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ABSTRACT

S-Nitrosylation is a reversible PTM for regulating protein function. Thioredoxin-1 (Trx1)
catalyzes either transnitrosylation or denitrosylation of specific proteins, depending on the
redox status of the cysteines within its conserved oxidoreductase CXXC motif. With a
disulfide bond formed between the two catalytic cysteines, Trx1 is not only inactive as a
denitrosylase, but it may also be nitrosylated at Cys73 and serve as a transnitrosylating

igzjr(::cs;'xin agent. Identification of Trxl-mediated transnitrosylation or denitrosylation targets will
Transnitrosylation contribute to a better understanding of Trx1’s function. Previous experimental approaches
Denitrosylation based on the attenuation of CXXC oxidoreductase activity cannot readily distinguish Trx1
SH-SYSY transnitrosylation targets from denitrosylation targets. In this study, we used the ICAT
ICAT method in conjunction with the biotin switch technique to differentiate Trx1
transnitrosylation targets from denitrosylation target proteins from neuroblastoma cells.
We demonstrate that the ICAT approach is effective for quantitative identification of
putative Trx1 transnitrosylation and denitrosylation target peptides. From these analyses,
we confirmed reports that peroxiredoxin 1 is a Trxl transnitrosylation, but not a
denitrosylation target, and we found several other proteins, including cyclophilin A to be
modulated in this manner. Unexpectedly, we found that many nitrosylation sites are
reversibly regulated by Trx1, suggesting a more prominent role for Trx1 in regulating S-

nitrosylation.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction of vasodilation in arterial smooth muscle [1], but it is now
understood to influence a plethora of biochemical pathways
Endogenous nitric oxide (NO) is primarily derived from the and disease states and is today one of the most actively
catabolism of L-arginine by nitric oxide synthases. This simple researched molecules (for reviews see Refs. [2,3]). In addition

gaseous molecule was first identified as the primary mediator to modulating cyclic guanosine monophosphate levels and
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downstream signaling events, NO regulation is often enacted
through covalent attachment to the cysteine sulfhydryl group
of proteins, a process known as S-nitrosylation or nitrosation.
This post-translation modification (PTM) has been found to be
important for determining protein structure and function [4,5].
Not all cysteines in a protein become nitrosylated, only those
that reside in a 3D structural environment amenable for
binding with specific NO donors and/or creating an acidic pKa
appear susceptible to nitrosylation [6,7]. The fact that protein
nitrosylation is reversible, further solidifies its significance as
a regulatory mechanism for fine tuning protein activities
within associated biochemical pathways, and implies that
certain proteins may act as specific denitrosylases (able to
remove NO from a S-nitrosylated protein), or transnitrosylases
(able to donate NO to an acceptor protein). Therefore, there is
great interest in how transnitrosylation and denitrosylation
are regulated in biological systems, including the identifica-
tion of protein nitrosylation sites and the quantification of the
dynamic status of protein nitrosylation.

Thioredoxin 1 is an oxidoreductase found in both pro-
karyotes and eukaryotes; together with thioredoxin reductase
(TrxR) and the reduced form of nicotinamide adenine dinucle-
otide phosphate (NADPH), they constitute the thioredoxin
reductive system which is essential for maintaining cellular
redox balance (for reviews see Refs. [8,9]). Human Trx1 contains
two cysteines, Cys32 and Cys35 in its evolutionarily conserved
-Trp-Cys-Gly-Pro-Cys-Lys catalytic center. In their reduced thiol
form (rTrx1), Cys32 and Cys35 can catalytically reduce specific
protein disulfide bonds and other oxidative cysteine modifica-
tions, and can serve as a denitrosylase towards specific S-
nitrosylated proteins (SNO-proteins) and other S-nitrosylated
species [9-12], resulting in the formation of a disulfide bond
between Cys32 and Cys35 [10,13]. Oxidized Trx1 (oTrx1) is
subsequently restored to its active thiol form by the NADPH-
dependent flavoprotein TrxR which resolves the Cys32-Cys35
disulfide bond. Human Trx1 contains the additional conserved
Cys62, Cys69 and Cys73 that undergo a variety of PTMs,
including S-nitrosylation [14-18]. It is now known that nitrosy-
lated Trx1 (SNO-Trx1) can derive from oTrx1l and act as a
transnitrosylating agent [19,20]. We recently uncovered a redox-
dependent mechanism that toggles the different functions of
Trx1. When Cys32 and Cys35 are reduced to thiols, Trx1 can act
as a denitrosylase or as a reductase (Fig. 1) [20]. However, Trx1
can only become nitrosylated on Cys73 when Cys32 and Cys35
are oxidized, SNO-Trx1 can then act as a transnitrosylating
agent (Fig. 1) [20].

To identify possible Trx1 transnitrosylation targets, we
previously used a Trxl dominant negative and denitrosy-
lase-inactive mutant, in which Cys32 and Cys35 were
mutated to Ser (Trx1¢32%¢3*%) [21]. Overexpression of this
mutant in HeLa cells resulted in an observable increase in
protein nitrosylation, and after substitution of S-nitrosyla-
tion by N-(6-(Biotinamido)hexyl)-3’-(2’-pyridyldithio)-pro-
pionamide (biotin-HPDP), using the well established biotin
switch technique (BST), we were able to identify 36 S-
nitrosylated cysteine (SNO-Cys) sites by MS/MS pertaining
to 28 target proteins [20]. Benhar et al. used an analogous
approach, in which oTrx1 was produced by incubating cells
with TrxR inhibitors, for the identification of Trx1 denitro-
sylation targets [22]. A potential drawback of these ap-
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Fig. 1 - Schematic of Trx1 regulation of protein nitrosylation.
Trx1 Cys32 and Cys35 can denitrosylate specific
SNO-proteins [10-12], resulting in the formation of a disulfide
bond between Cys32 and Cys35 [10,13]. SNO-Trx1 can be
produced in cells after the formation of a Cys32 and Cys35
disulfide bond and act as a transnitrosylase for specific
targets [19,20]. It should be noted that SNO-Trx1

transnitrosylation targets and rTrx1 denitrosylation targets
may not overlap. Adapted from [20].

