biotin antibodies for proteomic applications. S-nitrosation sites can be identified by
analyzing biotinylated peptides from proteolytic digests that bind to an avidin column as in
the SNOSID assay [6,12].
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Thus, the Biotin Switch assay is a powerful method to identify and map protein S-
nitrosation. However, this method is dependent on the efficiency and specificity of thiol
blocking and ascorbate reduction, and requires secondary methods of detection via avidin
binding or Western blot analysis. Moreover, quantifying relative changes in S-nitrosation
between samples requires low background, a high signal to noise ratio and highly
reproducible band or spot matching of avidin binding or antibody signals in different gel
lanes or on separate 2D gels. We describe here a modification of the Biotin Switch assay;
Selective Fluorescent Labeling Of S-nitrosothiols (S-FLOS, Fig. 1) which eliminates the
need for Western blot or avidin enrichment protocols and allows direct comparison of the S-
nitrosation state between two samples in the same gel lane or on the same 2D gel with a low
background and a high signal to noise ratio. In addition, our method2 is compatible with in
situ tissue staining (Fig. S2 in supplemental data), analysis of mitochondrial protein S-
nitrosation [13], and identification of S-nitrosated protein by mass spectrometry with the
potential to map S-nitrosation sites.

Experimental procedures
Protein extracts from mouse brains or cell cultures

NOS1 knockout (NOS1−/−) and wild-type C57BL/6J mice (9–11 weeks old) were purchased
from The Jackson Laboratory (jax-mice.jax.org). All animals were treated according to NIH
guidelines. Mice were anesthetized and perfused with normal saline to remove blood. Brains
were dissected, snap frozen, and stored at −80 °C. Frozen brains (1 gm) in 5 ml of Lysis
Buffer (50 mM Tris–HCl buffer, pH 7.5) containing protease inhibitors (Roche Diagnostics
Corp., www.roche-applied-science.com) and 10 μM neocuproine (Sigma-Aldrich Co.,
www.sigmaaldrich.com) were homogenized (VWR PowerMax™ AHS 200, VWR
International, LLC, www.vwrsp.com) for three rounds of 45 s homogenizing and 2 min on
ice. Homogenates were centrifuged at 10,000 rpm at 4 °C for 5 min to recover supernatant.
Mouse RAW264.7 cells were purchased from ATCC Global Bioresource Center
(www.atcc.org) and cultured according to ATCC protocols. After removing culture medium,
cells were lysed by scraping in Lysis Buffer. Protein concentrations of brain homogenates or
cell lysates were determined using Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.,
www.bio-rad.com), adjusted to 1 mg/ml with Lysis Buffer and used immediately.

GSNO transnitrosation of purified proteins or cell lysates
One milligram/milliliter of Creatine Kinase (0.25 mg/ml), Bovine Serum Albumin (0.25 mg/
ml), Arginase I (0.25 mg/ml), and Lysozyme (0.25 mg/ml) (Sigma-Aldrich Co.) or 1 mg/ml
RAW264.7 cell lysates in 100 μl of 50 mM Tris–HCl, pH 7.4, containing 1% SDS and 10
μM neocuproine were incubated with GSNO (3–100 μM) for 30 min at room temperature in
the dark with constant agitation. For Fig. 2C, 20 mg/ml BSA solution in 500 μl of a 50 mM
Tris–HCl (pH 7.5) buffer was treated with increasing doses of GSNO for 1 h at room
temperature in the dark.

Nitric oxide synthase stimulation in cell cultures
RAW264.7 cells were cultured for 0–48 h in the presence of 100 U/ml γ interferon (IFNγ,
Roche Diagnostics Corp.) and 5 μg/ml bacterial lipopolysaccharide (LPS, Sigma-Aldrich
Co.) before harvesting and lysis.

