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Abstract
S-nitrosylated proteins are biomarkers of oxidative damage in aging and Alzheimer’s disease
(AD). Here, we report a new method for detecting and quantifying nitrosylated proteins by
capillary gel electrophoresis with laser induced fluorescence detection (CGE-LIF). Dylight 488
maleimide was used to specifically label thiol group (SH) after switching the S-nitrosothiol(S-NO)
to SH in cysteine using the “fluorescence switch” assay. In vitro nitrosylation model-BSA
subjected to S-nitrosoglutathione(GSNO) optimized the labeling reactions and characterized the
response of the LIF detector. The method proves to be highly sensitive, detecting 1.3 picomolar
(pM)concentration of nitrosothiols in nanograms of proteins, which is the lowest limit of detection
of nitrosothiols reported to date. We further demonstrated the direct application of this method in
monitoring protein nitrosylation damage in MQ mediated human colon adenocarcinoma cells. The
nitrosothiol amounts in MQ treated and untreated cells are 14.8±0.2 and 10.4±0.5 pmol/mg of
proteins, respectively. We also depicted nitrosylated protein electrophoretic profiles of brain
cerebrum of 5-month-old AD transgenic (Tg) mice model. In Tg mice brain, 15.5±0.4 pmol of
nitrosothiols/mg of proteins was quantified while wild type contained 11.7±0.3 pmol/mg proteins.
The methodology is validated to quantify low levels of S-nitrosylated protein in complex protein
mixtures from both physiological and pathological conditions.
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1. Introduction
S-nitrosylation (also referred to as nitrosation) of protein is a post translational modification
(PTM) of thiols on cysteines [1]. It is essential in cellular function and signaling regulation
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[2–6] and serves as biomarkers in many diseases including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, diabetes, and stroke[7–11]. There are four major mechanisms
to potentially form the nitrosothiol (SNO) group in a biological system: (1) Nitric oxide
(NO) can react with O2 to form dinitrogen trioxide (N2O3), which is considered to be the
main S-nitrosylating species due to its powerful electrophilicity [2]. (2) Peroxynitrite
(ONOO−), the product between NO and superoxide (O2−), can react with thiols to form S-
nitrosothiols [5,12]. (3) Transnitrosylaton between glutathione (GSH) and RSNO, leads to
the formation of S-nitrosoglutathione (GSNO)[5,13,14]. (4) S-Nitrosothiols can be formed
from the reaction of nitrous acid (HONO) with thiols in an acidic environment, potentially
occurring in the gastro-intestinal tract[15,16]. However, it is not clear which of these
mechanisms more closely resemble in vivo physiological S-nitrosylation [17].

Currently, a number of “indirect” methods are used for quantitative measurement of
nitrosothiols, which either require cleavage of the S-NO bond followed with NO level
measurement or replacement of the S-NO with another detectable tag. One widely utilized
method is the colorimetric Saville assay[18]. NO+ is displaced from the thiol by mercuric
chloride in the presence of sulphanilamide and then reacts with N-(1-naphyl)-
ethylenediamine. The reaction product, a colored azo dye, can be detected
spectrophotometrically at 540nm [21]. This method has a limit of detection (LOD) around
500 nM[19]. However, this LOD is above physiological levels of nitrosothiols, which limits
the technique’s application to quantitative studies of nitrosothiols from biological samples.

Chemiluminescence assay has also been developed for S-NO measurement [20]. After
cleavage of the S-NO bond through either photolysis or chemical reduction, the released NO
reacts with ozone to form the NO2*, which decays to NO2 with production of light. This
method has good sensitivity with an LOD of 2 picomoles[20]. However, the technical
challenges lie on equal mixing of the test gas flow with the ozone[19]. Additionally,
although the photolysis method consistently gives quantitative measures, the NO yields by
chemical tri-iodide reduction chemiluminescence assay are generally low and difficult to
reproduce[21].

A fluorescence method for the indirect detection of SNOs spectrofluorometryto measure the
status of NO has also been reported[22,23]. The S-NO bonds are cleaved with HgCl2 and the
newly formed NO is monitored from its reaction with 4, 5-diaminofluorescein (DAF) to
yield a fluorescent triazolofluoroscein(excitation/emission=485/520 nm)[20]. The LOD of
this method reaches 5nM [22].