proaches includes the inability to distinguish genuine Trx1
transnitrosylation targets from denitrosylation targets, since
both oTrx1 and Trx1<3?%3>S are not only inactive as a
denitrosylase, but also are capable of being converted into a
transnitrosylating agent. Therefore, the increase in SNO-
proteins in these cells may be due to either increased Trx1-
mediated transnitrosylation, decreased denitrosylation or
both. In addition, conventional BST methods are unable to
accurately quantify the extent of S-nitrosylation changes ata
particular SNO-Cys site; such information is crucial for
distinguishing specific Trx1 catalytic targets from non-
specific ones. To overcome these technical problems, we
evaluated isotope-coded affinity tag (ICAT) reagents as
possible advantageous substitutes for biotin-HPDP in BST
[23] to distinguish Trx1 transnitrosylation from denitrosyla-
tion target sites in proteins derived from SH-SY5Y cells.
Dynamic regulation of protein nitrosylation has been shown
in SH-SY5Y and other neuronal cells. For example, increased
denitrosylation of anti-apoptotic Bcl-2 was previously
reported in this neuroblastoma cell line upon kainic acid
treatment—a model for studying epileptic seizure [24]. In
this study, we demonstrate the comparable specificity of
biotin-HPDP and ICAT reagents to label SNO-Cys sites, and
the advantage of ICAT to accurately quantify the extent of S-
nitrosylation within specific peptides. We found 76 putative
SNO-Cys sites targeted by SNO-Trx1 transnitrosylase in 61
proteins, and 50 putative SNO-Cys sites targeted by rTrx1
denitrosylase in 45 proteins in vitro. Importantly, the thiol-
specific and quantitative capability of ICAT enabled us to
discover 8 peptides that are solely regulated by SNO-Trx1
transnitrosylation but not rTrx1l denitrosylation, and 43
peptides whose SNO-Cys residues can be regulated revers-
ibly by Trx1-mediated trans- or denitrosylation.
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2. Material and methods
2.1. Reagents and preparation of SNO-Trx1

Recombinant human Trx1 and chemical reagents were
purchased 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). Following our previously established method to
generate transnitrosylase-active SNO-Trx1 [25], recombinant
human Trx1 (100 pg) was mixed with a 25-fold molar excess of
S-nitrosoglutathione (GSNO) in 50 pl nitrosylation buffer (NB,
50 mM Tris, pH 7.5, 1 mM EDTA and 0.1 mM neocuproine) at
37 °C for 30min in the dark. Resulting SNO-Trxl was
precipitated with cold acetone at —20 °C for 1 h, washed four
times with cold acetone at —20 °C, and dissolved in 30 ul NB.

2.2. Cell lysate preparation

SH-SYSY cells (ATCC; CRL-2266) were grown at 37 °C in
DMEM/F12 media containing 10% FBS in a 5% CO, atmosphere.
The cells were harvested via centrifugation at 500 g for 5 min
and washed with PBS. Cells were lysed in a lysis buffer (LB,
50 mM Tris, pH 7.5, 150 mM NaCl, 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, the resulting protein concentrations were
measured using the bicinchoninic acid (BCA) method (Pierce,
Rockford, IL, USA) and adjusted to 1 pg/ul with LB.

2.3.  Transnitrosylation of SH-SY5Y proteins and BST

Freshly made SNO-Trx1 (100 ng) was used to transnitrosylate
1 mg SH-SY5Y protein extract in LB at 37 °C for 30 min in the
dark. Similarly, GSNO nitrosylation was performed as a
positive control, using an equimolar amount to that of SNO-
Trx1 (~3 pg GSNO), and native Trx1 or buffer alone nitrosyla-
tion reactions were performed as negative controls. Following
transnitrosylation treatment, proteins were precipitated with
cold acetone, washed 3 times in cold acetone and processed
by BST [26] as follows. Proteins (1 mg) were denatured in 1 ml
LB buffer with 2.5% SDS (Bio-Rad), and free thiols were
alkylated using 20 mM methyl methanethiosulfonate
(MMTS) (Pierce) with frequent vortexing at 50 °C for 30 min.
Excess MMTS was removed by cold acetone precipitation of
the proteins. Protein pellets were reconstituted in HEN buffer
(25 mM HEPES, pH 7.7, 1 mM EDTA and 0.1 mM neocuproine)
containing 1% (w/v) SDS and adjusted to 1 png/ul protein.
Protein (600 ng) was labeled with 0.2 mM biotin-HPDP (Pierce,
Rockford, IL, USA), or with 480 ng of either ICAT heavy (ICAT-
H) or light (ICAT-L) reagent (AB SCIEX, Foster City, CA, USA),
with or without 10 mM ascorbate, as indicated in the figures.
The reaction mixture was incubated in the dark for 1 h at RT.
Excess reagents were removed by precipitation and washing 3
times with cold acetone. The protein pellets were solubilized
in non-reducing SDS-PAGE loading buffer (100 mM Tris, pH
6.8, 2% SDS, 15% glycerol, 0.01% bromophenol blue) for
Western blotting or in 8 M urea and 1% Triton X-100 for

trypsin digestion and avidin enrichment of biotinylated
peptides as described below. For Western blotting, 15 ug of
protein from each sample was separated using a non-
reducing SDS-PAGE gel (in order to prevent the reduction
and removal of biotin-HPDP by DTT) and transferred onto a
nitrocellulose membrane. The biotinylated protein was
probed with an anti-biotin antibody (1:3,000) (Vector Labora-
tories, Burlingame, CA, USA) and visualized with enhanced
chemiluminescent substrate (PerkinElmer, Waltham, MA,
USA).

For comparison of biotin-HPDP and ICAT approaches for the
detection of SNO-peptides, SNO-Trx1 nitrosylated proteins were
labeled with either biotin-HPDP or ICAT-H. Biotin-HPDP or ICAT-
Hlabeled proteins (600 pg) were first solubilized in 60 pl 8 M urea
and 1% Triton X-100, diluted 10-fold in 50 mM NH,HCO5 (pH 8.3),
and then digested with trypsin (1:30 (w/w) enzyme:protein ratio)
in NH,HCO; at 37°C overnight. Biotinylated peptides were
enriched by an avidin column provided in the ICAT kit. After
washing the cartridge to remove unmodified peptides with 2 ml
of PBS (pH 7.2) and 1 ml of a solution containing 50 mM NH,;HCO;
and 20% methanol (pH 8.3), the biotin-HPDP labeled peptides
were eluted with 30% ACN and 0.4% trifluoroacetic acid (TFA),
dried in a speed vac and resuspended in 2% ACN and 0.1% TFA to
be analyzed by LC/MS/MS. ICAT-labeled peptides were eluted in
an identical fashion and processed as described below.