2A similar approach Sun et al., 2007 [14] was published while this paper was under review.
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S-FLOS assay
The entire assay, through scanning, was performed in the dark. Free cysteines in 1 mg/ml of
purified proteins or protein extracts were blocked in 100 μl of 20 mM methyl
methanethiosulfonate (MMTS) in 50 mM Tris–HCl, 10 μM neocuproine and 1% SDS at 50
°C for 1 h. Excess GSNO and MMTS were removed by precipitation with four volumes of
cold acetone for 1 h. Proteins were redissolved in 100 μl Reducing Buffer (50 mM Tris–HCl
pH 7.4, 4% CHAPS, 5 mM ascorbate) and incubated at room temperature for 1 h. The
reduced proteins were buffer exchanged into 120 μl Labeling Buffer (50 mM Tris–HCl pH
7.0, 7 M Urea, 4% CHAPS) using protein desalting spin columns (Pierce,
www.piercenet.com). To optimize Cy-dye labeling, Cy-dye was titrated from 4 to 40 pmol
dye per μg protein. For the purified proteins, 5 μg of each protein sample was labeled with
10 pmol of Cy3 or Cy5-maleimide (Cy-Dye DIGE Fluor for Scarce Samples, GE
Healthcare, www5.gelifesciences.com) at 37 °C for 30 min. For cell lysates or brain
homogenates, protein concentration was determined after buffer exchange into Labeling
Buffer using the 2D Quant kit (GE Healthcare). 12.5 μg of total protein was then labeled
with 40 pmol of either Cy3 or Cy5-maleimide at 37 °C for 30 min. The ascorbate reduction
and Cy-dye labeling steps were performed sequentially because ascorbate sometimes
interfered with the Cy-dye labeling. The Cy3 and Cy5-labeled proteins were either resolved
individually using SDS–PAGE or for direct comparison, mixed and resolved using either 1D
or 2D gel electrophoresis. Fluorescence images were acquired on a Typhoon 9400 (GE
Healthcare) scanning at 500 PMT with excitation/emission filters for Cy3 or Cy5.
ImageQuant (version 5.2, GE Healthcare) was used to determine relative fluorescence
intensities. Gels were post stained with colloidal coomassie blue (SimplyBlue SafeStain,
Invitrogen Corp., catalog.invitrogen.com) or silver (Silver Stain Plus kit, Bio-Rad
Laboratories, Inc.) and scanned to determine protein loads using densitometry (UMAX
PowerScan III).

Biotin Switch assay
Nitrosated proteins were detected based on a modified Biotin Switch assay using the
NitroGlo assay kit (Perkin-Elmer Inc., las.perkinelmer.com) according to the manufacturer’s
protocol. Biotinylated proteins were enriched as previously described [15] by binding 50 μl
of streptavidin-agarose beads (Pierce) at 4 °C overnight.

2D Gel electrophoresis
Cy3 and Cy5-labeled protein samples (12.5 μg of each) were mixed and buffer exchanged
into 120 μl of Rehydration Buffer (8 M Urea, 4% CHAPS, 0.2% DTT, 0.0002%
bromophenol blue) using protein desalting spin columns. Ampholytes (1.8 μl of pH 4–7 IPG
buffer, GE Healthcare) were added, and the proteins were resolved on a 7 cm pH 4–7 IPG
strip (GE Healthcare) followed by 4–12% gradient SDS–PAGE (NuPage, Invitrogen). All
gels were run in the dark.

Protein identification
Silver stained protein spots excised from 2D gels were destained using 30 μl of 1:1 mixture
of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate according to Gharahdaghi
et al., 1999 [16] and digested with trypsin (sequencing grade, Promega Corp.,
www.promega.com) in 20 mM ammonium bicarbonate at 37 °C overnight as previously
described [17]. Extracted peptides were fractionated on a 5–40% acetonitrile gradient in
0.1% formic acid over 25 min at 300 nl/min on a 75 μm × 100 mm column with a 8 μm
emitter (New Objectives, Inc., www.newobjective.com) and packed with 5 μm, 120Å C18
beads (YMC ODS-AQ, Waters Corp., www.waters.com). Eluting peptides were analyzed by
collision-induced dissociation (CID) using nanoLC tandem mass spectrometry analysis on a
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QSTAR/Pulsar (Applied Biosystems/MDX Sciex, home.appliedbiosystems.com) interfaced
with an Eksigent 2D nano-LC system (www.eksigent.com). Survey scans were acquired
from m/z 350–1200 with up to three precursors selected for MS/MS using a dynamic
exclusion of 30 s. A rolling collision energy was used to promote fragmentation. Peptide
sequences were identified by screening the fragmentation data against the NCBI non-
redundant database using in-house Mascot server and Mascot Daemon as an interface.
Peptides with scores higher than Mascot’s calculated 95% confidence probability threshold
were considered reliable peptide sequences. Proteins with two or more reliable peptides
were considered significant protein identifications.