Accurate and sensitive methods to detect and quantify low levels of S-nitrosylated proteins
in complex protein mixtures from both physiological and pathological conditions are
required in order to fully understand the range and extent of this modification. In this paper,
we develop a new quantitative method to detect SNOs by capillary gel electrophoresis with
laser induced fluorescence detection (CGE-LIF). Among the commercial detection modes
developed for CE,

LIF is one of the most sensitive detection techniques [24]. Here, a “fluorescence switch”
method derived from the “biotin switch assay” is used to label the nitrosothiols [25,26]. The
procedure consists of the derivatization of nitrosothiols into free sulfhydryl groups followed
by specific labeling of sulfhydryl-containing proteins with Dylight 488 maleimide (Ex/Em =
493/528 nm). The derivatization process includes alkylation with methyl-
methanethiosulfonate (MMTS) to block all sulfhydryl groups followed by the reduction of
nitrosothiols to newly formed sulfhydryl groups. Then the Dylight 488 fluorophore
labelsnitrosylated proteins, which are monitored using CGE-LIF. This procedure proves to
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be adequate for analyzing nanogram amounts of protein samples with picomolarlevels of
nitrosothiols in less than 15 minutes.

In this study, we also demonstrate the direct application of the abovementioned method in
monitoring oxidative protein nitrosylation damage mediated by menadione (MQ), a redox
cycling quinone in human colon adenocarcinoma cells (HT29). MQ has the redox-cycling
capacity to acrylate cellular nucleophiles such as DNA and proteins, with mitochondrion
considered as the main redox site. MQ can mediate apoptosis through formation of the toxic
species, the semiquinone (SQ.) radical, which is formed by mitochondrial NADPH-
ubiquinone oxidoreductase (ubQO) through one-electron metabolism. The SQ. can then
participate in redox cycling through reaction with O2 to generate the superoxide anion (O2

.−)
and concomitantly regenerate MQ[27–29]. Our electropherogram results indicated that a
wide distribution of molecular weight (MW) of proteins were nitrosylated. In addition, it is
observed that exposure to MQ caused an increase in protein nitrosylation damage.

We also examined the nitrosylation level in a minuscule amount of brain cerebrum tissue
from an Alzheimer’s disease (AD) transgenic mice model (B6Cg-Tg). Carrying both the
Swedish amyloid precursor protein mutation (APP) and exon 9 deletion of the PSEN1 gene,
the B6Cg-Tg mouse is a valuable model to study the pathological alterations in AD. It
develops amyloid plaques at 6–7 months of age. Our results not only depicted an
electrophoretic profile of nitrosylated proteins in brain tissue, but also proved a capability of
analyzing very minuscule amount of tissue using the CGE-LIF method.

2. Material and methods
2.1. Materials and reagents

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid(HEPES), sodium dodecyl sulfate
(SDS), tris (hydroxymethyl)-aminomethane, tricine, (+)-sodium L-ascorbate,
ethylenediaminetetraacetic acid (EDTA), albumin bovine serum (BSA), methanol, sodium
hydroxide, hydrochloric acid, neocuproine, S-methyl methanethiosulfonate (MMTS),
dextran from Leuconostocmesenteroides(average MW 64,000–76,000), trichloroacetic acid
(TCA) were all purchased from Sigma. Amicon ultra-4 (MW cutoff of 3000 Da) was from
Millipore. DyLight 488 Maleimide and dimethyl sulfoxide (DMSO) was from Thermo
Scientific. Ultra Trol Dynamic Pre-Coat LN was obtained from Target Discovery.
Sulphanilamide was purchased from Alfa Aesar. N-1-Naphthylethylenediamine
hydrochloride was obtained from TCI. S-Nitrosoglutathione(GSNO) was purchased from
Calbiochem. The bicinchoninic acid (BCA) assay was from Pierce. HEN buffer was
composed of 250mM HEPES, 1 mM EDTA, and 0.1 mM neocuproine at pH 7.7. HENS
buffer was prepared in HEN buffer with the addition of 1% SDS. The separation buffer
consisted of 20mM Tris, 20mM Tricine, 0.5% SDS at pH 8. The sieving matrix buffer was
prepared in the separation buffer with 15% dextran.

2.2. Capillary electrophoresis with laser induced fluorescence detection
A commercial capillary electrophoresis instrument, Beckman Coulter P/ACE MDQ system
(Fullerton, CA) was used for the analysis of protein nitrosylation. For excitation, the LIF
detector used an argon-ion laser (488nm line, 3 MW) that was directed to a detector window
in the capillary using fiber optics. A 520DF20 bandpass filter (~510–530 nm) was used to
select the Dylight 488 fluorescence before the photo-multiplier tube (PMT). The PMT
output signals were sampled at 4 Hz.

