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Protein S-nitrosylation is a dynamic post-translational modification (PTM) of specific cysteines within a
target protein. Both proteins and small molecules are known to regulate the attachment and removal of
this PTM, and proteins exhibiting such a function are transnitrosylase or denitrosylase candidates. With

K?)’V_VOTdS{ the advent of the biotin switch technique coupled to high-throughput proteomics workflows, the identi-

Biotin switch fication and quantification of large numbers of S-nitrosylated proteins and peptides is now possible.

LCAtT . Proper analysis and interpretation of high throughout and quantitative proteomics data will help identify
roteomics

specific transnitrosylase and denitrosylase target peptide sequences and contribute to an understanding
of the function and regulation of specific S-nitrosylation events. Here we describe the application of a
quantitative proteomics approach using isotope-coded affinity tags (ICAT) in the biotin switch approach
for the identification of transnitrosylation and denitrosylation targets of thioredoxin 1, an enigmatic pro-

S-nitrosylation
Thioredoxin

tein with both reported transnitrosylase and denitrosylase activities.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

S-nitrosylation and denitrosylation are the covalent addition or
removal of a nitric oxide (NO) to or from a cysteine thiol within
proteins. Similar to phosphorylation, it has increasingly assumed
importance as a ubiquitous PTM, known to regulate diverse cellu-
lar processes including signal transduction, DNA repair and neuro-
transmission. Protein S-nitrosylation requires either small
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Binding buffer; BCA, Bicinchoninic acid; Biotin-HPDP, N-[6-(Biotinamido)hexyl]-3'-
(2’-pyridyldithio)-propionamide; BST, Biotin-switch technique; CID, Collision-
induced dissociation; DDA, Data-dependent analysis; ESI, Electrospray ionization;
ENOA, Human o-enolase; FDR, False discovery rate; GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase; GSNO, S-nitrosoglutathione; ICAT, Isotope-coded affin-
ity tags; ICAT-H, ICAT heavy reagent; ICAT-L, ICAT light reagent; IEF, Isoelectric
focusing; iTRAQ, Isobaric tag for relative and absolute quantitation; LB, Lysis buffer;
MALDI, Matrix-assisted laser desorption ionization; MMTS, Methyl methanethio-
sulfonate; MRM, Multiple-reaction monitoring; MS/MS, Tandem mass spectrome-
try; NADPH, Nicotinamide adenine dinucleotide phosphate; NB, S-Nitrosylation
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molecule NO donors or putative protein transnitrosylases, a yet
to be clearly defined class of enzymes (Table 1). This PTM is revers-
ible. Denitrosylation is carried out by putative denitrosylases
(Table 1) and small molecule NO recipients. Not all cysteines in
proteins are equally accessible to transnitrosylases or denitrosylas-
es, therefore S-nitrosylated cysteine (SNO-Cys) site modifications
can display exquisite specificity, e.g. the ryanodine receptor [1].
Identification of SNO-Cys sites and quantification of the relative
changes among S-nitrosylated peptides (SNO-peptides) is crucial
to understanding the biological significance of this PTM in modu-
lating the function of a particular protein.

An increasing awareness of the physiological and pathophysio-
logical significance of S-nitrosylation has grown within the scien-
tific and medical fields over the past decade. Specific protein
dependent-denitrosylation studies have provided the most recent
evidence of this PTM being a highly regulated, enzymatic-depen-
dent biological process [2]. S-nitrosylation was previously de-
scribed as a non-enzymatic process [3], but several lines of
evidence now suggest that numerous proteins, including members
of the thioredoxin (Trx) family can catalyze the specific transnitro-
sylation and/or denitrosylation of target proteins [4-6]. As such,
the Trx system comprised of Trx1 or Trx2, cytosolic Trx reductase
(TrxR), mitochondrial TrxR and NADPH, are part of a newly defined
class of enzymes with denitrosylase activities [7] (Table 1). Trx1
has also been shown to transnitrosylate select proteins under
cell-free conditions in the absence of TrxR or in cells expressing
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Table 1

Examples of proteins with transnitrosylase and denitrosylase activities.
S-transnitrosylase Targets References
Caspase 3 XIAP [32]
GAPDH DNA-PK, HDAC2, SIRT1 [33]
Hemoglobin AE1 [34]
Protein disulfide isomerase N-dansylhomocysteine [35]
Thioredoxin 1 Procaspase 3 [36]
Denitrosylase
Alcohol dehydrogense III GSNO [37]
Carbonyl reductase GSNO [38]
Flavohemoglobin NO [39]
Protein disulfide isomerase SNO-PDI [40]
Thioredoxin 1 SNO-Caspase 3 [2,7]
Thioredoxin 2 SNO-Caspase 3 [2,7]

Trx1%325/6355 3 mutant with attenuated Trx1 disulfide reductase or

denitrosylase functions [4]. Hence, Trx1 regulation of protein
transnitrosylation is likely to be important in highly oxidizing cel-
lular microenvironments, e.g., when Cys32 and 35 disulfide bond
oxidized Trx1 (oTrx1) accumulates in cells due to either down
modulation of TrxR or upregulation of thioredoxin interacting pro-
tein (Txnip), an endogenous Trx1 reductase/denitrosylase inhibi-
tor. For example, the over expression of Txnip has been shown to
elevate cellular protein nitrosylation levels [8], presumably due
to Txnip’s inhibition of Trx1's reductase/denitrosylase activities,
which may in turn lead to an accumulation of S-nitrosylated
Trx1 (SNO-Trx1) and downstream S-nitrosylated proteins (SNO-
proteins). Indeed, oTrx1 has been observed in several normal ani-
mal tissues, including kidney and lung, and increased oTrx1 in cells
is correlated with increased SNO-protein [6]. Importantly, animal
models for cardiovascular disorders including hypertension and
ventricular remodeling that originate from dysregulation of the
Trx system could be caused, in part, by an imbalance in denitrosy-
lation/transnitrosylation [9]. For example, transgenic mice
over-expressing Trx1%?¥S> mutant in the heart exhibit cardiac
hypertrophy, which may be due to increased oxidative PTMs
including disulfides and nitrosylation among specific proteins
[10]. Therefore, it becomes crucial to determine whether these
aberrant S-nitrosylation patterns and related pathologies are due
to decreased denitrosylation or increased transnitrosylation. With
this view, identification of the SNO-Cys sites within specific target
SNO-peptides is crucial for understanding the biological significance
of S-nitrosylation in modulating the function of signaling proteins.