Amperometric detection of S-nitrosothiols
Absolute levels of S-nitrosothiols were determined using an amperometric NO probe (ISO-
NOP70L probe, World Precision Instruments, Inc., www.wpiinc.com) according to vendor’s
protocol and based on Zhang et al., 2002 [18]. In brief, the ISO-NOP70L probe was
polarized in 20 ml of 50 mM Tris–HCl buffer containing 10 mM Cu2+ at room temperature
and calibrated by adding increasing concentrations of GSNO and SNAP. BSA (1 mg/ml)
samples were treated with GSNO as described above. Excess GSNO was removed by
acetone precipitation in four volumes of cold acetone for 1 h followed by desalting on
protein desalting spin columns into 120 μl 50 mM Tris–HCl (pH 7.4). Protein concentration
was determined with Bio-Rad Protein Assay in order to add 100 μg of BSA directly to the
probe bath to determine the BSA–SNO levels. For untreated and low GSNO doses, 500–
1000 μg BSA was required to detect signal.

Nitrite detection in cell culture media (Griess assay)
Nitrite concentrations accumulating in cell culture media or released from BSA using 4 mM
Hg2+ was determined using the Nitrite/Nitrate assay kit (NOS Assay Kit, Colorimetric,
Calbiochem, www.emdbiosciences.com/html/CBC/home.html) following manufacturer’s
instructions and is based on Nims et al., 1996 [19]. Briefly, cell cultures and BSA samples
were treated as described above. Proteins were recovered by cold acetone precipitation
followed by protein desalting columns into 50 mM Tris–HCl (pH 7.5) buffer. Volumes were
made up to 500 μl in each sample. For each sample, protein concentrations were measured
by Bio-Rad Protein Assay and SNO content was measured by the NOS Assay Kit calibrated
with GSNO standards.

Results
The S-FLOS assay requires the same blocking and reduction steps as the Biotin Switch
assay (Fig. 1). However, instead of HPDP–Biotin, S-FLOS uses maleimide conjugated Cy-
dyes under conditions optimized for selectively labeling only reduced cysteine thiols,
leaving disulfides intact. These Cy-dyes have been successfully used to detect free thiols in
protein samples [20,21], but have not been used to detect or quantify S-nitrosated proteins.
Two Cymaleimide dyes (Cy3 and Cy5) are commercially available from GE Healthcare and
allow direct comparison of two different protein samples on the same electrophoresis gel.
Relative differences between the label proteins can then be quantified using fluorescent
imaging technology. Other maleimide linked dyes such as Alexa Fluors, Texas red, and
BODIPY can also be used for SDS–PAGE and in situ staining applications; however, unlike
Cy-dyes, these dyes are not charge balanced and, thus, are unsuitable for 2D gels.

To determine if the S-FLOS method can detect changes S-nitrosation, a mixture of four
proteins were exogenously nitrosated by direct S-transnitrosation using S-nitrosoglutathione
(GSNO) (Fig 2A). Hundred micrograms of a mixture of Creatine Kinase (CPK), Bovine
Serum Albumin (BSA), Arginase I, and Lysozyme was incubated with increasing doses of
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GSNO. CPK [22] and BSA [23] are known targets of nitrosation; and Arg 1 has been
identified recently as a target for S-nitrosation in this laboratory [24]. Lysozyme served as a
negative control for the S-FLOS assay. The GSNO treatment was followed by labeling
‘nitrosated’ proteins with either Cy3 or Cy5 using the S-FLOS assay (Fig 2A). The
fluorescence intensities were calculated using ImageQuant software, and normalized to
protein levels (Fig 2B). Although reproducible losses in protein recovery occurred during
the acetone precipitation step in the presence of GSNO (Fig 2A right panel), fluorescence
intensities clearly increased in samples treated with GSNO (Fig. 2A, left and middle panels).
Relative increases in fluorescence intensities were similar for either dye as demonstrated by
small error bars in Fig 2B. GSNO can also glutathionylate proteins such as creatine kinase
[25], ([26] for review). The conditions driving nitrosation versus glutathionylation are not
understood. BSA, however, is only S-nitrosated by GSNO [25]. Following treatment with
GSNO, both the amperometric probe and the Griess-Saville method independently measured
an increase in the S-nitrosothiol content of BSA (Figure 2C). Therefore, S-FLOS can detect
and quantify relative changes in exogenously S-nitrosated proteins. It has been reported that
it is difficult to reduce S-nitrosated albumin with ascorbate [7]. However, the S-FLOS signal
from BSA increased with increasing transnitrosation (Fig. 2), but was absent when the
ascorbate reduction step was omitted (data not shown).