Separations were carried out using a 31-cm-long, 50-μm-i.d., 361-μm-outer-o.d. fused-silica
capillary. UltraTrol LN, a class of linear polyacrylamide made of N-substituted acrylamide
copolymers, was used for precoating the capillary walls. This procedure decreases the
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electroosmotic flow (EOF) and inhibits protein binding to the inner wall of the capillary.
The sample was injected hydrodynamically at 11 kPa for 4 seconds into the capillary
containing the sieving matrix buffer. Separations were performed at −570 V/cm. The
capillary was reconditioned between consecutive runs with sequential pressure-driven
flushes (20 psi) of 0.5 M sodium hydroxide for 5 min, H2O for 3 min, the dynamic coating
reagent UltraTrol LN for 2 min, the separation buffer for 2 min, and the sieving matrix
buffer for 4 min[30,31].

2.3. In vitro nitrosylation of BSA and SNO quantification by Saville-Griess assay
GSNO can react with thiol groups to yieldnitrosothiols. Briefly, BSA solution (7.5mg/mL)
was incubated with the NO donor GSNO (500μM) in darkness for 30 minutes with constant
rotating [32]. Nitrosylated protein level from the in vitro BSA test model was quantified
using Saville-Griess assay. Briefly, mercury displacement of NO from nitrosylated BSA was
achieved by 10 min of incubation with 100 μM mercury chloride. The remaining GSNO was
removed via dialysis. Nitrite levels were determined spectrophotomically after reaction with
100 μL of Griess reagent (1:1 mixture of 3% sulfanilamide in 0.4M HCl and 0.1% N-(1-
naphthyl)ethylenediamine in 0.4M HCl) and quantified using absorbance at 540 nm and
extinction coefficient of 51 mM−1cm−1[33,34].

2.4. Cell culture and incubation with MQ
The human colon epithelial adenocarcinoma cell line HT-29, was purchased from the
American Type Culture Collection (Manassas, VA, USA). HT-29 cells were grown in
McCoy’s medium supplemented with 10% fetal bovine serum, penicillin (100 units/mL),
and streptomycin (100 units/mL). HT-29 cells were maintained at 37°C in 5% CO2
humidified incubator. One day prior to experimentation, HT-29 cells were plated in T75
flasks and exposed to 200μM MQ for 30min in serum-free DMEM (Dulbecco’s Modified
Eagle’s medium). Thereafter, cells were washed and scrapped into cold-PBS. The resulting
pellet obtained upon centrifugation at 1000rpm was immediately frozen in liquid nitrogen
and used for further analysis of nitrosylated proteins.

2.5. Protein extraction from MQ treated cells
HT-29 cells were washed five times with phosphate-buffered saline (PBS) and resuspended
in 100 μL water. The cells were sonicated for 20 s in the power level of 4 (550 Sonic
Dismembrator from Fisher Scientific). The suspension was centrifuged at 600×g for 10 min.
A 40μL aliquot of the supernatant was then used for “fluorescence switch” assay. The
untreated HT-29 cells followed the same procedure. The protein concentration was
measured by the BCA assay.

2.6. Isolation of brain cerebrum from AD transgenic mice model
The cerebrum was isolated from the brain of 5-month old transgenic mice (B6Cg-Tg) and its
age-matched wild type (WT) control. Briefly, the cerebrum was minced with scissors and
suspended in isolation buffer (320mM Sucrose, 10mMHepes, 1mM EDTA). The minced
tissue was homogenized and 100μL homogenate of each sample (Tg and WT) was added
with 40μL 20% TCA followed with incubation for 10 min at 4°C. After that, the solution
was centrifuged at 10000×g for 5 min at 4°C and the supernatant was discarded. The protein
pellet was mixed with 50μL HENS buffer.

