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Abstract

Homeostasis of protein thiol redox plays an important role in numerous cellular processes and stress responses.
The thiol moiety of cysteine residue is easily altered to various redox isoforms that play critical roles in regulation
of both structure and function of proteins. In the present study, a quantitative thiol redox proteomic method, termed
OxNSIL, has been developed, which integrates the chemical labeling by biotin-tagged alkylating reagents with the
heavy nitrogen stable isotope-coded salt metabolic labeling and acquires both advantages of biotin-avidin enrichment
and MS-based quantitation of cysteine residue-containing peptides. Both the reduced and the reversibly oxidized
cysteine thiol moieties are finally identified in a site-specific manner and measured in a single experiment. Hydrogen
peroxide, H,0,, was applied on the whole Arabidopsis plant to trigger thiol redox state alteration in order to obtain a
proof-of-concept result for application of OxXNSIL approach in plants. A total of 438 non-redundant biotin-tagged thiol-
alkylated peptides representing 391 different cysteine-containing proteins were eventually obtained, among which
17 redox-sensitive biotin tag-labeled peptides were significantly altered by H,0,. Some well-known ROS-related
proteins, such as Ferredoxins 1/2, RuBisCO large subunit, RuBisCO activase, and Fructose-bisphosphate aldolase
6/8 were also detected as the oxidation- sensitive thiol redox proteins. These results substantiate the usefulness of

OxNSIL approach in study of in planta ROS-induced cellular thiol redox state alterations.
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Introduction

Reactive oxygen species (ROS) or reactive nitrogen species (RNS)
are continuously produced under various conditions [1,2], leading
to an imbalance of cellular redox homeostasis [3], which is both
physiologically necessary and potentially destructive [4]. Although
ROS and RNS are generated in lower amounts within cell under
physiological conditions, they play an integral role in modulation
of cellular functions including metabolism, gene expression, signal
transduction, vasorelaxation, defense against invading pathogens, and
so on [5-7]. The major targets of ROS/RNS in living cells are proteins
that are capable of scavenging 50~75% of reactive radicals [8], which
consequently cause distinct post-translational modifications (PTMs)
on proteins [9,10] and further modulate many biological responses
[11,12]. Among the protein residues modified during the imbalance
of redox states, the sulphur-containing residues, cysteine (Cys) and
methionine (Met), are most susceptible to attacks by radicals [9]. The
thiol moiety of Cys residue is particularly sensitive to ROS/RNS and
can be easily oxidized to various forms, including disulfide (-S-S-),
S-nitrosothiols (-SNO), sulfenic acid (-SOH), sulfinic acid (-SO,H), and
sulfonic acids (-SO,H) [13]. The reversible modifications of cysteines,
such as -S-S-, -SNO and -SOH, play important roles in protecting

proteins from irreversible damages and modulating the function of
proteins [9]. As the homeostasis of thiol-disulfide depends on the redox
state of the cells [14,15], quantitative measurement of redox status of
certain protein cysteine residues is able to provide useful information
on cascades of redox events in a plant cell under a specific stimulation
triggered either by an environmental alternation or developmental
factor, and eventually to establish redox PTM networks during cellular
processes [16].

In contrast to detection of the reversibly oxidized methionine
sulphoxide (R-SOCH3), which shows a corresponding adducts with
a mass shift of 16 Da in mass spectra, the characterization of the
redox state of Cys residue is much more challenging because of the
difficulty in detection of the oxidized protein cysteines directly. Since
both reduced and oxidized forms of thiol group are of relatively high
reactivity and the reversibly oxidized forms of protein cysteines have
no strong chemical signature, it is practicable to measure the redox
status of cysteines through the differentially chemical labeling of the
reduced and oxidized forms of these residues. Free -SH (thiol), i.e. the
reduced form of cysteine, can react with thiol-reactive reagents easily,
such as N-ethylmaleimide (NEM) derivatives [17], iodoacetamide
(IAM) derivatives [18], thiol-disulfide exchange reagents [19] and
acryloyl derivatives [20]. These alkylating reagents can be conjugated
with different tags, such as biotin, fluorochrome, radioactive moieties
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and chemical entities linked to antibodies to facilitate the purification,
detection and/or quantification [21]. To differentiate and quantify the
reduced form of protein cysteine at certain redox status, the general
method is to alkylate the thiols directly when proteins are isolated from
the whole lysates [22,23]. In the case of studying the reversibly oxidized
form, thiol-reducing reagent, such as tris(2-carboxyethyl) phosphine
(TCEP) or dithiothreitol (DTT), has been frequently applied after free
thiols are masked by a thiol-reactive reagent to convert the reversibly
oxidized forms, such as disulfide, into free thiol moiety, which are
consecutively labeled with another thiol-reactive reagent [24].