The S-FLOS assay also detected changes in S-nitrosation in RAW264.7 cells protein
extracts (Fig. 3). The S-FLOS signal markedly increased in protein extracts treated with
GSNO (Fig 3A, GSNO + lanes) as compared to the untreated extracts (Fig 3A GSNO −
lanes). The source of background S-FLOS signal in the untreated extracts was not
determined. However, pretreating proteins with ascorbate before the S-FLOS assay led to a
nearly complete loss of the S-FLOS signal (Fig 3A, Asc + lanes).

The same experiment was performed using HPDP–biotin in the Biotin Switch assay.
Biotinylated proteins isolated by binding to avidin-linked beads were analyzed on silver
stained gels (Fig. 3C). The intensity of many of the protein bands increased after treating
with GSNO. The Biotin Switch assay, however, has a high background noise since many
protein bands were still present after pretreating proteins with ascorbate before the Biotin
Switch assay (Fig 3C, Asc + lane). These ‘background’ proteins were likely non-specific
binding proteins or endogenously biotinylated.

Brain homogenates of NOS1−/− mice show reduced S-FLOS signal as compared to wild-
type brain homogenates (Fig. 4). Brain homogenates of wild-type and NOS1−/− mice were
subjected to S-FLOS and resolved using SDS–PAGE. Differences in signal intensity
between the wild-type and NOS1 knockout mice were clearly distinguished. The S-FLOS
signal intensity was dependent on the ascorbate reduction step and results were similar with
either Cy-dye. NOS1−/− samples were not devoid of signal presumably because of the
presence of other NOS isoforms, particularly NOS3.

Proteins from RAW264.7 cells stimulated with 100 U/ml IFNγ and 5 μg/ml LPS to induce
NOS2-dependent NO production, and thereby, S-nitrosation [8] were assayed for changes in
the S-FLOS signal using 2D SDS–PAGE (Fig. 5). Proteins from three biological replicates
were extracted at four time points over 48 h. Untreated RAW264.7 cells, harvested at the
same time intervals as the treated samples, served as controls. Nitric oxide production was
confirmed in stimulated cells by quantifying the accumulation of NO2

− and NO3
− in culture

media using the Griess assay (Fig 5A). The lysates were subjected to S-FLOS. At each time
point, stimulated samples were labeled with Cy3-maleimide; the unstimulated controls were
labeled with Cy5-maleimide; Cy3 and Cy5-labeled proteins were mixed and resolved on a
single 2D gel. Comparing the Cy3 and Cy5 fluorescent images after 24 h stimulation shows
an increase in S-FLOS signal correlating with an increase in NO production in IFNγ/LPS
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stimulated RAW264.7 cells (Fig 5B, top and middle panels). Comparing the Cy3 image (Fig
5B top panel) and the silver stain image (Fig 5B, bottom panel) highlights the selectivity,
and sensitivity of the S-FLOS method. Various high abundance proteins such as spots B2,
C12, and D1 have no fluorescence signal whereas several low-abundance proteins (e.g. spot
A9) have the fluorescent tag. Dye switching showed the same results (Fig. S1 in
supplemental data).

The relative changes in fluorescence intensities of 21 spots were measured over the 48 h
stimulation (Fig. 5C). Spots had different time dependent increases in fluorescent intensity,
with the S-FLOS signal either peaking at different time points (e.g. proteins 5, 10 and 11) or
not changing (e.g. protein 20). The subset of proteins associated with increased Cy
fluorescence, excised and identified by tandem mass spectrometry, are presented in Table 1.
Five are known targets for S-nitrosation. Two proteins are novel targets for S-nitrosation and
also contain the loose consensus sequence for S-nitrosation ((K/R/H/D/E) C (D/E)) [27].
The two proteins that did not have Cy-fluorescence also do not have this consensus
sequence and are not reported to be S-nitrosated in the literature.