Due to its labile nature this PTM has been classically difficult to
study, but several indirect methods have been developed. They in-
clude the use of a SNO-Cys-specific antibody to detect in situ pro-
tein S-nitrosylation by immunohistochemistry [11], and the use of
the biotin-switch technique (BST) coupled with immunoblotting
and 2D gel electrophoresis (2DE) [12-14]. However, none of these
methods can readily identify specific SNO-Cys sites within pro-
teins. To this end, BST coupled with tandem mass spectrometry
(MS/MS) identification of protein SNO-Cys sites (SNOSID) method
was developed [15]. In this method, SNO-Cys in peptides are con-
verted into more stable biotinylated cysteines, which can be ana-
lyzed by LC/MS/MS methods, either with matrix-assisted laser
desorption ionization (MALDI) or electrospray ionization (ESI)
techniques [4,6,16].

Quantitative approaches have an inherent advantage over qual-
itative methods, such as direct MS detection [17-19] and SNOSID
[15], which rely on identifying proteins with dramatically elevated
S-nitrosylation. The exclusion of a putative SNO-peptide from
downstream analysis may occur simply because it is not found so-
lely in a biological sample; this may miss important regulatory
events whose function is manifested by gradual changes in

SNO-peptide levels. Therefore, we believe that the ICAT method
described below, isobaric tag for relative and absolute quantitation
(iTRAQ), stable isotope labeling by amino acids in cell culture
(SILAC) [20], S-nitrosothiol capture (SNO-CAP) [21], S-nitrosothiols
resin-assisted capture (SNO-RAC) [22] and Tandem Mass Tags
(TMT) [23] methods used by others, as well as the Multiple
Reaction Monitoring (MRM) method [24], will provide crucial
quantitative information essential to understanding the function
of regulated S-nitrosylation in diverse biological systems. How-
ever, it is necessary to understand the advantages and disadvan-
tages of each method when applied to address a specific
biological question (Table 2). Direct MS detection enables the rapid
and specific analysis of SNO-peptides or proteins without possible
confounding artifacts from the indirect method involving BST
[17,19]. However, this method is not always suitable for the anal-
ysis of very complex protein mixtures derived from biological
sources. Furthermore, direct MS detection often fails to localize
SNO-Cys sites on SNO-peptides with multiple cysteines, due to
the labile nature of the S-NO bond, which is liable to fragment
more readily than the peptide backbone [25]. All other quantitative
methods discussed in Table 2 involve the use of the “switch tech-
niques”, which enables the localization of the exact SNO-Cys and
are amenable to multidimensional LC separations for analysis of
very complex protein mixtures. However, due to the relatively
large size of the biotin group, MS/MS analyses of biotinylated pep-
tides can produce spectra that are not as easily interpretable as
those of the corresponding unmodified peptides. Typically, there
are numerous and dominant biotin-derived fragment ions in the
MS/MS spectra, which hinder both manual and search engine-
based data interpretation. By comparison, both SNO-RAC and
TMT methods monitor peptides without attached biotins; these
methods are likely to produce richer MS/MS spectra for peptide se-
quence interpretation and SNO-Cys assignments. However, for
SNO-RAC, the reductants used for the elution of the SNO-peptides
from the capture resins may also reduce the disulfide bonds at
MMTS blocking sites or other oxidatively modified cysteines,
increasing the likelihood of false SNO-Cys identification and SNO-
peptide quantification. One distinct advantage of the TMT method
over most other quantitative proteomics methods for the compar-
ison of two to three sample groups is its design to allow for up to
six samples to be compared in one experiment. On the other hand,
the specificity of the commercial antibody used for the enrichment
of TMT-conjugated peptides is low; resulting in futile LC-limited
MS/MS data acquisition time on the fragmentation of non-SNO-
peptides. Compared to these methods, ICAT has its unique advan-
tages: ICAT tags contain biotin, which can be used to directly
enrich the SNO-peptides, after BST, and the biotin group can be
cleaved off from the ICAT-enriched peptides before LC/MS/MS
analysis, which generates much “cleaner” MS/MS spectra for the
identification and quantification of SNO-peptides.

This study applies the ICAT reagents to BST and in so doing
modifies an existing qualitative technology to yield quantitative
information on SNO-Cys-containing peptides. Here we outline re-
cent application of quantitative proteomics techniques in our lab
to resolve the denitrosylation and transnitrosylation targets of
Trx1, a 12-kDa multifunctional protein involved in cell growth,
death, protein reduction, and tissue development.

2. Rationale

We previously revealed a disulfide redox status-dependent
mechanism of toggling Trx1 from a transnitrosylase into a deni-
trosylase, and vice versa [4,6]. When its catalytic Cys32 and
Cys35 are both reduced into dithiols, Trx1 serves as a denitrosy-
lase. On the other hand, when a Cys32 and Cys35 disulfide is
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Table 2

Proteomics methods for SNO-peptide and SNO-protein quantification.
Method Starting materials Advantages Disadvantages References
Direct MS  Purified peptides and Rapid and direct detection of protein S- 1) Not suitable for the detection of proteins in complex [17-19]

detection proteins nitrosylation without the sample loss and

artifacts from complicated derivatization steps

mixtures;