2.4. Quantitative ICAT-H and -L labeling experiments

SNO-proteins were labeled with either light or heavy ICAT
reagent following BST as described above, and three distinct
ICAT quantitative experiments were performed. For the
evaluation of the accuracy and precision of ICAT quantitative
analysis of SNO-peptides, 300 pg of GSNO nitrosylated pro-
teins was labeled with 240 ug of either ICAT-H or ICAT-L
following MMTS block. For ICAT-based quantification of SNO-
Trx1 transnitrosylated peptides, 300 pg SNO-Trx1 treated
proteins was labeled with 240 pg ICAT-H, while buffer treated
control proteins were labeled with 240 pg ICAT-L. For the
identification of rTrx1 denitrosylation targets that were
initially nitrosylated by SNO-Trx1, 300 pg SNO-Trx1 treated
proteins was first incubated with 5 pM rTrx1, 100 nM TrxR and
200 pM NADPH in a total volume of 0.5 ml LB [22] at 37 °C for
30 min, and labeled with 240 ug ICAT-L during BST; an equal
amount of SNO-Trx1 treated protein was labeled with 240 ug
ICAT-H for comparison. Excess ICAT reagents were removed
by ice-cold acetone precipitation and the protein pellets
redissolved in 8 M urea and 1% Triton X-100. For each pair-
wise comparison, the corresponding ICAT-H and ICAT-L
labeled proteins were mixed at a 1:1 mass ratio, diluted 10-
fold with 50 mM NH4HCO; and subjected to tryptic digestions
at a 30:1 protein/trypsin ratio. ICAT-labeled peptides were
enriched by biotin affinity chromatography using an avidin
column provided in the cleavable ICAT kit according to the
manufacturer’'s protocol. The ICAT-labeled peptides were
eluted with 30% ACN and 0.4% TFA, dried in a speed vac.
Removal of biotin moieties from the ICAT-conjugated peptides
was carried out with TFA cleavage at 37 °C for 2h. After
cleavage, the eluted peptides were completely dried and
desalted by C,g spin columns (Pierce, USA) and reconstituted
in 5 pl of 5% ACN and 0.1% FA for LC/MS/MS analysis.
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2.5.  Affinity capture and detection of SNO-proteins

To enrich biotinylated proteins for Western blot analysis,
proteins processed by BST were acetone precipitated and the
pellets redissolved in RB. Protein concentrations were deter-
mined by the BCA method. The biotinylated proteins (400 ug) in
200 pl of RB were diluted with 200 pl of PBS and subsequently
mixed with 20 pl of streptavidin-agarose beads (Pierce, Rockford,
IL, USA). The mixture was incubated for 1 h at RT with agitation.
After incubation, the beads were washed five times with 1 ml of
PBS and incubated with 60 pl 2x SDS-PAGE loading buffer for
30 min at 37 °C with gentle agitation, followed by heating at
100 °C for 5 min. For Western blot detection of SNO-proteins,
affinity-enriched biotinylated proteins were separated on 12.5%
SDS-PAGE gels, and transferred onto nitrocellulose membrane.
Membranes were blocked with 5% milk, then probed with either
anti-Prx1 (ab15571, Abcam, Cambridge, MA, USA, 1:5,000), GAPDH
(10R-G109a, Fitzgerald Industries International, Acton, MA, USA,
1:5,000), a-tubulin (ab15246, Abcam, Cambridge, MA, USA,
1:5,000), cyclophylin A (ab41684, Abcam, Cambridge, MA, USA,
1:5,000) or a-enolase (ENO1, ab85086, Abcam, Cambridge, MA,
USA, 1:1,000) antibodies, and visualized by chemiluminescence.

2.6.  Analysis of SNO-peptides by LC/MS/MS and
bioinformatics analysis

For identification of SNO-peptides and locating their SNO-Cys
residues, biotin-HPDP or ICAT-labeled peptides were enriched
with an avidin cartridge as described above. For LC/MS/MS
analysis, the biotinylated peptides were first separated by a
Dionex UltiMate® 3000 reversed phase liquid chromatography
system, using a PepMap 100C;g column (75 pMx 150 mm, 3 uM,
100 A, Dionex, Sunnyvale, CA, USA). The LC-resolved 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.
MS/MS spectra were acquired in the Data-Dependent Analysis
mode, in which the three most abundant precursors with two to
five charges from each MS survey scan were selected for
fragmentation. Peak lists were generated by ProteinLynx (v2.1)
into PKL files. Database searches were performed with Mascot
(v2.2) against the human Swissprot protein database (contain-
ing 20,258 entries 08/10/2010) using the following search
parameters: trypsin was selected with 1 missed cleavage,
mass tolerance of 200 ppm for MS and 0.6 Da for MS/MS, either
biotin-HPDP, ICAT-C (ICAT-L) or ICAT-C:13C(9) (ICAT-H)
-modified cysteines and methionine oxidation were set as
variable modifications. For MS/MS identification of the peptides’
nitrosylation site, we set a Mascot score threshold of at least 29,
which corresponded to a confidence interval of 95% or better;
the matched spectra were also manually validated for the
precise location of the PTMs. The frequency of false discovery
rate (FDR) in LC/MS/MS analysis was evaluated with a target-
decoy database search strategy [27], with all FDR values from the
different experiments calculated to be <0.5%. SNO-peptides
belonging to protein isoforms that are indistinguishable from
the MS/MS spectra are listed in the supplemental tables (Tables
S3 and S4) by their protein accession numbers. Protein isoforms

with the most descriptive names, and that have been well
characterized biochemically, are presented in the tables for
discussion clarity.

2.7. Quantitative analysis

Once an ICAT-L or ICAT-H labeled peptide was identified by
Mascot search, the ion chromatograms for the corresponding
ICAT pair m/z values with the same peptide charge states and
retention times were extracted and integrated manually using
MassLynx (Waters). Integrated peak areas were used to calculate
the relative ratios between ICAT-H and ICAT-L labeled peptides.
Only peptide ICAT pairs found in at least two out of three full
reaction repeats are listed in Tables S3 and S4. An ICAT fold
change of <0.78 or >1.22 ICAT was considered statistically
significant for determination of protein denitrosylation or
transnitrosylation, respectively.