Discussion
Proteins known to be modulated by S-nitrosation include structural proteins, ion-channels,
and enzymes [1] which can be activated (e.g. ryanodine receptors [28], COX-2 [29], HIF-1
[30], arginase 1 [24]) or inhibited (creatine kinase, eNOS [31], caspases [1]) by this
reversible redox-sensitive modification of specific cysteines. Identifying proteins whose
activity/function is affected by changes in S-nitrosation is key to understanding the basic
cellular mechanisms and the pathophysiology of many diseases. The Biotin Switch assay
and some of its variations has played a significant role [8-11] in identifying S-nitrosated
proteins and their S-nitrosation sites. Other methods for determining total free thiols in
protein extracts using maleimide-linked Cy-dyes have recently been described [32]. Our S-
FLOS method is a new modification2 of the Biotin Switch assay, using Cy-maleimide dyes
in place of HPDP–Biotin. These dyes selectively form adducts with protein thiols at pH 7,
which are not reduced by common reducing agents used in gel electrophoresis (e.g. DTT
and TCEP) as is HPDP–Biotin. Detecting the fluorescent labeled proteins does not require
Western blot analysis or an avidin enrichment step as with the Biotin Switch assay and this
two Cy-dye system allows direct comparison the fluorescent intensities of proteins from two
different samples on the same 2D gel.

Using any version of the Biotin Switch method to detect S-nitrosation in proteomic studies,
however, raises concerns over the selectivity and sensitivity of the thiol blocking and S-
nitrosothiol reducing agents, as well as the efficiency of blocking a large total protein thiol
signal to detect a small S-nitrosation content [7]. Although the possibility that the S-FLOS
assay also detects disulfides and relatively rare sulfenic acid modifications of thiols [33] is
not completely ruled, our results demonstrate that the S-FLOS method can detect changes in
S-nitrosation. The S-FLOS signal increased under the same conditions and with the same
time dependency as increases in total protein S-nitrosothiol content as measured by the
amperometric probe or the Griess–Saville method. Proteins having an increase S-FLOS
signal under these conditions and identified by mass spectrometry where previously shown
to be S-nitrosated or have the loose consensus sequence for S-nitrosation ((K/R/H/D/E)C(D/
E)) [27]. Proteins identified without an S-FLOS signal do not have this sequence and are not
reported to be S-nitrosated. The S-FLOS signal also is reduced in NOS1 deficient mice,
indicating detection of S-nitrosation sites.

The S-FLOS conditions for thiol blocking and S-nitrosothiol reduction was selective and
efficient as demonstrated by the virtually complete loss of the S-FLOS signal in samples
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pretreated with reducing agents before performing the S-FLOS assay or in omitting the Asc
reduction of S-nitrosothiols step in the S-FLOS assay. Although an ascorbate dose–response
curve for the effect of Asc reduction in the S-FLOS method was not performed. The Asc
reduction step was required to obtain an S-FLOS signal. S-nitrosothiol reduction before
MMTS blocking also completely blocked the S-FLOS signal showing the MMTS blocking
of free thiols was efficient and not removed by the Asc reduction step.

The S-FLOS assay data has low background noise. Clear increases in S-FLOS signals
correlated with exogenous GSNO transnitrosation or NOS2 dependent nitrosation and with
endogenous nitrosation by constitutive NOS (WT vs NOS1 deficient mice). The S-FLOS
assay, therefore, has the necessary and sufficient signal to noise to detect relative changes in
S-nitrosothiol content of individual proteins under conditions that affect the total protein S-
nitrosation state.

In addition to MMTS blocking and ascorbate reduction concerns, it is crucial to strictly
control pH between 7.0 and 7.5 during the Cy-dye labeling step in the S-FLOS assay.
Higher pH’s can lead to non-specific Cy-maleimide labeling of lysines, independent of
blocking and reduction, and lead to erroneous detection of protein nitrosothiols.
Furthermore, for purified proteins, the Cy-dye must be titrated from 4 to 40 pmol of dye per
μg protein to optimize Cy-dye labeling for each protein. The optimal amount of Cy-dye is
likely a function of the number and ratio of nitrosated cysteines to total cysteines in the
purified protein. For protein mixtures, 40 pmol per μg protein serves as a suitable proportion
for labeling.

As with any difference gel electrophoresis (DIGE) analysis, dye switching is required to
eliminate potential dye specific effects [34]. Although absolute fluorescence intensities may
differ slightly between dyes, relative intensities of between samples for each dye were the
same. For comparison across dyes, the fluorescence intensities should be normalized to the
relative contribution of any one band or spot’s fluorescence to the sample’s total protein
fluorescence for each dye. This normalization will distinguish between true changes in
fluorescence of a spot or band from merely a general increase in fluorescence labeling.
Supplemental data Fig. S1 is a biological replicate and dye swap (Cy5 stimulated, Cy3
unstimulated) of the experiment in Fig 5B. Both show similar backgrounds for the S-FLOS
fluorescence signal in protein samples from the stimulated cells.