2) Not suitable for locating SNO-Cys in peptides containing mul-
tiple cysteines

3) Low throughput

ICAT Proteins extracted from 1) Enable the comparison of two samples in 1) The reagents are costly [6,18,21,28,29]
HelLa cells & cerebellum one experiment 2) The throughput is relatively low compared to other multiplex
2) Enable simultaneous SNO-Cys localization proteomics methods
and SNO-peptide quantification
3) Amenable to multidimensional separation
4) Suitable for large scale screening
5) The cleavage step can remove biotins to pro-
duce simpler MS/MS spectra for SNO-Cys
localization
SILAC Proteins extracted from 1) Enable the comparison of up to three cellu- 1) Not suitable for detection of protein from tissues and non- [20]
coupled Jurkat cells lar extracts in one experiment dividing primary cells
with 2) Enable simultaneous SNO-Cys localization 2) The cell culture process for reagent incorporation is time
biotin and SNO-peptide quantification consuming
switch 3) Enable detection of in vivo S-nitrosylation 3) Biotinylated peptides contribute to complex MS/MS spectra,
events hinders automated SNO-peptide identification and SNO-Cys
4) Amenable to multidimensional separation & localization
large scale screening
SNO-CAP Proteins extracted from 1) Enable the comparison of two samples in 1) Reagents are not commercially available [21]
rat cerebellum one experiment 2) Biotinylated peptides contribute to complex MS/MS spectra,
2) Enable simultaneous SNO-Cys localization hinders automated SNO-peptide identification and SNO-Cys
and SNO-peptide quantification localization
3) Has similar SNO-Cys detection specificity as
biotin-HPDP
4) Amenable to multidimensional separation &
large scale screening
SNO-RAC Proteins extracted from 1) Fewer steps than regular BST 1) Reagents are not commercially available [22]
human embryonic 2) Efficient detection of high-mass SNO- 2) MMTS, other disulfides and oxidized cysteines can also be
kidney cells proteins released from the capture resins, thus could interfere with
3) When coupled with isotopic or isobaric tag the identification and quantification of genuine SNO-peptides
labeling, it allows the quantification of
SNO-peptides from up to eight samples
TMT Proteins extracted from 1) Enable the comparison of six samples in one 1) The reagents are costly [23]
human pulmonary experiment 2) The specificity of the antibody for the enrichment of TMT-

arterial endothelial cells
and SNO-peptide quantification

2) Enable simultaneous SNO-Cys localization

tagged peptides is low

3) Amenable to multidimensional separation &

large scale screening

formed, Trx1 acts as a transnitrosylase. In this report we outline
the in vitro methods previously used to identify and quantify
Trx1 transnitrosylation and subsequent Trx1 denitrosylation target
peptides, a task that is rather challenging to delineate from in vivo
systems [6]. Most steps of this method are equally applicable to the
identification of any transnitrosylase and denitrosylase target iso-
lated from cells and tissues. We have included additional discus-
sions on how to apply this method for more physiologically
relevant systems.

3. Material and methods
3.1. Preparation of transnitrosylating S-nitrosylated Trx1 (SNO-Trx1)

Recombinant human Trx1 and chemical reagents were pur-
chased from Sigma (St. Louis, MO, USA) unless otherwise indicated.
Acetonitrile (ACN) and HPLC-grade water were obtained from ].T.
Baker (Phillipsburg, NJ, USA). Formic acid was purchased from
EMD Chemicals (Merck KGaA, Darmstadt, Germany). To produce
transnitrosylase-active SNO-Trx1, Cys32 and Cys35 oxidized hu-
man Trx1 (100 pg) (Sigma, St. Louis, MO, USA) was mixed with a
25-fold molar excess of S-nitrosoglutathione (GSNO) in 50 pl of
S-nitrosylation buffer (NB, 50 mM Tris, pH 7.5, 1 mM EDTA and
0.1 mM neocuproine) at 37 °C for 30 min in the dark. The resulting
SNO-Trx1 was precipitated with cold acetone at —20 °C for 1 h. To

separate GSNO from SNO-Trx1, the protein pellet was washed four
times with cold acetone at —20 °C and dissolved in NB, and ad-
justed to 2 pg/ul to be used as transnitrosylase. Since Trx1 is a
small protein, acetone precipitation did not affect the refolding of
SNO-Trx1 and its ability to transnitrosylate target proteins. Alter-
natively, in order to minimize the possibility of protein denatur-
ation, SNO-Trx1 or other transnitrosylases prepared in vitro can
be separated from excessive GSNO or other NO donors by using
ultrafiltration or microdialysis.

3.2. Cell lysates preparation

A cell line or tissue with physiological relevance to the dynamic
changes of SNO-proteins or their regulatory factors is preferable;
here we employed the neuroblastoma cell line SH-SY5Y (ATCC;
CRL-2266). SH-SY5Y cells were grown at 37 °C in DMEM/F12 media
containing 10% FBS in a 5% CO, atmosphere, as recommended by
ATCC. The cells were harvested via centrifugation at 500g for
5 min and washed with PBS. Cells were lysed in a lysis buffer
(LB, 50 mM Tris, pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM
EDTA and 0.1 mM neocuproine) supplemented with a protease
inhibitor cocktail (Sigma). After the removal of cell debris from
the lysate via centrifugation, protein concentrations were mea-
sured using the bicinchoninic acid (BCA) method (Pierce, Rockford,
IL, USA) and adjusted to 1 pg/ul with LB.
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3.3. In vitro transnitrosylation and denitrosylation of cellular proteins

Freshly made SNO-Trx1 (100 pg) was used as a specific transni-
trosylase to transnitrosylate 1 mg of proteins extracted from SH-
SY5Y cells in 1 ml LB at 37 °C for 30 min in the dark. Similarly,
GSNO treatment of cellular proteins can be performed as a positive
control. Negative controls, such as un-nitrosylated oTrx1 or buffer
alone treatment of cellular proteins can be included. Following
transnitrosylation treatment, proteins were precipitated with cold
acetone, washed 3 times in cold acetone and processed by BST
(Section 3.4). In a separate experiment for the identification of
Trx1 denitrosylase targets that were initially S-nitrosylated by
SNO-Trx1, 300 pg SNO-Trx1 treated proteins were incubated with
5 uM Trx1, 100 nM TrxR and 200 uM NADPH in a total volume of
0.5 ml LB at 37 °C for 30 min [20].