2.8. Data analysis

Quantitative data are expressed as meanzstandard error
(SEM). Statistical analysis was performed using two-tailed
unpaired Student’s t-test with Microsoft Excel. Differences
were considered significant for P<0.05. Venn diagram areas are
proportionate to the number of peptides identified and were
constructed in Microsoft Powerpoint. The box plot in Fig. 2D
was constructed in Microsoft Excel using ICAT-H/ICAT-L ratios
for 44 (22 pairs of ICAT-H and -L labeled) peptides identified in 3
repeat GSNO transnitrosylation experiments. ICAT ratios
beyond two standard deviations from the sample mean
obtained from the GSNO transnitrosylation experiment were
considered significant changes in subsequent peptide nitrosy-
lation state studies. The LC/MS/MS peak lists are included with
the manuscript as a supplemental files, and the raw data
associated with this manuscript may be downloaded from
http://njms.umdnj.edu/proweb/research.cfm.

3. Results and discussion

3.1. ICAT is an effective biotin switch reagent for the
detection of SNO-Cys

S-Nitrosylation is a dynamic modification and accurate
quantification of its extent at a particular cysteine is
therefore essential to understanding the influence of this
PTM on protein function. However, the labile nature of NO
modification has created a unique challenge for the identi-
fication of SNO-Cys sites by MS methods [25]. SNO-peptides
are rarely observed in MALDI-TOF MS spectra, as NO usually
dissociates during ionization. Under very gentle ESI condi-
tions, SNO-peptides have been observed as a 29 Da mass
increase (+NO and -H) of the unmodified peptide ion for each
SNO-Cys site [25,28]. Furthermore, the localization of SNO-
Cys in peptides containing multiple cysteines is still prob-
lematic, given that S-NO bonds are usually more easily
fragmented in MS/MS analysis than is the peptide backbone
[29]. A BST method has been developed [26], in which SNO-
Cysis converted into a more stable biotinylated form, and can
be detected by both MS and MS/MS methods, either with
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MALDI or ESI [30,31]. The BST method involves three steps: exposed cysteine thiols are alkylated classically by biotin-
free cysteine thiols are alkylated with MMTS, nitrosylated HPDP (Fig. 2A). However, other alkylating reagents have been
cysteines are reduced by ascorbate without also reducing employed to good effect, such as ICAT [23,32]. ICAT includes

disulfide bonds or other oxidative cysteine PTMs, and newly- an isotope-coded segment containing different C*? (light) or
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Fig. 2 - Comparison of biotin-HPDP and ICAT labeling for detection of SNO-proteins and peptides. (A) Schematic of ICAT-based
quantitative proteomics of SNO-Trx1 target proteins. Following incubation of cellular proteins without (control) or with
SNO-Trx1, protein SNO-Cys sites are preserved by BST: (I) free thiols are alkylated with methylmethanethiosulfonate (MMTS).
(IT) Nitrosylated residues are reduced by ascorbate. (III) Nascent free thiols are labeled by a thiol reactive biotin-containing
reagent. In this example, SNO-Trx1 treated sample is labeled with ICAT-H, while untreated sample is labeled with ICAT-L. (IV)
Labeled samples are combined, proteolytically digested, and their SNO-Cys sites determined and quantified by LC/MS/MS
analysis of ICAT-labeled peptides. (B) Comparison of biotin-HPDP and ICAT detection specificity. SH-SY5Y cell lysate was in
vitro transnitrosylated by incubation with SNO-Trx1. Resultant SNO-proteins were modified by BST using biotin-HPDP or
ICAT-L or -H reagent, resolved by non-reducing SDS-PAGE and detected by Western blotting with an anti-biotin antibody (top
panel). Protein levels were normalized to actin (bottom panel). (C) Comparison of biotin-HPDP and ICAT-H for identification of
SNO-Trx1 derivated SNO-peptide nitrosylation sites. Biotinylated proteins from B (SNO-Trx1 treated) were trypsin digested,
enriched by avidin column, the ICAT-H biotin tether cleaved and eluted peptides detected by LC/MS/MS. Venn diagrams show
the reproducibility of detecting biotin-HPDP labeled (top) or ICAT-H labeled (middle) peptides from 2 whole reaction repeats.
Bottom: Venn diagram compares the commonality of total peptides detected from biotin-HPDP labeling experiments with
ICAT-H labeling experiments. Total number of labeled peptides detected in each experiment is in parentheses and are listed in
Table S1. 353 peptides were enriched after biotin-HPDP labeling, 40 peptides were unlabeled (11.3%), including 39 peptides
without Cys. 243 peptides were enriched after ICAT labeling, 74 peptides were unlabeled (30.5%), including 64 peptides without
Cys. (D) Evaluation of ICAT SNO-peptide quantification statistics. SH-SY5Y cell lysate was incubated with GSNO, then divided
equally and labeled by BST using light or heavy ICAT reagent. After tryptic digest, ICAT samples were combined 1:1 and
biotinylated peptides detected by LG/MS/MS. A box plot is shown of the ICAT light/heavy ratio of 22 ICAT-labeled peptide pairs
averaged among the 3 whole reaction repeats (listed in Table S2 and reproducibility illustrated in Fig. S3). Solid horizontal line
indicates the median, vertical lines the maximum and minimum, and the box represents the middle 50% of the data.
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C'® (heavy) carbons, advantageously allowing the accurate
MS quantification and comparison of SNO-peptides from two
samples by their mass difference of 9 amu (Fig. 2A). Labeling
with ICAT reagent provides a means to accurately quantify
the extent of S-nitrosylation, but this is an unorthodox BST
reagent and therefore its specificity must first be compared to
that of a standard labeling reagent such as biotin-HPDP. We
applied SNO-Trx1 to SH-SYS5Y celllysates then performed BST
on nascent SNO-Cys sites, labeling with either biotin-HPDP or
light or heavy ICAT reagent. Proteins were then resolved by
SDS-PAGE and SNO-proteins detected by Western blot with
an anti-biotin antibody. Ascorbate treatment can produce
background artifacts [33], therefore we performed a number
of controls in the absence and presence of ascorbate (Fig. S1A
and B). Without ascorbate reduction and a transnitrosylating
agent, SNO-Cys sites were not biotinylated and hence no
labeled proteins were detected (Fig. S1A, lanes 1 and 2). Upon
ascorbate reduction, but again without transnitrosylating
agent, biotinylated bands were observed (Fig. 2,lanes 1 and 2;
Fig. S1B, lanes 5 and 6), possibly indicating endogenous SNO-
proteins within the extract. Incubation with SNO-Trx1 or
GSNO in the absence of ascorbate reduction produced weak
biotinylated bands (Fig. S1B, lanes 2 and 3), while a marked
increase in biotinylation was observed after ascorbate
reduction (Fig. 2B, lanes 3 and 4; Fig. S1B, lanes 7 and 8),
indicating transnitrosylation of proteins by these exogenous
NO donors. GSNO treatment gave a comparable increase in
biotinylation to that of SNO-Trx1 (Fig. S1B, compare lanes 7
and 8), while treatment with unmodified Trx1 did not appear
to affect biotinylation (Fig. S1B). Furthermore, the biotiny-
lated band pattern for both biotin-HPDP and heavy ICAT-
labeled proteins appeared similar and their extent compara-
ble (Fig. 2B), albeit with marginally higher labeling with
biotin-HPDP (Fig. S1C), suggesting ICAT and biotin-HPDP have
similar selectivity towards ascorbate-reduced SNO-Cys.