2.7. Fluorescence switch assay
This procedure consists of the derivatization of SNOs into free sulfhydryl groups followed
with highly sensitive specific labeling of sulfhydryl-containing proteins with Dylight 488
maleimide (as shown in Figure 1). As the S-NO bond is light sensitive all the experimental
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procedures were conducted in the dark[5,32,35]. Briefly, for the labeling reaction, a volume
of 5μL nitrosylated BSA prepared in vitro was incubated with 20μL blocking buffer (9
volumes of HEN buffer, 1 volume of 25% SDS, 0.1 volumes of 2 M MMTS stock solution
in N, N-dimethylformamide) at 50°C for 30 min with frequent rotating. To remove the
excess MMTS, an Amicon Ultra-4 centrifugal filter unit (3000MW cut-off) was used. The
sample was centrifuged for three times at 4500×g for 20 min with the washing solvent, HEN
buffer. The final volume after wash was around 60μL. Then 2μL freshly prepared 50m
Mascorbate was added to reduce the nitrosothiol groups to thiols and the incubation lasted
for 1 hour at room temperature. For labeling the newly reduced free thiol groups generated
from the last reduction step, 4μL of 12.5mM Dylight 488 maleimide was added into the
solution and the reaction proceeded overnight at room temperature. To remove the unreacted
Dylight 488 maleimide dye from the sample, the sample was centrifuged for a total of six
times at 4500×g for 20 min using the Amilcon filter with 3000 MW cut-off [36,37]. The
washing solvent was the CE separation buffer. After removal of excessive dye, 5μL of 20%
SDS in separation buffer was added into a final volume around 100μL to saturate proteins.
The derivatized and fluorophore labeled solution was then diluted to 1, 0.5, 0.25, and 0.1 of
the original concentration with separation buffer.

The procedure for nitrosylation labeling in HT-29 cells and B6Cg-Tg mice with Dylight 488
maleimide was basically the same as the nitrosylated BSA, except for the use of 40μL of
from both HT-29 cells and B6Cg-Tg mice cerebrum. The selectivity of labeling nitrosothiols
using this “fluorescence switch assay” was studied by incubating nitrosylated BSA with
mercury chloride to displace the NO group prior to the procedure of the assay. Also,
fluorescence switch assay without proteins and untreated BSA as a negative control was
performed individually with “fluorescence switch assay” and CGE-LIF to validate the
specificity of the assay to SNOs.

2.8. Data analysis for CE
In this report, we used Igor Pro software (Wavemetrics, Lake Oswego, OR) to analyze
electropherograms, which provides intensity values at each migration time point. The
integrated fluorescence peak areas were measured to calculate the nitrosylated protein
amounts using the in-house-written Igor procedure, Wide Peak Analysis [30].

2.9. Validation of nitrosylated proteins CE peaks using proteomics
The biotin switch assay was performed as described by Jaffrey and Snyder[36]. Briefly, the
protein concentration was adjusted to 0.8 μg/μL using HEN Buffer(250 mMHepes/NaOH
pH 7.7, 1 mM EDTA, 0.1 mMneocuproine) and then incubated at 50 °C for 30 min in
blocking buffer (9 volumes of HEN buffer, 1 volume of SDS (25% w/v in H2O) and MMTS
added to a final concentration of 20 mM) with frequent vortexing. Acetone precipitation was
performed to remove MMTS. The protein pellet was resuspended in 0.1 mL HENS solution
(HEN Buffer in 1% SDS) per mg protein, followed by incubation with 2mM biotin-HPDP
and 2 m Mascorbate for 1h at 25 °C. After biotinylation to label S-nitrosylated proteins,
biotin-HPDP was removed by acetone precipitation and centrifugation, and the pellet was
resuspended in HENS buffer as above. The proteins were then trypsin digested overnight
and the resulting peptides were desalted in a mixed-mode cation exchange column (MCX;
Waters) followed by Sep-Pak reverse-phase extraction prior to LC-electrospray ionization
(ESI) MS/MS analysis[38].

For identifying nitrosylated proteins, the sample was divided into three equal portions and
analyzed by LC-MS/MS. Peptide mixtures were first separated on an Agilent 1200 Capillary
Series liquid chromatograph (Agilent Technologies, Palo Alto, California, CA), and
identified via μLC-ESI MS/MS on a hybrid linear ion trap-Orbitrap mass spectrometer
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(LTQ-Orbitrap XL; Thermo Electron, San Jose, CA). MS/MS spectra were acquired in a
data-dependent acquisition mode that automatically selected and fragmented the 5 most
intense peaks by higher-energy collisional dissociation (HCD) from each MS spectrum
generated.

MS/MS spectra were searched human International Protein Index protein sequence data base
(version 3.74, 39,906 protein sequences; European Bioinformatics Institute). The dataset,
built from the Swiss-Prot, TrEMBL, Ensembl and RefSeq databases, offers complete
nonredundant data sets representing the human proteomes[39]. The database searching was
performed using Proteome Discovery (version 1.0, Thermo Fisher, San Jose, CA) and
Mascot (version 2.2.02, Matrix Science, London, UK) with the following parameters:
trypsin as digestion enzyme, Methylthiolation (C), Oxidation (M) and Biotin-HPDP (C)
were set as variable modifications.