3.4. BST using ICAT labeling for quantitative determination of SNO-
proteins

S-nitrosylation is very labile. Although direct detection by MS is
possible for synthetic peptides [19], SNO-proteins are typically
captured by the BST in which NO is replaced with a biotinylated
thiol reacting reagent, e.g. N-[6-(Biotinamido)hexyl]-3'-(2'-pyr-
idyldithio)-propionamide (biotin-HPDP) [12]. ICAT reagent is con-
ventionally used for quantitative proteomic research by
alkylating cysteines in proteins. There is a biotin tag in the ICAT re-
agent for affinity capture and detection. In the following experi-
ments, we used the ICAT reagent instead of biotin-HPDP in BST.
In brief, the modified BST can be performed in the following steps:

3.4.1. Free thiol blockage

Proteins (1 mg) were denatured in 1 ml LB buffer with addi-
tional 2.5% SDS, and free thiols were alkylated using 20 mM methyl
methanethiosulfonate (MMTS) (Pierce, Rockford, IL, USA) with fre-
quent mixing on a vortexer at 50 °C for 30 min. Excess MMTS was
removed by cold acetone precipitation of the proteins.

3.4.2. SNO-Cys reduction

Protein pellets were reconstituted in an HEN buffer (25 mM
HEPES, pH 7.7, 1 mM EDTA and 0.1 mM neocuproine) containing
1% (w/v) SDS to a final concentration of 1 pg/pLl. SNO-Cys’s were re-
duced with 10 mM ascorbate for 1 h at RT in the dark; a condition
that does not reduce disulfide bonds [Li lab, unpublished data]. The
inclusion of proper controls to ensure specific detection of SNO-
protein signals is essential [26]. It is recommended that a negative
control reaction should be also performed; in which ascorbate is
omitted and thus no SNO-Cys-derived free thiols are available for
subsequent biotinylation and detection.

3.4.3. Biotinylation

The method for biotinylation using ICAT reagents was modified
from Paige et al. 2008 [21]. Briefly, the ICAT reagent was dissolved
using 20 pl of acetonitrile to each reagent vial; newly exposed free
thiols in 300 pg of proteins reduced by ascorbate were differen-
tially labeled with either 240 pg light (ICAT-L) or heavy (ICAT-H)
ICAT reagent. Two independent ICAT-modified BST experiments
were performed to detect Trx1 transnitrosylation and denitrosyla-
tion targets, respectively. First, SNO-Trx1 transnitrosylated pro-
teins were labeled with ICAT-H, LB buffer treated proteins were
labeled with ICAT-L. In a second experiment, SNO-Trx1 transnitro-
sylated proteins were first treated with Trx1/TrxR/NADPH and
labeled with ICAT-L following BST (Sections 3.4.1 and 3.4.2) and
subsequently compared with ICAT-H labeled SNO-Trx1 transnitro-
sylated proteins [6]. The ICAT labeling reactions were performed
following ascorbate reduction of SNO-Cys’s described in section
3.4.2 and incubated in the dark for 1 h at RT. Excess ICAT reagents

were removed from labeled proteins by cold acetone precipitation
of the proteins. Mixtures of different combinations of SNO-Trx1
transnitrosylated proteins (ICAT-H) with untreated proteins
(ICAT-L) or Trx1/TrxR/NADPH denitrosylated proteins (ICAT-L)
were produced to allow relative quantification of SNO-peptides
changes (section 3.7).

3.5. Visualization of SNO-proteins by 1D Western blotting

To confirm proper ICAT labeling of SNO-proteins following BST
(section 3.4), ICAT-labeled proteins can be visualized by Western
blotting without avidin affinity enrichment. Protein pellets
(15 pg) were solubilized in a SDS-PAGE loading buffer (100 mM
Tris, pH 6.8, 2% SDS, 15% glycerol, 0.01% bromophenol blue) and
separated by a SDS-PAGE gel. Resolved proteins were transferred
to a nitrocellulose membrane (0.45 pum; BioRad, Benicia, CA,
USA), and the nonspecific antibody binding sites in the membrane
were blocked with 5% milk and 0.1% Tween 20. The membrane was
probed with an anti-biotin antibody (1:3000) (Vector Laboratories,
Burlingame, CA, USA) and ICAT labeled proteins were visualized
with enhanced chemiluminescent substrate (PerkinElmer,
Waltham, MA, USA).

3.6. Visualization of SNO-proteins by 2D Western blotting and Sypro
Ruby staining

In order to improve protein resolution for global quantitative
analysis, 2DE can be performed. 2DE-resolved proteins can be blot-
ted using the anti-biotin antibody to evaluate for the changes in
global SNO-protein levels. Alternatively, ICAT-labeled proteins
can be enriched by an avidin column, and proteins recovered from
the affinity column can be resolved by 2DE for mass spectrometry
identification of SNO-proteins. For 2D Western analysis, ICAT la-
beled protein pellets (100 pg) were first dissolved in the 2DE buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, 0.2% BioLyte, pH
3-10, and 0.01% bromophenol blue). For the isoelectric focusing
(IEF) step, the protein solutions were loaded onto 11 cm IPG strips
(pH 3-10 NL, BioRad, Benicia, CA, USA). IEF was performed with a
Protean IEF Cell (BioRad, Benicia, CA, USA) at 20 °C, using the fol-
lowing settings: 12 h rehydration at 50 V, 0.5 h ramping to 250V,
3 h ramping to 8000 V and held at 8000 V for 6 h. After IEF, the pro-
teins on the IPG strips were reduced with DTT (2% w/v) for 15 min
and then alkylated with iodoacetamide (2.5% w/v) in an equilibra-
tion buffer (6 M urea, 375 mM Tris-HCl, pH 8.8, 2% SDS and 20%
glycerol) for 15 min. The second dimension separation was per-
formed on 12.5% SDS-PAGE gels at 120 V. Subsequently, the pro-
teins in each gel were either visualized by Sypro Ruby staining or
transferred onto a nitrocellulose membrane (0.45 pm; BioRad,
Benicia, CA, USA); ICAT labeled SNO-proteins were detected by
an anti-biotin antibody as described above. Avidin enriched and
differentially labeled proteins determined by Sypro Ruby staining
or from Western blotting can be identified by tandem mass spec-
trometry methods described below.