To further assess the specificity of BST reagent labeling,
SNO-Trx1 treated lysate was digested with trypsin, biotiny-
lated peptides were enriched by avidin column capture, and
after direct elution of biotin-HPDP labeled peptides or biotin
cleavage of ICAT-conjugated peptides, former SNO-Cys sites
were identified by LC/MS/MS (Table S1). Over 200 HPDP-labeled
peptides were typically identified, with an average experi-
mental reproducibility of ~60% (Fig. 2C, top Venn diagram). In
comparison, less ICAT-labeled peptides were typically
detected (~114), with an average experimental reproducibility
of ~52% (Fig. 2C middle Venn diagram). However, the Trx1
peptide 73-CMPTFQFFK-81 was found to be ICAT-H labeled on
Cys73, confirming previous reports (Fig. S2) [18-20,25]. Despite
apparent reduced labeling sensitivity, >69% of SNO-Cys sites
labeled by ICAT were found by biotin-HPDP labeling (Fig. 2C,
lower Venn diagram; Table S1), a better overlap than the
reproducibility of repeat HPDP- or ICAT-labeled peptide
detection. Thus, the two BST labeling reagents have compa-
rable specificity for SNO-Trx1 target sites, and ICAT reagent
would appear to be an acceptable substitute for biotin-HPDP.
The reason for reduced SNO-Cys detection sensitivity may be
due to the fact that ICAT reagents are larger and more
hydrophobic than biotin-HPDP; therefore, they likely encoun-
ter more hindrance when accessing SNO-Cys sites distributed
within protein 3D structures, given the fact that the protein

disulfides are typically not reduced prior to ICAT or biotin-
HPDP modification.

To determine the accuracy of ICAT quantification in our
LC/MS/MS system, we applied the NO donor GSNO to SH-
SYSY lysates to produce SNO-proteins. Treated lysate was
divided in half and labeled via BST with either light or heavy
ICAT reagent. The two differentially labeled lysates were
then recombined in a 1:1 ratio, trypsin digested and
biotinylated peptides enriched by an avidin column. After
elution from avidin, and TFA cleavage of biotin, ICAT-
peptides were detected and quantified by LC/MS/MS. Since
the levels of S-nitrosylation in each lysate half were the
same, the expected ratio of light/heavy ICAT was one.
Mascot-identified peptides (Table S2) had a median ICAT
ratio of 1.02, a standard deviation of 0.11 and a middle 50%
distribution of 0.95-1.09 (Fig. 2D), validating the quantitative
accuracy of this analytical method for SNO-peptide quanti-
fication in our hands. The experimental reproducibility of the
identified peptides is illustrated in Fig. S3. This analysis also
established a statistical benchmark of <0.78 or >1.22 ICAT
fold change to be statistically significant at 95% confidence
interval for the determination of protein denitrosylation or
transnitrosylation, respectively, as outlined below. However,
it should be noted that subsequent ICAT analyses serve to
indicate relative change, but should not be considered a
measure of the absolute value in SNO-Cys site occupation
status.

3.2. Discerning Trx1 transnitrosylation from
denitrosylation targets by ICAT

A number of studies have identified Trx1 transnitrosylation
[19,20] and denitrosylation targets [11,12,22,34,35], but no one
study has attempted to simultaneously identify and compare
the targets of these opposed functions. This is an important
exercise as recent evidence suggests that transnitrosylation
target sites may well be different from denitrosylation sites:
Stamler’s group demonstrated that Trx1 is unable to denitro-
sylate the key antioxidant enzyme peroxiredoxin 1 (Prx1) [22],
whereas we find Prx1 to be transnitrosylated by SNO-Trx1 [20].
By extension, the degree of overlap between denitrosylation
and transnitrosylation targets for Trx1 remains uncertain. To
discern Trx1 transnitrosylation targets from denitrosylation
targets, we first treated SH-SYS5Y cell lysate with SNO-Trx1, and
a portion of the transnitrosylated lysate was subsequently
denitrosylated by incubation with the thioredoxin reductive
system [22]. Previously, we discovered that both SNO-Trx1 and
some of its nitrosylated targets can be denitrosylated by rTrx1,
the active product of the thioredoxin reductive system [20].
Lysates then underwent BST processing, labeling transnitrosy-
lated proteins with ICAT-H and buffer treated or denitrosylated
proteins with ICAT-L. Proteins were resolved in reducing SDS-
PAGE and Western blotted for biotinylated protein (Fig. 3).
Consistent with Fig. 24, incubation with SNO-Trx1 resulted in
increased protein biotinylation over control treatment, hence S-
nitrosylation; while SNO-Trx1 treatment followed by incubation
with the Trx reductive system resulted in the reduction of some,
but not all biotinylated protein bands (Fig. 3). This result
strongly suggests that rTrx1 can denitrosylate some, but not
all of SNO-Trx1 transnitrosylation targets.

Please cite this article as: Wu C, et al, Distinction of thioredoxin transnitrosylation and denitrosylation target proteins by the
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Fig. 3 - In vitro Trx1 transnitrosylation and denitrosylation.
SH-SYS5Y cell lysate was incubated with or without
SNO-Trx1. Lysate treated with SNO-Trx1 was then incubated
with or without the Trx reductive system. SNO-proteins in
extract treated with SNO-Trx1 were labeled with ICAT-H,
while untreated or those treated additionally with the
thioredoxin reductive system were each labeled with ICAT-L.
Proteins were then resolved by reducing SDS-PAGE and
biotinylated proteins detected by Western blot with an
anti-biotin antibody.