3. Results and discussion
3.1. Fluorescence switch assay coupled with CGE-LIF

The Dylight 488 maleimide was used to label the reduced nitrosothiol group after blocking
the free thiols in the nitrosylated proteins. The mechanism of this method resembles “Biotin
Switch Assay”, which is widely used in the study of nitrosylation proteomics using mass
spectrometry [36]. One possible question in “fluorescence switch assay” is the possibility of
nonspecific reduction of SNOs by ascorbate. In this regard, Giustarini et al. have expressed
concern that the ascorbate treatment may reduce 5,5’-dithiobis (2-nitrobenzoic acid)
(DTNB)and the protein mixture, giving rise to a significant false-positive signal[40].
However, most recently Forrester et al. challenged this opinion with the following reasons:
first, DTNB is not representative of biological disulfides since its disulfide bonds are highly
electrophilic. The high electrophilic bonds can be facilitated by ascorbate[41]. Second,
ascorbate could not reduce intramolecular protein disulfides under denaturing conditions,
even if protein mixture disulfides may be cleaved by ascorbate[40]. Third, the reduction of
disulfide bonds by ascorbate is highly thermodynamically unfavorable since the oxidation-
reduction potential of cysteine (CSH)/cystine (CSSC) is found to be −220 mV and that of
the ascorbic acid is 70 mV[42,43]. Lastly, Giustarini et al. did not perform the biotin switch
assay. However, Forrester et al. revealed that the reduction of ascorbate to the S-NO bond is
unique among Cys oxidation products after biotin switch and the authors conclude that this
reaction confers specificity to the biotin switch assay[44], as evidenced by previous reports
[3,41]. Therefore, ascorbate does not significantly influence the selectivity of this method. In
addition, ascorbate is unstable, and the dehydroascorbate that forms by oxidation rapidly
decompose to small sugars, such as trioses. Hence, freshly prepared ascorbate solution was
used to remove the nitrosothiols for sample preparation [45].

We also performed a simple calculation to check whether derivatization would cause any
significant change in the protein mobility. After derivatization, Dylight 488 maleimide was
labeled to the nitrosylated proteins, causing only an 800 Da molecular weight (MW) shift
due to the MW of the dye. The mobility will not be altered much with this minimum MW
shift when considering the average molecular weights of proteins such as BSA (MW = 63
kDa).

In order to distinguish the peaks of the fluorescence dye itself from those of the nitrosylated
proteins, the electropherogram of the Dylight 488 maleimide alone, which exhibits multiple
peaks appearing from 200s to 400s, is shown in Figure 2(bottom trace 1). More than one
fluorescence peak was observed since this reagent is an isomeric mixture.
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In vitro nitrosylated BSA was used as a model to test the reactivity of Dylight 488
maleimide toward SNOs in treated BSA. After the “Fluorescence Switch” assay and
removal of excessive dye, a representative electropherogram of nitrosylated BSA was shown
in trace 2 of Figure 2. It depicts that the nitrosylated BSA appears approximately at 690s. A
series of peaks (200–400 s) occurring before the nitrosylated BSA is attributed to the
residual Dylight 488 maleimide. However, the control of just the dye (trace 1 in Fig. 2) has 3
well defined peaks in this range, whereas the nitrosylated BSA derivatized with the dye has
a wide range of peaks in this window. In order to validate that the wide range of peaks are
indeed from residual dye instead of SNOs, and further understand why this visual disparity
exists, we used various controls including untreated BSA, mercury chloride treated
nitrosylated BSA, and the fluorescence switch assay with no protein.

3.2. Selectivity and specificity of the fluorescence switch assay
After the derivatization of untreated BSA with the fluorescence switch assay and injecting
the samples to CE, a significantly smaller peak was detected around 690 s for SNOs. It was
initially expected that no peak for SNOs in the commercial BSA would be detected. The
fluorescence switch S-nitrosylation assay is based on the assumption that only the S-
nitrosylated cysteine residues will be derivatized and fluorescently labeled. If the free thiols
of the cysteine residues have not all been successfully blocked with MMTS, then the
nonblockedcysteines may produce a fluorescence signal in the electropherogram. To rule out
this possibility, MMTS with a high concentration of 100 mM was used for blocking. Hence,
we believe that the little peak (trace 3 in Figure 2) was from the SNOs in the commercial
BSA, which were previously indicated in other studies[46,47].