3.7. ICAT labeling for quantitative determination of SNO-peptides

Although 2DE coupled with tandem MS is effective at identify-
ing proteins whose S-nitrosylation status is altered by the activities
of transnitrosylases or denitrosylases, this approach typically does
not reveal the precise sites of modification. Therefore quantitative
ICAT analysis by LC/MS/MS can bridge this gap. Depending on its
redox state, Trx1 can act as transnitrosylase or as a denitrosylase;
the latter when Trx1 is engaged with the Trx reducing system
(Trx1/TrxR/NADPH) [6,20]. To delineate which proteins are targets
of the two opposite functions of Trx1, SNO-proteins can be labeled
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with either ICAT-L or -H instead of the conventional biotin-HPDP
reagent in BST.

3.7.1.

For ICAT-based quantification of SNO-Trx1 transnitrosylase tar-
get peptides (section 3.3), 300 pg of SNO-Trx1 treated proteins
were processed via BST and labeled with 240 pg of ICAT-H, while
LB buffer treated control proteins were labeled with 240 pg of
ICAT-L.

3.7.2.

Alternatively, for the identification of Trx1 denitrosylase targets
that were initially S-nitrosylated by SNO-Trx1, 300 pg SNO-Trx1
transnitrosylated proteins were denitrosylated by incubation with
5 uM Trx1, 100 nM TrxR and 200 uM NADPH (the latter are needed
to maintain Trx1 denitrosylase activity) in a total volume of 0.5 ml
LB [20] at 37 °C for 30 min. The resulting proteins were labeled
with 240 pg ICAT-L during BST. An equal amount of SNO-Trx1
transnitrosylated proteins were labeled with 240 pg ICAT-H for
comparison.

3.7.3.

Following ICAT labeling, excess ICAT reagents were removed
from each reaction mixture by ice-cold acetone precipitation and
the protein pellets were dissolved in 50 ul 8 M urea. For each
pair-wise comparison, the corresponding ICAT-H and ICAT-L la-
beled proteins were mixed at a 1:1 mass ratio, diluted 10-fold with
50 mM NH4HCO; (pH 8.3) and subjected to trypsin digestions at a
50:1 protein/trypsin ratio at 37 °C overnight.

3.8. Affinity capture of ICAT-labeled peptides

Mixtures of ICAT-H and ICAT-L labeled peptides were enriched
by the biotin affinity chromatography procedures using an avidin
column provided in the cleavable ICAT kit according to the manu-
facturer’s (AB Sciex, Foster City, CA, USA) protocol outlined below:

38.1.

Dilute the mixture of ICAT-L and -H labeled peptides by adding
500 pl of the Binding Buffer (BB, 2x PBS, pH 7.2), to adjust the pH
to 7.0.

3.8.2.

Slowly inject (~1 drop/s) the peptides onto the avidin cartridge
and collect the flow-through. Inject 500 pl of the BB onto the car-
tridge and collect the eluate.

3.8.3.

Inject 1 ml of the Wash Buffer 1 (1x PBS, pH 7.2) followed by
1 ml of the Wash Buffer 2 (50 mM NH4HCOs and 20% methanol)
and 1 ml of distilled water to clean the cartridge and remove non-
specifically bound peptides.

3.84.

To elute the ICAT-labeled peptides, slowly inject (~1 drop/s)
750 pl of the Elute Buffer (30% Acetonitrile (ACN) and 0.4% trifluo-
roacetic acid (TFA)) onto the cartridge and collect the eluate. Evap-
orate the affinity-captured eluate to dryness in a speed vac.

3.8.5.

Add 90 pl of the freshly prepared Cleaving Reagent (95% TFA
and 5% scavenger to minimize side reactions) to the sample tube,
vortex to mix, and incubate the mixture for 2 h at 37 °C.

3.8.6.
The cleaved peptides were completely dried in a speed vac, de-
salted by on a C;g spin column (Thermo Fisher Scientific Rockford,

IL, USA) and reconstituted in 5 pl of 2% ACN and 0.1% formic acid
for LC/MS/MS analysis (Section 3.9).

3.9. Identification of SNO-peptides and mapping of SNO-Cys sites

For LC/MS/MS analysis, ICAT-labeled peptides were first sepa-
rated by a Dionex UltiMate 3000 liquid chromatography system
using a reversed phase column (PepMap 100 C18 column, 75 pm
150 mm, 3 pM, 100 A, Dionex, Sunnyvale, CA, USA). The LC-re-
solved peptides were analyzed using a Waters API-US QTOF MS
system with a nano-ESI source (New Objectives, Boston, USA).
MS spectra (m/z 400-1900) were acquired in the positive ion
mode. Argon was used as the collision gas. The collision energy
was set from 16 to 60V, depending on the precursor ion charge
state and mass to charge ratios (m/z). MS/MS spectra were acquired
in the Data-Dependent Analysis (DDA) mode, in which the three
most abundant precursors with two to five charges from each MS
survey scan were selected for MS/MS analysis. Following data
acquisition, PKL files were generated with Protein Lynx (v2.1). Pep-
tide identification and SNO-Cys localization was accomplished by
searching the PKL files against a human Swissprot protein database
(containing 20,258 entries, 08/10/2010) using the Mascot search
engine (v2.2); the following search parameters were used: trypsin
was selected with 1 missed cleavage; mass tolerance of 200 ppm
was set for precursor mass and 0.6 Da for MS/MS mass; either
ICAT-C (ICAT-L) or ICAT-C:13C(9) (ICAT-H)-modified or MMTS-
modified cysteines and oxidized methionines were set as variable
modifications. For MS/MS identification of the peptides’ S-nitrosy-
lation site, a peptide with a confidence interval of 95% or better
(Mascot score threshold >29 in this paper) was considered as con-
fidently identified. The matched spectra were also manually vali-
dated for the precise location of the ICAT-modified cysteines. The
peptide and protein identification false discovery rates (FDRs) were
evaluated with a target-decoy database search strategy [27], with
all protein and peptide FDR values from the different experiments
calculated to be <0.5%. Alternatively, the LC-resolved ICAT-labeled
peptides were analyzed using a LTQ-Orbitrap Velos tandem MS
system with a nano-ESI source (Thermo Fisher Scientific Rockford,
IL, USA). MS spectra (m/z, 400-2000) were acquired in the positive
ion mode with a resolution of 60,000 for the precursor ion scan.
MS/MS spectra were acquired in the DDA mode, in which the top
10 most abundant precursor ions with at least a 3000 ion count
threshold from each MS survey scan were selected for MS/MS anal-
ysis. Collision-induced dissociation (CID) was used for fragmenta-
tion with a 2 Da isolation window, at a normalized collision
energy of 35%. The resulting raw spectral files were submitted to
the Proteome Discoverer/Mascot (Thermo Fisher Scientific, V 1.3)
for SNO-peptide identification, SNO-Cys localization and ICAT-
based peptide quantification. Mascot search parameters were set
the same as described above except the precursor mass tolerance
was set at 10 ppm.