The S-FLOS assay, therefore, has the low background, high sensitivity and high signal to
noise to detect relative changes in S-nitrosothiol content of individual proteins under
conditions that affect the total protein S-nitrosation state. It provides direct relative
quantification in 2D electrophoresis applications, eliminating streptavidin affinity
purification steps or Western blot analysis. While S-FLOS can detect changes in S-
nitrosation, it currently does not distinguish between changes due to protein expression
versus changes in the number of modified cysteines. To distinguish between these two
possibilities, a second method, such as a traditional DIGE analysis [35], must be performed
in parallel to the S-FLOS assay to quantify relative changes in protein expression. However,
using S-FLOS to detect and identify proteins showing quantitative differences in S-
nitrosation between two different samples on a single 2D gel will provide quantitative,
spatial and temporal information on changes in S-nitrosation useful to investigating the role
of S-nitrosation in normal cellular signaling [36] as well as in the pathophysiology of
diseases associated with NO dysregulation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Comparison of the Biotin Switch and S-FLOS labeling schemes.
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Fig. 2.
Detecting and quantifying S-nitrosation in purified proteins transnitrosated with GSNO
using the S-FLOS assay. (A) A 100 μg mixture of Creatine Kinase (CPK), Bovine Serum
Albumin (BSA), Arginase I (Arg), and Lysozyme (Lys) treated with 0, 50 and 100 μM
GSNO was labeled with either Cy3 or Cy5 using the S-FLOS assay. Cy3 (12.5 μg) and Cy5
(12.5 μg) labeled proteins were mixed, separated by SDS–PAGE and visualized using a
Typhoon fluorescence scanner (Cy3 left panel, Cy5 middle panel). After fluorescence
imaging, the gel was stained for total protein using Coomassie blue (right panel) to
determine protein recovery. (B) Relative changes in fluorescence from the four proteins in A
were quantified using ImageQuant and normalized to protein content from densitometry of
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Coomassie blue stained bands. Histograms represent averages from three Cy3-and three
Cy5-labeled samples. Error bars represent +/− standard deviations of three independent
experiments. Fluorescence intensity for lysozyme was not detected, suggesting that
lysozyme is not nitrosated under these conditions. (C) Two hundred microgram of BSA (1
mg/ml) was treated with different doses of GSNO (0–50 μM) for 30 min at 37 °C in the
dark. BSA–SNO content for 100 μg of BSA at each GSNO dose was quantified using an
amperometeric assay (6 replicates) and the remaining 100 μg BSA using the S-FLOS assay
(6 replicates) as in A. Five microgram of Cy3 or Cy5-label BSA was analyzed by SDS–
PAGE and imaged for fluorescence (middle panels) or total protein (silver stain, bottom
panel). S-FLOS relative fluorescence intensities were calculated from fluorescence with
GSNO per μg protein divided by fluorescence without GSNO per μg protein using
ImageQuant and normalized to the protein load based on densitometry silver stain images.
BSA–SNO content was also quantified using the Griess–Saville assay alone (9 replicates)
from 1 mg BSA (20 mg/ml) treated with increasing doses of GSNO for 1 h at room
temperature in the dark. Error bars represent +/− standard deviation.
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Fig. 3.
Comparison of the Biotin Switch and S-FLOS assays in RAW264.7 cells. (A) Proteins (25
μg) from lysates of RAW264.7 cells treated with (lanes 2 and 4) or without (lanes 1, 3, 5
and 6) 100 μM GSNO were labeled with Cy3 or Cy5 using S-FLOS, separated by SDS–
PAGE and imaged for fluorescence. A clear increase in fluorescence is observed in treated
samples (lanes 2 and 4). Proteins in lanes 5 and 6 were pretreated with ascorbate (Asc +)
prior to the S-FLOS assay and completely blocked the fluorescence labeling. Lanes 5 and 6
were scanned at a higher PMT (650 versus 500 for lanes 1–4) for increased fluorescence
detection. (B) Coomassie blue staining for total protein of gel in Fig. 3A showing equal
protein load all lanes. (C) For comparison with S-FLOS analysis, the Biotin Switch assay
was performed on the same samples in Fig. 3A according to Jaffrey and Snyder, 2001 [15].
After HPDP–biotinylation, nitrosated proteins were enriched using streptavidin coated
agarose, resuspended in Laemmli sample buffer, resolved by SDS–PAGE, and silver stained
for total protein. Differences in GSNO treated (lane 2) versus untreated (lane 1) proteins
were similar to S-FLOS results. However, pre-treatment with ascorbate (lane 3) prior to the
Biotin Switch assay did not eliminate proteins binding to streptavidin.
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Fig. 4.
Comparison of S-FLOS labeling in brain homogenates from wild-type and NOS1 knockout
mice. Protein extracts from wild-type (WT) and NOS1 knockout (NOS1−/−) mouse brains
were labeled with either Cy3 (top panels) or Cy5 (bottom panels) with (+Asc) or without
(−Asc) using the ascorbate reduction step in the S-FLOS assay. Labeled proteins (12.5 μg
per lane) were separated by SDS–PAGE and imaged for fluorescence (left panels) or silver
stained for total protein (right panels). Both Cy3 and Cy5 fluorescence are lower in NOS1−/−