The primary structure of BSA has 35 cysteines. Among them, 34 cysteine residues form
disulphide bridges and only one ‘free’ cysteine residue, Cys34 exists [48]. Consistently,
thiol group in native untreated BSA measured by Ellman’s assay showed average values of
0.55 free -SH per mol of BSA instead of one –SH group as expected[47]. This suggested
that commercially available BSA is already oxidized at residue Cys34[46,47]. They could
form a disulfide bond with several compounds like cysteine or glutathione, or undergo
nitrosylation of Cys34 by nitric oxide [49]. Hence, this significantly smaller peak compared
with the one from nitrosylated BSA, indicates a small fraction of SNO in commercial BSA.

The selectivity of labeling nitrosothiols using Dylight 488 maleimide was also studied by
incubating nitrosylated BSA with mercuric chloride before the fluorescence switch
procedure. Mercuric chloride (HgCl2) can break the S-NO bond, and the newly formed
nitrosonium ion (NO+) can undergo rapid hydration to produce NO2

− at neutral pH [10]. So
it was reasonable to see the decreased intensity of the SNOs signal for the HgCl2 treated
nitrosylated BSA. In fact, no obvious peak was observed in trace 4 in Figure 2, confirming
the selective Dylight 488 maleimide labeling of nitrosylated BSA after derivatization.

Additionally, the fluorescence switch assay was conducted using a sample without proteins.
No peaks at 690 s in the protein migration time window were observed, while the same wide
peaks existed ranging from 200 to 400s (shown in trace 5 of Figure 2). Altogether, these
studies further validate that these wide peaks were neither protein nor SNOs based.
Currently we speculate that this wide range of peaks preceding the protein peak might be
due to hydrolysis of Dylight 488 maleimide.

3.3. Calibration of CGE-LIF method with nitrosothiol BSA standard
BSA subjected to RSNO was used as a test model to optimize the derivatization and labeling
procedures and to characterize the response of the LIF detector. The standard curve was
made by a series of dilutions of nitrosylated BSA using CGE-LIF (Figure 3). The NO donor,
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GSNO, created 76 pmolnitrosothiol/mg of BSA determined by Saville assay. This result is
in close agreement with the published data [50].

Four dilutions of Dylight 488 labeling nitrosylated BSA were run in CGE-LIF in triplicate.
The injection volume is 1.1 nL (11kpa, 4s) of each sample. The calibration curve was made
by the fluorescence peak area (y) of nitrosothiols on BSA and the corresponding moles of
nitrosothiol (x), given by the following equation.

(1)

In the above calibration curve generated from nitrosothiol BSA standard, the slope has 13%
error; and the error in the intercept is not significant for quantifying nitrosothiols amount
because the slope is to the nineteenth power. The Saville assay can detect 500 nM of
nitrosothiol proteins.21 So far, the lowest reported limit of nitrosothiol detection based on
DAF fluorescence assay was 5nM[22]. The limit of detection (LOD) in this CGE-LIF
method determined by equation (1) was 1.3pM, which is lowest LOD reported to date.
Speculatively, we propose that the dynamic range can reach 4.2 pM (limit of quantification)
at the lowest limit. Theoretically, the upper limit of range occurs when signals are sufficient
enough to saturate detectors. However, biological samples do not typically have high levels
of SNO, so this value is ignored.

3.4. Monitoring nitrosylation in MQ-mediated cells
The direct application of this CGE-LIF method in biological systems was demonstrated in
the nitrosylation profiling of MQ-treated HT-29 cells. After extracting the proteins from the
MQ-treated HT-29 cells, the proteins were treated with “fluorescence switch assay” prior to
labeling with Dylight 488 maleimide. Figure 4 shows the electropherograms resulting from
the hydrodynamic injection of Dylight 488 maleimide labeled proteins of MQ-treated HT-29
cells (upper trace) and untreated samples (bottom trace). The labeled HT-29 cell proteins
were detected between 420 and 880s, which are denoted by “a” and “b” in Figure 4. This
indicates a wide MW range of proteins that are susceptible to nitrosylation.

Based on Eq. (1), the total nitrosothiol content detected in each electropherogram for MQ-
treated and untreated HT-29 cells (cf. Figure 4) were 65.5 ± 0.9 amoland 45.9 ± 2.4 amol
(average ± SD; 3 injections), respectively. Based on the BCA analysis of the same
preparation (4.04 mg protein/mL for the MQ treated HT29 cells and 3.92 mg protein/mL for
the untreated one) and a 1.1 nL injection (11 kPa, 4 s) per electropherogram, the total protein
content were 4.44 ng for the MQ treated HT 29 cells and 4.31 ng for the untreated one.
Therefore, the untreated cells contained a low level of SNO (10.4±0.5 pmolnitrosothiol/mg
protein), and treatment with MQ resulted in a 1.5-fold increase in SNO content 14.8±0.2
pmolnitrosothiol/mg protein). Our results are consistent with other reported values (from
100 nmol/mg of protein to 10 pmol/mg of protein) for nitrosothiols in various biological
tissues [51–53].