3.10. Quantitative data analysis

Once an ICAT-L or ICAT-H labeled peptide was identified by
Mascot search, the extracted ion chromatograms for the corre-
sponding ICAT-L and -H pairs were used to calculate the relative
ratios between ICAT-H to ICAT-L labeled peptides. To estimate
the analytical variation of ICAT-based peptide quantification, SH-
SY5Y cell lysate was incubated with GSNO, and equal amounts of
the resulting SNO-proteins were labeled using either ICAT-L or -H
reagent with the modified BST protocol described above, and then
mixed in a 1:1 ratio. After tryptic digestion, ICAT-labeled peptides
were enriched and detected by LC/MS/MS for peptide identification
(same as section 3.9) and quantification. Since ICAT-L or -H reagent
labeled proteins were mixed in a 1:1 ratio, the expected ICAT (H/L)
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Fig. 1. BST/ICAT work flow for the quantification of Trx1 transnitrosylase and denitrosylase target SNO-peptides. There are nine steps involved in this procedure; (A) free
thiols in proteins are first blocked with MMTS; (B) nitrosothiol reduction by ascorbate; (C) labeling of the newly formed free thiols with ICAT; (D) mixing ICAT light and heavy
reagents-labeled proteins; (E) trypsin digestion of the protein mixtures; (F): enrichment of ICAT-labeled peptides using an avidin cartridge; (G) TFA cleavage of biotins from
ICAT-labeled peptides; (H) desalting of the cleaved peptides; (I) identification of SNO-Cys site and quantification of SNO-peptides by LC/MS/MS. (J) An example MS spectrum
of SNO-GAPDH [235-248] quantification by ICAT. (K) An example MS spectrum of the identification of SNO-GAPDH [235-248] and localization of SNO-Cys24” by MS/MS.

Modified from Wu et al., 2011 [6].

ratio was one. The experiment was repeated three times to calcu-
late the standard deviation of the ICAT ratios to estimate analytical
variation, and to establish a statistical benchmark of ICAT fold
change of <0.78 for protein denitrosylation or >1.22 for transnitro-
sylation, both with a 95% confidence interval. Alternatively, Prote-
ome Discoverer software can be used for automatic identification
and quantification of ICAT-labeled peptides. The raw spectrum file

was imputed for peptide identification using Spectrum Selector
and Mascot, and Events Detector and Precursor lons Quantifier
were used for peptide quantification. In the Spectrum Selectors,
the minimum and maximum precursor masses were set as
400 Da and 10,000 Da, respectively. Mascot search parameters
were set up the same as described in section 3.9. For quantification,
the mass precision was set at 2 ppm for event detection. A factory
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preset ICAT quantification method was used as the Precursor lons
Quantifier; the areas of the extracted ion chromatograms of ICAT-
labeled peptides were used for calculating the ratios of ICAT-H/L.
No normalization was applied for calculating SNO-peptide ratios.
Quantitative data were expressed as mean +standard error
(SEM). Statistical analysis was performed using the two-tailed un-
paired Student’s t-test with Microsoft Excel. Differences were con-
sidered significant with P <0.05 and ICAT ratios of >1.22 or <0.78
were considered significant for transnitrosylation or denitrosyla-
tion, respectively.

4. Results and discussion
4.1. ICAT modified BST can effectively label SNO- proteins

In order to quantitatively detect changes in SNO-proteins from
the activation of transnitrosylases and denitrosylases, we used
ICAT reagents instead of biotin-HPDP during the application of
the BST. The BST method involves three steps: free cysteine thiols
are first alkylated with MMTS (Fig. 1A); SNO-Cys are then reduced
by ascorbate without also reducing disulfide bonds or other oxida-
tive cysteine PTMs (Fig. 1B), and lastly, the newly-exposed cysteine
free thiols are alkylated by either the “light” or “heavy” version of
the ICAT reagents (Fig. 1C). ICAT reagents have been proved to be
good replacements for biotin-HPDP in BST [28,29]. Labeling of
SNO-peptides with the ICAT reagent provide a means to accurately
quantify the extent of S-nitrosylation (Fig. 1D-K).

To illustrate the application of ICAT-based BST for the quantifi-
cation of SNO-peptide changes catalyzed by transnitrosylases, we
first utilized SNO-Trx1 as a transnitrosylase to increase S-nitrosyla-
tion of proteins isolated from SH-SY5Y cells. Subsequently, we
performed ICAT-based BST to label free thiols derived from the
SNO-Cys sites with either light or heavy ICAT reagent; SNO-Trx1
transnitrosylated proteins were labeled with ICAT-H and buffer-
treated proteins were labeled with ICAT-L (Fig. 1C). Equal amounts
of ICAT-H and ICAT-L labeled proteins were mixed together for
subsequent proteomics analysis of SNO-peptide increases as the
result of SNO-Trx1 transnitrosylation (Fig. 1D-K).