In order to investigate protein cysteine redox status, two types of
proteomic methods have been frequently used: gel-based and MS-
based methods. The gel-based method has been widely applied in
distinguishing the differentially post-translation modified proteins,
such as redox modification of cysteines [25]. One example is the non-
reducing/reducing diagonal 2D-PAGE, which analyzes the global
disulfide proteome before the thiol-reactive reagents were introduced
into the study of the thiol redox status [26]. Other improved gel-based
methods are dependent on the cysteine alkylation reagent-mediated
radioactive '“C-labeling, the fluorescence-labeling and the biotin-
HPDP-labeling, which were combined with the two-dimensional
differential gel electrophoresis to develop the method of Redox-DIGE
[27]. MS-based proteomics is widely used to profile the thiol redox
proteome. However, the crucial step of the MS-based proteomics in
redox or other post-translational modification (PTM) studies is the
enrichment of target peptides. For example, one type of PTM peptides,
phosphopeptide, is usually isolated from the total cellular peptide
mixture using the immobilized metal-ion affinity chromatography
(IMAC) [28], and followed by mass spectrometry analysis to calculate
quantitative changes at PTM level [29]. Similarly, to enrich the proteins
containing sulfhydryl groups in a MS-based thiol redox study, an thiol
affinity chromatography has been developed [30]. Further improvement
on this type of method using the biotin-tagged thiol-reactive reagent
has made it an acceptable protocol in the thiol redox proteomics [31].
The MS-based thiol redox status measurement methods provide site-
specific information in the redox state of cysteines as compared to the
gel-based approach. As introduction of the stable isotope labeling into
MS-based proteomics study renders it a robust and accurate approach
in characterization and quantification of various PTMs in numerous
organisms [32-34], it therefore becomes possible to integrate the stable
isotope-based chemical labeling into thiol redox proteomics. To do
that, a stable isotopic tag is often linked to protein thiol moiety via
chemical (or enzymatic) reaction during protein sample preparations.
A characteristic example of application of this approach in redox
proteomics is the stable isotope-coded affinity tag (ICAT)-based
redox proteomics [35], in which a *C-coded and "*C-coded 9-carbon
linker was introduced and applied to quantify the redox status in
two different samples [36,37]. The OxICAT [22,38] was developed to
differentially label the reduced and the reversibly oxidized cysteine
in the single sample for monitoring the cysteine modifications [39].
Alternative to ICAT reagent approach, CysTRAQ combines iTRAQ
with a PTM peptide enrichment method to identify and quantify
cysteine-containing peptides [40]. This approach was further modified
to a tandem chemical labeling approach, in which both iTRAQ and the
biotinylated thiol-reactive reagents were applied to label the reversibly
oxidized cysteine-containing peptides, and named as OxiTRAQ [41].

Furthermore, cysteinereactive-tandem mass tag (CysTMT) reagents
were developed to enable a selective labeling and a relative quantitation
of cysteine-containing peptides. This quantification was achieved by
measuring a series of reporter ions detected at the lower mass region of