3.5. Monitoring nitrosylation in AD Tg mice brain
Another direct biological application of this CGE-LIF method was demonstrated in
analyzing nitrosylation in very small amounts of the cerebrum of 5-month-old AD
transgenic B6Cg-Tg mice. Figure 5 shows eletropherograms of 5-month-old B6Cg-Tg mice
cerebrum labeled with Dylight 488 maleimide. The fluorescence of Dylight 488 maleimide-
labeled SNOs was detected between 500 and 1248s (indicated by “a” and “b”, respectively)
in both Tg and WT cerebrum. The region between a and b were included in the calculation
of the total area for nitrosothiol determination.
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Based on Eq. (1), the total nitrosothiol content detected in each electropherogram for Tg and
WT (cf. Figure 5) were 71.2±2 and 62.3±1.7 amol (average ± SD; 3 injections), respectively.
The total injected protein contents were 4.58 ng and 5.38 ng for Tg and WT, respectively
based on injected volume of 1.1 nL. Thus, the concentration of nitrosylated protein in the 5-
month-old transgenic B6Cg-Tg mice was 15.5 ± 0.4 (average±SD; 3 injections)pmol/mg,
while WT cerebrum was 11.7 ±0.3 (average ± SD; 3 injections)pmol/mg. This preliminary
result of just one animal pair indicates a small difference in brain SNOs expression at 5
months old, a time stage right before the amyloid plaque onset in this AD B6Cg mice model.
Although we cannot make conclusive assessment of the S-nitrosothiols abundance in this Tg
mice based on this initial application, we have demonstrated the capability of this CGE-LIF
method for monitoring nitrosylation electrophoretic profiles in AD Tg mouse brain. We
propose this assay will be valuable in further studies for (i) characterizing SNO MW
profiling in various brain tissues and other biological tissues, such as blood plasma; and (ii)
monitoring longitudinal SNO changes in AD progression.

This newly developed CE-LIF method monitoring nitrosylated proteins in analysis of
biological samples has several advantages, such as its low LOD, fast analysis time, high
accuracy, and potential for pattern classification. Currently, many assay techniques for
measuring biological SNOs are used near the limit of detection [19]. Our developed method
allowed only nanogram amount of protein and it reached the limit of SNO detection of 1.3
pM, which is 105 fold less than the conventional Saville assay. This CGE-LIF adds great
advantages for detecting low abundance of nitrosothiols in complex biological samples.

Additionally, the results from biological samples indicate a wide MW range of proteins that
are susceptible to nitrosylation. Although individual protein types were not fully resolved by
CGE, a profile of nitrosylated proteins was obtained under 15 min, much faster than SDS-
PAGE requiring 6 h of analysis. This short analysis time makes this method potentially
useful as a prescreening tool in proteomics studies aimed at discovering proteins susceptible
to nitrosylation.

Also, because CGE can separate samples by size, it can distinguish the interfering residual
fluorescent dye from the SNOs peaks. This further eliminates the false positive signals from
excessive dye and enhances accuracy compared with other spectrofluorometric assays.

CE-LIF also helps to obtain a molecular weight distribution profile of nitrosylated proteins.
In future studies based on the data points from electropherograms, this work can be
potentially used to investigate genotype-related and age-dependent changes in protein
nitrosothiols in mice AD brain using chemometric techniques such as principal component
analysis [30].