compared to WT samples and have very low signal in the absence of the ascorbate reduction
step. Protein loads were equal in all lanes (right panels).
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Fig. 5.
Relative quantification of NOS2-dependant nitrosation in IFNγ/LPS stimulated RAW264.7
cells using S-FLOS. (A) Using the Griess method, NO production was measured in culture
media at 0, 6, 24 and 48 h from RAW264.7 cells incubated with or without 100 U/ml IFNγ/
5 μg/ml LPS to induce endogenous NOS2-dependent NO production. Error bars represent +/
− standard deviation for three biological replicates; (B) Protein (12.5 μg) from stimulated or
unstimulated RAW264.7cells at the 24 h time point in A were labeled Cy3 or Cy5,
respectively, using the S-FLOS assay. Cy3 and Cy5-labeled proteins were mixed, separated
on a 2D SDS–PAGE gel, imaged for fluorescence (Cy3, top and Cy5, middle panels) and
silver stained for total protein (bottom panel). Spots picked for identification by mass
spectrometry are shown on silver stain image. (C) RAW264.7 cells treated with IFNγ/LPS
were harvested at 0, 6, 24 and 48 h. As in B, at each time point protein extracts were
subjected to S-FLOS, using Cy3 for stimulated cells and Cy5 for unstimulated controls and
resolved on 2D gels. The relative changes in fluorescence in 21 proteins from stimulated

Santhanam et al. Page 16

Nitric Oxide. Author manuscript; available in PMC 2013 July 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells, normalized to unstimulated controls, are shown. The data are averages of three
independent experiments. Error bars are omitted for clarity (*p < 0.01, †p < 0.05).
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Table 1

Proteins identified from Fig. 5B with increased S-FLOS signal are known targets for S-nitrosation or contain
the proposed consensus sequence

Spot Protein identification Reference for nitrosation S-FLOS signal

Known targets

A5/A6/A7 Bovine serum albumin* Rafikova et al. (2002) PNAS 99:5913 Yes

B2 Protein disulfide isomerase Uehara et al. (2006) Nature 441:513 Yes

B5–B7 Cysteine proteinase inhibitor* Salvati et al. (2001) Biochim. Biophys. Acta 1545:357 Yes

78-kDa Glucose-regulated protein (GRP78) Moon et al. (2006) Hepatology 44:1218 Yes

C3/C4/C5 Enolase1 Gao et al. (2005) Nitric Oxide 12:121 Yes

Novel targets

A2/A3 Heat shock protein-70 No reference contains “consensus” sequence Yes

A4 Heat shock 70kDa protein 5 No reference contains “consensus” sequence Yes

A11 Heat shock protein-65 No reference contains “consensus” sequence Yes

Negative controls

D1/C12 Nucleolar phospho-protein No reference

No consensus sequence No

D2 Aldolase A No reference

No consensus sequence No

A subset of proteins in spots excised from the gel shown in Fig. 5B (bottom panel) where digested with trypsin in gel. Extracted peptides were
analyzed by tandem mass spectrometry. Proteins were identified using MASCOT and are based on two or more peptide sequences with scores
above the 95% confidence (see supplemental data). S-FLOS signal is based on Cy3 fluorescence in Fig. 5B.

*
Proteins in spots A5/A6/A7 and B5/B6/B7 series are contaminants from growing cells in DMEM containing FBS. These proteins will be

nitrosated as the cells release NO upon stimulation, and were detected by the S-FLOS assay.
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