In a separate experimental design, in order to demonstrate the
utility of ICAT-based BST for the quantification SNO-peptide
changes catalyzed by denitrosylases, an aliquot of SNO-Trx1 trans-
nitrosylated proteins was treated with the Trx1/TrxR/NADPH den-
istrosylase system and the remaining SNO-proteins were labeled
with ICAT-L following BST (Fig. 1C). A mixture of ICAT-H and -L la-
beled proteins was processed to identify and quantify the decrease
of SNO-peptides following the denitrosylation reaction (Fig. 1D-K).

4.2. Gel-based analysis of ICAT -labeled proteins revealed the presence
of specific Trx1 transnitrosylation and denitrosylation targets

As each ICAT reagent has a biotin tag, the ICAT-labeled proteins
can be detected by Western blotting to verify proper protein label-
ing during the BST procedures, using an anti-biotin antibody. Fol-
lowing SNO-Trx1 treatment, overall SNO-protein levels were
increased over untreated protein extracts (Supplemental Fig. 1,
first two lanes). Subsequent addition of TrxR/NADPH activated
Trx1 demonstrated denitrosylation activity towards many SNO-
Trx1 transnitrosylated proteins, reducing their S-nitrosylation lev-
els (Supplemental Fig. 1, last two lanes). It is also apparent that not
all SNO-protein signals are equally affected by the treatments with
SNO-Trx1 and the Trx1 denitrosylation system, suggesting that not
all proteins are transnitrosylation or denitrosylation targets of
Trx1.

In order to better resolve and detect SNO-Trx1 transnitrosyla-
tion target proteins, we also analyzed the ICAT-labeled SNO-
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Fig. 2. Anti-biotin Western blotting of 2DE-resolved and ICAT-labeled proteins
following SNO-Trx1 transnitrosylation. ICAT labeled protein pellets (100 pg) were
first dissolved in a 2DE buffer and loaded onto IPG strips for isoelectric focusing
(IEF). After IEF, the proteins on the IPG strips were reduced with DTT and alkylated
with iodoacetamide, followed by the second dimension of separation in SDS gels.
Subsequently, the proteins in each gel were transferred onto a nitrocellulose
membrane. ICAT labeled SNO-proteins were detected by an anti-biotin antibody.
(A) Endogenous SNO-proteins isolated from SH-SY5Y cells. (B) Increase of select
SNO-proteins following SNO-Trx1 treatment, as seen from both the numbers and
levels of SNO-protein signals detected.

proteins by Western blotting following 2DE separations of ICAT-
labeled protein. Although there are a few SNO-proteins in the
untreated extracts, substantially more SNO-proteins were detected
from SNO-Trx1 transnitrosylated proteins compared to buffer
treatment alone (Fig. 2A), with proteins in the 40 and 60 kd acidic
region of 2DE being especially sensitive to SNO-Trx1 transnitrosy-
lation (Fig. 2B).

4.3. Quantification of Trx1 transnitrosylation and denitrosylation
target peptides by ICAT

The biological significance of Trx1 as a transnitrosylase or den-
itrosylase is its ability to modulate specific SNO-Cys modification
sites within target proteins. However, the global SNO-protein
quantification information obtained by 1D or 2D gel is inadequate
at providing site-specific modification information. ICAT-based BST
and other proteomics methods are needed to provide such essen-
tial data for downstream functional determination of the signifi-
cance of dynamically regulated SNO-Cys residues in Trx1 target
proteins. In the methods outlined here, we first quantified SNO-
peptides increased by the incubation of neuroblastoma cell pro-
teins with SNO-Trx1. Following the BST procedures, SNO-proteins
were labeled with ICAT-H and buffer-treated proteins were labeled
with ICAT-L. Both samples were mixed at a 1:1 ratio; the increase
of SNO-peptides in SNO-Trx1 transnitrosylation targets was quan-
tified by the ICAT ion signals in the LC/MS spectra, and the SNO-Cys
sites were identified by MS/MS as described below. In a separate
experiment setup to detect denitrosylation target SNO-peptides
of Trx1, the SNO-Trx1 transnitrosylated samples were treated with
the Trx1/TrxR/NADPH system, and labeled with ICAT-L in the BST.
Transnitrosylated (ICAT-H labeled) and denitrosylated (ICAT-L la-
beled) proteins were also mixed in a 1:1 ratio. After obtaining
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the two mixtures of ICAT-H and -L labeled proteins, proteins were
digested by trypsin and the ICAT-labeled peptides enriched by an
avidin column. SNO-peptides were identified and quantified by
LC/MS/MS [6]. For the quantification of ICAT labeled peptides,
we used the LC extracted ion chromatogram areas of each
ICAT-labeled peptide for calculating ICAT peptide abundance
ratios. A significantly higher ICAT-H to ICAT-L ratio in repeat trans-
nitrosylation experiments suggested a SNO-peptide to be a
putative SNO-Trx1 transnitrosylation target. On the other hand,
for the Trx1/TrxR/NADPH denitrosylation reactions, a lower
ICAT-L over ICAT-H labeled MS peak measured the degree of