3.6. Detection of S-nitrosylated proteins in HT-29 cells
To prove the selectivity of CGE-LIF method, we also confirmed the desired peaks in the
electropherograms. S-nitrosylated proteins in HT-29 cells were detected and identified using
the biotin-switch assay developed by Jaffrey et al. which is based on the labeling of S-
nitrosylated cysteine on targeted proteins with a biotin moiety[36]. This method contains
three essential steps: blocking the free thiols with a thiol-specific methylthiolating reagent
(MMTS), reducing the S-nitrosothiols to free thiols specifically by ascorbate, and labeling
the thiols from the previous step with biotin-HPDP. Detection of biotinylated proteins was
performed by liquid chromatography and electrospray ionization tandem mass spectrometry
(LC-ESI MS/MS) analysis after a series of purification steps. The result from HT29 cells
(Figure 2) indicates a wide molecular weight (Mw) range of proteins peaks (from 420 s to
880 s) that are susceptible to nitrosylation. Although the individual protein peaks were not
fully resolved by CGE-LIF method, the nitrosylated proteins from the wide Mw range of
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peaks were identified by the LC-electrospray ionization (ESI) MS/MS. The supplementary
data in Table 1 shows 24 nitrosylated proteins were identified in HT 29 cells and the wide
Mw range of the identified proteins was from 11 kDa to 300 kDa. These proteins include
cell membrane proteins, nucleus proteins, cytoskeleton proteins, cell cycle proteins,
signaling proteins, redox-related proteins, and folding-related proteins. The representative
MS/MS peptide spectra of nucleolin and isoform 1 of vinculin are shown in Figure 1 of
supplementary information.

3.7. Repeatability and precision of CGE-LIF
The repeatability and precision of the method was determined by performing injection
repeatability and analysis repeatability in replicate (n=5) injection of the BSA standard
solutions[54]. Injection repeatability was measured by performing five replicate injections of
the BSA standard solutions; analysis repeatability was measured by injection of five
different samples prepared by the same sample preparation procedure. The relative standard
deviation (RSD) values for migration time and peak area were 0.3 and 4.2 %, respectively.
The RSD values for migration time and peak area were 0.4 and 1.4 % in the measurement of
analysis repeatability.

The precision of the method was determined by performing intra-day and day-to-day assays
by replicate (n=5) injection of the mixed standard solution. Intra-day assay precision was
done by measuringthe BSA standard solutions during the same day, whereas day-to-day
precision measured the same BSA standard solutions for 5 consecutive days. For intra-day
precision, the RSD values of migration time and peak area was 0.2 and 3.2 %, respectively;
for day-to-day precision, the corresponding values were 0.2 and 2.7 %. These results
demonstrate that CGE-LIF method can be regarded as repeatable and precise since the RSD
values for the migration time and peak areas are all < 5.0%.

4. Conclusions
In this paper, a method for detection and quantification of nitrosylated proteins using
fluorescence switch assay coupled with CGE-LIF was developed. This method can detect
1.3 pM concentration of nitrosylated proteins in nanogram amounts of proteins, which is the
lowest LOD reported to date. This method also demonstrated its capability in monitoring
nitrosylation in both cell culture and tissue systems. Due to the small sample need, we
envision that the method can be extended to investigate protein nitrosylation profiles in
minuscule brain tissues and/or blood plasma in the disease progression of AD transgenic
mouse models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic of fluorescence switch assay coupled with CGE-LIF for detecting and
quantifying S-nitrosylated proteins. Fluorescence switch assay (Steps 1–3) includes blocking
thiol group by MMTS, reducing nitrosothiol group with ascorbate and labeling reduced free
thiol by Dylight 488 maleimide. Finally, labeled proteins are separated and analyzed by
CGE-LIF.
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Figure 2.
CGE-LIF separation of nitrosylated BSA labeled with Dylight 488 maleimide. Separation,
-570V/cm; hydrodynamic injection, 11kpa, 4s; sieving matrix, 20mM Tris, 20mM Tricine,
0.5% SDS, 15% dextran (65.5kDa), pH 8. Top trace and middle trace are offset on the y-axis
for clarity. * — Dylight 488 maleimide, ^ — nitrosylated BSA.
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Figure 3.
Electropherograms of a series of dilution (1-, 2-, 4-, 10-fold) of nitrosylated BSA labeled
with Dylight 488 maleimide. Other conditions are the same as in Fig.2. *—Dylight 488
maleimide, ^—nitrosylated BSA.
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Figure 4.
Electropherograms of extracted proteins from HT29 cells after fluorescence switch assay.
Top and bottom traces represent MQ treated and untreated, respectively. All the
experimental conditions are the same as in Fig 2. Top trace is offset in the y-axis for the
clarity. *—Dylight 488 maleimide; migration window between a and b indicated
nitrosylated proteins.
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Figure 5.
Electropherograms of cerebrum from 5-month-old transgenic (upper trace) and wild type
(bottom trace) mice brain tissue. All the experimental conditions are the same as in Fig 2.
Top trace is offset in the y-axis for the clarity. *—Dylight 488 maleimide; migration
window between a and b indicated nitrosylated proteins.
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