The two distinct sets of ICAT experiments described above
were used to identify in vitro targets of SNO-Trx1 transnitro-
sylation and 1Trx1l denitrosylation by LC/MS/MS analysis.
Accordingly, when comparing buffer versus SNO-Trx1 treated
proteins, a higher ICAT-H over ICAT-L labeled MS peaks
measured the degree of SNO-Trx1 transnitrosylation of a
specific cysteine in a peptide (see examples in Fig. 4A and B,
transnitrosylation). MS/MS analysis of either ICAT-L or H-
labeled peptide ion facilitated the mapping of the SNO-Cys
(Fig. 4, Cys247 in GAPDH and Cys357 in ENOA). Cysteines most
prone to SNO-Trx1 transnitrosylation were Cys60 of 40S
ribosomal protein S11 (ICAT-H/L of 9.71) and Cys50 of
heterogeneous nuclear ribonucleoprotein A2/B1 (H/L of 4.57)
(Table S3). By comparison, for the rTrxl denitrosylation
reactions, a lower ICAT-L over ICAT-H labeled MS peak
measured the degree of rTrx1 denitrosylation of a SNO-Cys
site in a peptide (see an example in Fig. 4A, denitrosylation).
MS/MS analysis of either ICAT-L or H-labeled peptide ion
facilitated the mapping of the SNO-Cys sensitive to rTrx1l
denitrosylation. An interesting example is shown in Fig. 4B,
where Cys357 of a-enolase (ENOA_HUMAN) can be nitrosy-
lated by SNO-Trx1, but not denitrosylated by rTrx1 (Fig. 4B,
denitrosylation). Cysteines most prone to rTrx1 denitrosyla-
tion were Cys1029 of ATP-dependent RNA helicase A (ICAT L/H
of 0.18) and Cys89 of myosin light chain 6B (ICAT L/H of 0.20)
(Table S4). Overall, 76 putative SNO-Trx1 transnitrosylation
sites (ICAT-H/L >1.22) were identified reproducibly in at least
two experimental repeats (Table S3), and 50 putative rTrx1
denitrosylation SNO-Cys (ICAT L/H <0.78) were reproducibly

identified (Table S4). To our surprise, over half the SNO-
peptides detected (containing 43 SNO-Cys sites) are reversibly
regulated by Trxl-mediated trans- and denitrosylation
(Table 1), indicating that Trx1 is an important regulator of
nitrosylation status of more proteins than was previously
thought. Many of these proteins were previously reported to
be either transnitrosylated or denitrosylated by Trx1l (and
related oxidoreductases) in vivo (Table 1), supporting the
effectiveness of the current in vitro approach. Our observation
suggests that this 12 kDa protein may be sufficiently flexible in
order for both its Cys32/Cys35- and SNO-Cys73-containing
domains to access target SNO-Cys/Cys-SH, and function as
either a de- or transnitrosylase.

The results from this study also highlight the advantage of
quantitative approaches over qualitative methods, such as
SNO-Site Identification (SNOSID [31]), which rely on identify-
ing proteins with dramatically elevated S-nitrosylation. Ex-
clusion of a SNO-peptide from downstream biological studies
simply because it is found in the control, may miss important
regulatory events whose function is manifested by quantita-
tive changes in SNO-peptide level. Therefore, we believe that
the ICAT method described here, and iTRAQ and SILAC
methods used by others [22,36], as well as the MRM method
[37], will provide crucial quantitative information, and possi-
bly stoichiometry or site-occupancy information, essential to
understanding the function of regulated nitrosylation in
diverse biological systems.

Equally as important is our discovery of 8 Cys/SNO-Cys that
are transnitrosylated by SNO-Trx1 but not denitrosylated by
rTrx1l (Table 2). One example is Prxl, whose disulfide
reduction by Trx1 is important for the maintenance of its
peroxidase activity [38]. We have previously reported that Prx1
Cys173 can be transnitrosylated by SNO-Trx1 both in vitro and
in vivo[20]. More recently, Benhar et al. reported that this
protein cannot be denitrosylated by the Trx1 system [22]. We
confirmed this characteristic of Prx1 in the ICAT proteomics
study (Table 2 and Fig. 5), validating the effectiveness of this
technique for quantifying changes of SNO-peptides. In addi-
tion to Prxl and a-enolase (Fig. 4B), both PPIA, commonly
known as cyclophilin A, and RL12 each have two SNO-Trx1
transnitrosylation sites that are not amenable to rTrx1
denitrosylation (Table 2). HSP7C and RLAOL each has one
SNO-Cys that cannot be denitrosylated by rTrx1. Interestingly,
both a-enolase and PPIA have previously been reported to be
denitrosylated by rTrx1l and related systems [22], in cells
incubated with TrxR inhibitors. This apparent conflict with
our results suggests that these proteins may actually be
misclassified SNO-Trx1 transnitrosylation targets. Alterna-
tively, these SNO-proteins could be resistant to denitrosyla-
tion at the rTrx1 concentration used in this study, and might
be denitrosylated at higher rTrx1 concentrations. ICAT and
related quantitative proteomics methods will likely be useful
for further clarification of these interesting possibilities in
different experimental systems.

3.3. Western blotting validation of select proteins
We further validated the changes in protein nitrosylation status

due to SNO-Trx1 transnitrosylation or rTrx1 denitrosylation using
Western blotting of avidin-enriched proteins following BST.
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Fig. 4 - Identification and quantification of Trx1 target SNO-peptides. Example MS and MS/MS spectra of (A) GAPDH
235-VPTANVSVVDLTC'R-248 (M?* 855.45, C*: ICAT-label site identified in the upper panel MS/MS spectrum) and (B) ENOA
344-VNQIGSVTESIQAC*K-358 (M>* 907.01, sequence identified in the upper panel MS/MS spectrum). Cys247 of GAPDH was
transnitrosylated by SNO-Trx1 and denitrosylated by rTrx1/TrxR (A, compare ICAT-H and -L peaks in the lower panel MS
spectra), while Cys357 of a-enolase was transnitrosylated by SNO-Trx1 but not denitrosylated by Trx1/TrxR (B, compare
ICAT-H and -L peaks in the lower panel MS spectra).
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lation status is reversibly r