MS/MS spectrum [42]. Recently, the d0/d5 stable isotope-labeled NEM
has also been integrated with the multiple reaction monitoring (MRM)
mass spectrometry to quantify the site-specific cysteine thiol redox
states, and named as OxMRM [43]. Another stable isotope labeling
strategy is called GEL-based stable isotope labeling of reversibly
oxidized cysteine (GELSILOX) method, in which both the control
and treated samples was labeled with the stable isotope *O and "O,
respectively, during the process of in-gel digestion of thiol alkylated
proteins [44]. Furthermore, the stable isotope metabolic labeling, such
as SILAC, has gained a wider popularity in quantitative proteomics
[45], and has already been applied to study protein thiol modifications
in heterotrophic organisms [46,47]. However, the integration of the
N stable isotope metabolic labeling with the commonly used chemical
labeling-based thiol redox proteomics has not been reported thus far
on autotrophic plants. Generally speaking, this strategy integrates the
advantages of °N stable isotope-labeling in Arabidopsis [48] with the
robust enrichment of biotin-tagged thiol alkylating reagent-labeling to
efficiently purify, accurately identify and quantitatively measure both
reduced and reversibly oxidized forms of protein cysteines in a single
experiment. This thiol redox proteomics is abbreviated as OxNSIL
to emphasize its uniqueness to plants. As a result, both reduced and
reversibly oxidized forms of protein cysteines are chemically modified
with two different alkylating reagents, and each PTM on a cysteine
residue can be analyzed quantitatively and independently. Both
"N/*N-coded control and treated Arabidopsis cysteine-containing
peptides are clearly distinguishable in mass spectrograms and readily
used for measurement. It is believed that OxNSIL approach can reveal
the homeostasis of thiol redox status and quantify the changes of thiol
moiety in response to different external or internal cues.

Provided that hydrogen peroxide (H,0,) increases in plant cells
during photosynthesis, photorespiration, and respiration processes
[49], and in response to the environmental stresses [50], and that this
simplest and uncharged hydrogen peroxide can penetrate membranes
through water channel [9], it has been widely used as an oxidative
stressor to study the stress responses of plants to ROS attack [23,51].
We hereby present a proof-of-concept study about the application of
OxNSIL in H,O,-trigged thiol redox status alteration in Arabidopsis.
This redox proteomics approach may be useful to the investigation of
broader biological problems in other major crops such as rice, wheat,
tomato, potato and soybean.

Materials and Methods
Plant material, chemical compounds and reagents

The wild type Arabidopsis thaliana ecotype Col-0 (Columbia-0)
was obtained from the Arabidopsis Biological Resource Center (ABRC,
Columbus, OH). Potassium nitrate coded with N stable isotope (99%
purity) was purchased from Cambridge Isotopes Laboratories, Ins.
(Andover, MA). Trypsin modified by L-1-tosylamido-2-phenylethyl
chloromethyl ketone, ACN, TCEP, TFA, Formic acid (FA) and other
standard-grade chemicals were purchased from Sigma-Aldrich Co.
(St. Louis, MO), whereas EDTA-free protease inhibitor cocktail tablets
provided in EASY pack were bought from F. Hoffmann-La Roche
Ltd. (Mannheim, Germany). The thiol-specific labeling reagents,
3-(N-Maleimido-propionyl) biocytin (MPB) and N-(biotinoyl)-
N’-(iodoacetyl)-ethylenediamine (BIAM), were purchased from
Invitrogen Co. (Grand Island, NY). Ziptip C, was obtained from
Millipore (Billerico, MA). Ni-NTA and high capacity streptavidin
agarose bead was purchased from Qiagen (Venlo, Netherlands) and
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Thermo Fisher Scientific Inc. (Rockford, IL), respectively.

Plant growth, treatments and isolation of the "N/ *N-coded
total cellular protein

Arabidopsis were sown in rows inside glass jars (15 seeds per 9-cm
diameter jar) containing SILIA agar medium (either with K*NO, or
K"NO,) and grown in growth chamber as described previously [48].
Both N- and N-labelled 3-week-old flowering plants were treated
in pairs. "N-coded plants were subjected to a hydrogen peroxide
treatment and the “N-labelled plants were used as the control (i.e.
Forward labelling) or vice versa (i.e. Reciprocal labelling).

In the H,0,-elicited oxidative stress treatment, the treated and
control plants were completely immersed under 2 mM H,0, (pH=8.0)
aqueous solution and deionized water, respectively, which was followed
by vacuum infiltration. The treatment was performed with a pressure
of 500 Torr for 10 minutes. Two jars were used for either control or
treated group and approximate 1.3 gram tissues were harvested from
each jar, and a total of two pairs of Forward and Reciprocal labeling
experimental repeats were performed. Immediately following the
treatment, the entire aerial portion of Arabidopsis plants was harvested
in liquid nitrogen as described previously [52].