C. Wu et al. / Methods 62 (2013) 151-160

Trx1 denitrosylase activity towards a SNO-peptide. For example,
a tryptic peptide (amino acid 17-31) derived from 60S ribosomal
protein L12 (RL12_HUMAN) with a SNO-Cys'” was among the tar-
get sequences sensitive to both transnitrosylation and denitrosyla-
tion by Trx1 (Fig. 3A-C). MS/MS analysis revealed the SNO-Cys site
to be labeled with an extra mass corresponding to an ICAT-H
(Fig. 3A). Following SNO-Trx1 transnitrosylation, LC/MS analysis
indicated an ICAT-H/ICAT-L peptide ratio of 2.5 for RL12 peptide
17-31, suggesting that Cys'” is very sensitive to transnitrosylation
by SNO-Trx1 (Fig. 3B). By comparison, an ICAT-H/ICAT-L peptide
ratio of 1.6 for the same peptide following Trx1/TrxR/NADPH
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Fig. 3. Identification and quantification of Trx1 target SNO-peptides. (A) Example MS/MS spectrum of RL12_HUMAN peptide 17-C+TGGEVGATSALAPK-31 (M?* 799.44, Cx:
ICAT-H-labeled cysteine). (B) Dramatic increase of SNO-RL12 [Cys'’-Lys>!] from the MS spectrum of ICAT-L (control) and ICAT-H (SNO-Trx1 treated) ion signals indicates the
degree of transnitrosylation. (C) Dramatic decrease of SNO-RL12 [Cys'’-Lys®!] from MS spectrum of ICAT-H (control) and ICAT-L (Trx1/TrxR/NADPH treated) ion signals
indicates the degree of denitrosylation. (D) MS/MS spectrum of SNO-Trx1 peptide 73-C+xMPTFQFFK-81 (M2* 692.85, C«: ICAT-H-labeled cysteine). (E) Dramatic increase of
SNO-Trx1 [Cys”-Lys®!] from the MS spectrum of ICAT-L (control) to ICAT-H (SNO-Trx1 treated) ion signals indicates the addition of 100 ug of SNO-Trx1 to 1 mg of target
protein mixtures and possible transnitrosylation from SNO-Trx1 to cellular Trx1. (F) Dramatic decrease of SNO-Trx1 [Cys’3-Lys®'] from MS spectrum of ICAT-H (control) and
ICAT-L (Trx1/TrxR/NADPH treated) ion signals indicates the degree of denitrosylation of SNO-Trx1 by reacting with Trx1/TrxR/NADPH.
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denitrosylation, suggests that SNO-Cys!” can be denitrosylated by
Trx1 (Fig. 3C).

As expected, SNO-Trx1 was detected by ICAT analysis in both
transnitrosylation and denitrosylation ICAT mixtures (Fig. 3D-F).
Once SNO-Trx1 was mixed with target proteins in the transnitrosy-
lation reaction, ICAT analysis indicated an 80% increase of a SNO-
Cys’-containing Trx1 tryptic peptide (Fig. 3D-E), indicating the
addition of 100 pg of SNO-Trx1 into the target cellular protein mix-
tures, and possibly supporting the role of SNO-Trx1 transfer of its
NO onto the recipient peptides. Furthermore, SNO-Trx1 itself is
also sensitive to Trx1/TrxR/NADPH denitrosylation, as indicated
by a 70% decrease of the SNO-Cys’3-containing Trx1 tryptic peptide
(Fig. 3F). In this experiment we used relatively large amounts of
SNO-Trx1 and Trx1/TrxR/NAPDH in the in vitro transnitrosylation
and denitrosylation experiments, in order to observe SNO-peptide
changes for lower abundant SNO-proteins, which otherwise might
not be able to compete with other proteins for the transfer of NO.
However, like any proteomics experiments, the presence of higher
amount of proteins could hinder the detection of lower abundant
proteins. Therefore, one way to minimize the impact of interfer-
ence of large amounts of transnitrosylase or denitrosylase is to
use enzymes immobilized on beads that can be easily separated
from the target SNO-proteins prior to tryptic digestion.

4.4. Quantitative data validation

Many of the proteins discovered from this in vitro study were
previously reported to be either transnitrosylated or denitrosylat-
ed by Trx1 (or related oxidoreductases) in vivo [6,20], supporting
the effectiveness of the current quantitative proteomics approach.
However, given the complexity of biological experimental systems,
it is important that once an ICAT-L or ICAT-H labeled peptide is
quantified, the extent of transitrosylase or denitrosylase-mediated
SNO-peptide change should be validated by repeat experiments
and alternative approaches, using biotin-HPDP or other biotinylat-
ing reagents, instead of ICAT reagents. Typically, the validation is
carried out by using BST processing of the SNO-proteins isolated
from cells with activated transnitrosylase, denitrosylase and rele-
vant control conditions, followed by Western blotting of specific
target proteins enriched by avidin affinity column [4,6]. Alterna-
tively, fluorescently-labeled and biotinylated Cye-dyes can be
used, in a method referred to as SNO-DIGE [30]. The SNO-protein
changes quantified by Western blotting or similar methods should
match the direction of SNO-peptide changes by ICAT quantifica-
tion. As discussed previously, global protein-based quantification
may not capture site-specific changes if multiple sites within a pro-
tein are differentially regulated by different transnitrosylases or
denitrosylases. Site-specific nitrosylation changes can be validated
by Western blotting if SNO-Cys-specific antibodies are available.
On the other hand, a mass spectrometric methods called selected
reaction monitoring (SRM) or the multiple-reaction monitoring
(MRM) approach can be developed to quantify SNO-Cys containing
peptide changes among a large number of biological samples [31].

5. Conclusions

Here we present a protocol for quantitative identification of
in vitro Trx1 transnitrosylase and denitrosylase target peptides
using a modified biotin switch method, with ICAT regents replac-
ing conventional biotin-HPDP. Combining this method with
LC/MS/MS techniques, the SNO-Cys within target peptides can be
identified and the relative changes of SNO-peptides following
transnitrosylase and denitrosylase treatment can be easily deter-
mined by ICAT ratios. With this approach, we were able to identify
putative Trx1-mediated transnitrosylation and denitrosylation

targets in neuroblastoma cells. The results from this study have
provided direct evidence that Trx1 is an enigmatic protein with
both transnitrosylase and denitrosylase activities. Use of the de-
scribed ICAT method coupled to BST for studying other cell and
biological systems will likely provide a more comprehensive
understanding of the precise role of both transnitrosylases and
denitrosylases in regulating target proteins in specific physiologi-
cal or pathological signal transduction pathways.
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