Protein name Swiss-Prot “Peptide NG SNO site “Trans- ratio 9De- ratio “Reference
Identifier
40S ribosomal protein S4, X isoform RS4X K.FDTGNLCMVTGGANLGR.I 175-191 181 1.48 0.48
40S ribosomal protein SA RSSA R.ADHQPL?EASYVNLPTIALCNTDSPLR.Y 129-155 148 1.95 0.63
40S ribosomal protein SA RSSA R.YVDIAIPCNNK.G - 156-166 163 1.85 0.65
60S acidic ribosomal protein P1 RLA1 K.ALANVNIGSLICNVGAGGPAPAAGAAPAGGPAPSTAAAPAEEK.K 50-92 61 2.36 0.49
ATP-dependent RNA helicase A DHX9 K.SSVNCPFSSQDMK.Y 1025-1037 1029 2.90 0.18
Cofilin-1* COF1 K.AVLFCLSEDKK.N 35-45 39 3.04 0.59 [22]
Cytoplasmic dynein 1 heavy chain 1 DYHC1 K.TSAPITCELLNK.Q 1993-2004 1999 1.83 0.24
Dihydropyrimidinase-related protein 2 DPYL2 R.GLYDGPVCEVSVTPK.T 497-511 504 2.14 0.34
Dopamine beta-hydroxylase DOPO K.VISTLEEPTPQCPTSQGR.S 585-602 596 2.58 0.68
Elongation factor 1-alpha 1* EF1A1 K.SGDAAIVDMVPGKPMCVESFSDYPPLGR F* 396-423 411 2.07 0.51 [20,36,42-44]
Elongation factor 2* EF2 R.ETVSEESNVLCLSK.S* 581-594 591 3.63 0.50 [20,42,43,45]
Eukaryotic translation initiation factor 5A-1 IFSA1 K. KYEDICPSTHNMDVPNIK.R 68-85 73 2.35 0.50
Far upstream element-binding protein 1 FUBP1 R.SCMLTGTPESVQSAK.R 147-161 148 2.89 0.59
Fascin FSCN1 R.LSCFAQTVSPAEK.W 119-131 121 248 0.65
Filamin-A FLNA K.IVGPSGAAVPCK.V 1008-1019 1018 351 0.43
Galectin-1 LEG1 K.DSNNLCLHFNPR.F 38-49 43 2.29 0.55
Glyceraldehyde-3-phosphate dehydrogenase* G3P R.VPTANVSVVDLTCR.L* 235-248 247 2.33 0.25 [20,31,36,42,44-52]
Guanine nucleotide-binding protein GBB1 R.LFVSGACDASAK.L 198-209 204 1.30 0.23
G(1)/G(S)/G(T) subunit beta-1 -
Heterogeneous nuclear ribonucleoprotein H HNRH1 R.DLNYCFSGMSDHR.Y 263-275 267 1.76 0.22
Heterogeneous nuclear ribonucleoprotein H HNRH1 R.YGDGGSTFQSTTGHCVHMR.G 276-294 290 2.42 0.51
Heterogeneous nuclear ribonucleoprotein K HNRPK K.GSDFDCELR.L - 140-148 145 2.97 0.54
Heterogeneous nuclear ribonucleoprotein L HNRPL R.VFNVFCLYGNVEK.V 399411 404 2.17 0.33
Heterogeneous nuclear ribonucleoproteins A2/B1 ROA2 K.LTDCVVMR.D 47-54 50 4.57 0.48
High mobility group protein B1 HMGB1 K.MSSYAFFVQTCR.E 13=24; 23 3.08 0.33
High mobility group protein B1 HMGB1 K.RPPSAFFLFCSEYRPK.I 97-112 106 243 0.39
L-lactate dehydrogenase A chain* LDHA R.VIGSGCNLDSAR.F* 158-169 163 245 0.66 [20]
Malate dehydrogenase, cytoplasmic MDHC K.VIVVGNPANTNCLTASK.S 126-142 137 3.04 0.43
Myosin light chain 6B MYL6B K.ILYSQCGDVMR.A 84-94 89 211 0.20
Nucleoside diphosphate kinase B NDKB R.GDFCIQVGR.N 106-114 109 3.09 0.61
Phosphoglycerate kinase 1* PGK1 K.ACANPAAGSVILLENLR.F* 107-123 108 3.08 0.38 [20]
Poly(rC)-binding protein 1* PCBP1 R.INISEGNGPER.I* 47-57 54 3.61 0.58 [20,31,36,44]
Prostaglandin E synthase 4 TEBP K.LTFSCLGGSDNFK.H 36-48 40 2.69 0.76
Pyruvate kinase isozymes M1/M3* KPYM R.NTGIICTIGPASR.S* 44-56 49 2.54 0.77 [20,31]
Serine/arginine-rich splicing factor 1 SRSF1 R.EAGDVCYADVYR.D 143-154 148 2:24 0.74
Small glutamine-rich tetratricopeptide SGTA K.AIELNPANAVYFCNR.A 117-131 129 1.37 0.65
repeat-containing protein alpha -
T-complex protein 1 subunit gamma TCPG R.TLIQNCGASTIR.L 450-461 455 1.77 0.75
Triosephosphate isomerase TPIS R.IIYGGSVTGATCK.E 207-219 218 2.26 0.48
Tubulin alpha-1A chain* TBA1A R.TIQFVDWCPTGFK.V 340-352 347 2.28 0.77 [20,31,36,42,45,46,53]
Tubulin alpha-1B chain* TBA1B R.SIQFVDWCPTGFK.V* 340-352 347 1.96 0.64 [20,31,36,42,45,46,53]
Tubulin beta-2A chain* TBB2A K.LTTPTYGDLNHLVSATMSGVTTCLR.F 217-241 239 2.24 0.53 [20,31,45,46,53,54]
Tubulin beta-2A chain* TBB2A R.EIVHIQAGQCGNQIGAK.F N 3-19 12 3.36 0.43 [20,31,45,46,53,54]
Ubiquitin carboxyl-terminal hydrolase isozyme L1 UCHL1 K.NEAIQAAHDAVAQEGQCR.V 136-153 152 2.29 0.56
Voltage-dependent anion-selective channel protein 1 VDAC1 K.YQIDPDACFSAK.V B 225-236 232 3.10 0.51

Asterisks denote whether the protein or peptide or both were previously reported.

@ Peptide identified by MS/MS. SNO-Cys site is underlined.

> Amino acid sequence number of the identified peptide in the N to C terminus direction.

¢ ICAT ratio of SNO-Trx1 transnitrosylation (H/L), a ratio of >1.22 is considered to be a SNO-Trx1 transnitrosylation target.
4 ICAT ratio of rTrx1 denitrosylation (L/H), a ratio of <0.78 is considered to be an rTrx1 denitrosylation target.

€ Previous documentation of the protein/peptide as a Trx1 trans- or denitrosylation target.
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Table 2 - SNO-Trx1 transnitrosylation target peptides that cannot be reduced by rTrx1.

Protein name Swiss-Prot “Peptide N—C SNOsite °Trans-ratio %De- ratio °Reference
Identifier
60S ribosomal protein L12 ~ RL12 R.CTGGEVGATSALAPK.I 17-31 17 1.88 0.80
60S ribosomal protein L12 RL12 K.EILGTAQSVGCNVDGR.H 131-146 141 1.97 1.02
60S acidic ribosomal RLAOL R.AGAIAPCEVTVPAQNTGLGPEK.T ~ 113-134 119 3.09 0.91
protein PO-like
Alpha-enolase* ENOA K.VNQIGSVTESIQACK.L* 344-358 357 2.09 0.94 [20,31,42,44]
Heat shock cognate HSP7C K.GPAVGIDLGTTYSCVGVFQHGK.V 4-25 17 2.33 0.78
71 kDa protein
Peptidyl-prolyl PPIA K KITIADCGQLE.-* 155-165 161 2.04 0.98 [20,22]
cis-trans isomerase A*
Peptidyl-prolyl PPIA R.IIPGFMCQGGDFTR.H* 56-69 62 243 0.90 [20,22]
cis-trans isomerase A*
Peroxiredoxin-1* PRDX1 K.HGEVCPAGWKPGSDTIKPDVQK.S* 169-190 173 2.99 1.00 [20,31,36,51]

Asterisks denote whether the protein or peptide or both were previously reported.

@ Peptide identified by MS/MS. SNO-Cys site is underlined.

® Amino acid sequence number of the identified peptide in the N to C terminus direction.

¢ ICAT ratio of SNO-Trx1 transnitrosylation (H/L), a ratio of >1.22 is considered to be a SNO-Trx1 transnitrosylation target.
4 ICAT ratio of rTrx1 denitrosylation (L/H), a ratio of <0.78 is considered to be an rTrx1 denitrosylation target.

€ Previous documentation of the protein/peptide as a Trx1 trans- or denitrosylation target.

Similar to ICAT quantification, Western blotting revealed that

both «-tubulin and GAPDH are sensitive to both SNO-Trx1 4. Conclusions

transnitrosylation and 1Trx1 denitrosylation; while Prx1, PPIA

(cyclophilin A) and «-enolase (ENOA) are only SNO-Trx1 transni- NO plays many roles in different cells, including the nervous
trosylation targets, not rTrx1 denitrosylation targets (Fig. 5). system [39]. It can influence neuronal cell survival and
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Fig. 5 - Western blot analysis of protein S-nitrosylation status. Biotinylated proteins were enriched by avidin affinity capture,
resolved by SDS-PAGE and Western blotted for formerly nitrosylated a.-tubulin, GAPDH, Prx1, cyclophilin A and a-enolase.
Values are the mean +S.E. for experiments performed in triplicate (*, p=0.0005; **, p=0.001; 1, p=0.0006; }, p=0.0001;

#, p=0.0003; §, p=0.002; 1|, p=0.0006; Student’s t-test). Total proteins were analyzed in parallel to detect proteins in cell lysates
regardless of their nitrosylation status.
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proliferation and have lasting effects on synaptic plasticity and
memory formation through regulation of a diverse array of
proteins including transcription factors, such as the cAMP-
response element-binding protein, c-Myc [40] and PTEN phos-
phatase [41]. In this study, we used an ICAT-based quantitative
proteomics approach to identify neuroblastoma cell proteins
that are either Trx1-mediated transnitrosylation or denitrosyla-
tion targets, and quantify the extent of nitrosylation changes
within specific SNO-Cys-containing peptides. Our observations
have provided clear evidence that Trx1 is a versatile regulator of
the reversible nitrosylation status of many proteins, despite it
using different transnitrosylation (SNO-Cys73 containing) and
denitrosylation (Cys32 and Cys35-containing) domains to cata-
lyze these reactions. More importantly, we produce strong
evidence that not all SNO-Trx1 target cysteines can be deni-
trosylated by rTrx1. Use of the experimental approach described
in this study in other cell and biological systems will likely
provide a more comprehensive understanding of the precise role
of Trx1 in regulating specific protein nitrosylation.
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Figure S1. Comparison of Biotin HPDP and ICAT reagent labeled nitrosyl-
ated proteins in SH-SYSY cells using a modified biotin switch method. (A)
Western blot of biotin-HPDP and ICAT reagent labeled nitrosylated proteins. SH-
SYSY cell lysate was in vitro transnitrosylated by incubation with SNO-Trx1.
Resultant SNO-proteins were modified by BST using biotin-HPDP or ICAT-L or
-H reagents, resolved by non-reducing SDS-PAGE and detected by Western blot-
ting with an anti-biotin antibody (top panel). Protein levels were normalized to
actin (bottom panel). (B) Comparison of ICAT reagent specificity in a modified
biotin switch assay. SH-SYS5Y cell lysate was in vitro transnitrosylated by incuba-
tion with SNO-Trx1. GSNO or unmodified Trx1 were used as positive and nega-
tive controls, respectively. Resultant SNO-proteins were modified by BST using
ICAT-H reagent with or without ascorbate. ICAT-H labeled proteins were detected
by reducing SDS-PAGE and Western blotting with an anti-biotin antibody (top
panel). Protein levels were normalized to actin (bottom panel). (C) Densitometry
of lanes 5 and 6 of panel A, representing biotin-HPDP or ICAT-H labeled SNO-
Trx1 transnitrosylated protein, respectively. Values are the mean + S.E. for experi-
ments performed in triplicate, *p = 0.03. The faint biotinylated bands detectable in
panel B in the absence of ascorbate treatment (lanes 3 and 4) are possibly attribut-
able to extremely labile SNO-Cys sites modified during BST work-up.
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Figure S2. Confirmation of Trx1 Cys73 S-nitrosylation. MS/MS spectrum of
ICAT-H labeled Trx1 peptide 73-C*MPTFQFFK-81 (m/z 1383.5). *Cys73 was con-
firmed to be S-nitrosylated.
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Figure S3. Reproducibility of detecting ICAT reagent labeled peptides. Venn
diagram showing the reproducibility of detecting ICAT-H and -L labeled peptide
pairs from 3 whole reaction repeats. SH-SYSY cell lysate was incubated with
GSNO, then divided equally and labeled by BST using light or heavy ICAT
reagent. After tryptic digest, I[CAT samples were combined 1:1 and biotinylated
peptides detected by LC/MS/MS. SNO-peptides and location of their SNO-Cys
residues were identified using Mascot (v2.2) using ICAT-C (ICAT-L) and ICAT-
C:13C(9) (ICAT-H) as variable modifications.
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