In the case of UV-B experiment, two groups of N/"N-coded
plants were moved into two chambers of 4 white-light lamps (3.07
HE/ m?). UV-B irradiation on the treated group was then provided
by 4 additional LZC-UVB photo-reactor lamps (Luzchem Research
Inc., Ottawa, ON, Canada), which emit UV-B light with a wavelength
peaking at 313 nm. UV-B light irradiation was 0.41 uE/m’) in the
chamber, which was measured using the IL1700 research radiometer
with an UV-B probe (UV Process Supply, Inc. Chicago, IL). Both
groups were treated in growth chambers for 15 minutes. Three pairs of
forward and reciprocal labeling experiments were performed on both
white and UV-B light treated plants.

The N- and “N-labeled Arabidopsis tissues were ground separately
in a -20°C pre-cooled mortar/pestle and then extracted whole cellular
proteins using a reductant-free urea-based protein extraction buffer
especially designed for OxNSIL, containing 150 mM Tris-HCI, pH 7.6,
8 M urea, 0.5% SDS, 1.2% Triton X-100, 20 mM EDTA, 20 mM EGTA,
50 mM NaF, 1 mM PMSF, Complete EDTA free protease inhibitors
cocktail, and 2% PVPP modified from the previously reported [48].
The resulting total cellular proteins were dissolved in a cold reductant
free re-suspended buffer (RSB) containing 8 M urea, 300 mM NaCl,
0.5% Nonidet P-40, and 50 mM Tris, pH 8.0. The concentration of
protein was measured by a protein DC assay (Bio-Rad Laboratories,
Inc. Hercules, CA) and calculated according to a bovine serum
albumin (BSA) protein standard curve. Approximately 12 mg of the
total cellular proteins were extracted from 1 gram of tissue. The isolated
protein samples were stored at -80°C for later use.

Invitro conjugation of peptide with thiol-specific biotinylating
reagents

The widely used thiol alkylation reagents, MPB and BIAM [23,53-
56], weredissolved insolvent dimethyl sulfoxide to makeastocksolution.
The synthetic peptides P1 (HHHHHHPLKKKLDEFGSRLTTAIC) and
P2 (HHHHHHRSYLCGDEFNSVRAVNDS), derived from calcium-
transporting ATPase (AT4G00900) and calmodulin binding IQ-
domain 33 (AT5G35670), respectively, was dissolved in RSB solution
and mixed with MPB and BIAM, respectively. After the reaction,
peptides, P1 and P2, were enriched using Ni-NTA agarose beads
and subjected to on-beads trypsin digestion as previously described

[52]. The digested peptides were desalted using C,, Ziptip (Millipore,
Billerico, MA) for the subsequent MS analysis.

To label the reduced form of cysteines, the mixture of N- and
®N-coded total cellular proteins in RSB solution was supplemented
with MPB to a final concentration of 1 mM and incubated for 2 hours
with constant rotation at room temperature. Afterwards, cysteine was
added to the mixture with a final concentration of 10 mM to titrate
out the excess amount of MPB [23]. Following the incubation at
room temperature for another hour, the mixed total proteins were
precipitated by cold mixture of acetone and methanol (12:1 in v/v)
and re-suspended in RSB solution again. To distinctively label the
reversibly oxidized form of thiol group of cysteine, TCEP was added to
the protein sample with a final concentration of 5 mM and incubated
at room temperature for an hour to reduce the reversibly oxidized form
of cysteines to free thiol groups [57]. BIAM was added thereafter to
a final concentration of 1 mM for the alkylating reaction to proceed
for another 4 hours at room temperature. Finally, the dual chemically
labeled protein samples were precipitated and stored at -80°C for later
SDS-PAGE fractionation.

SDS-PAGE fractionation of thiol-reactive compound-tagged
proteins and in-gel trypsin digestion

A total of 10 mg of thiol alkylated protein mixture ("*N/ "N) was
loaded onto one 190 mmx180 mm preparative SDS-PAGE slab gel
(10%). A small fraction of slab gel was sliced vertically and stained
with Coomassie brilliant blue to examine the quality of electrophoresis
separation of sample proteins. The rest part was sliced horizontally
and evenly into 10 strips and further diced into 1-mm® cubes. The in-
gel trypsin digestion was performed as previously described [52]. The
digested peptides were extracted from the gel cubes by 1% FA in 50%
ACN for 3 times. The ACN solvent in the combined peptide extract in
each falcon tube was vaporized, lyophilized to a complete dry powder
and then stored at -80°C.

In the case of Western blot analysis, the total cellular proteins
extracted from both "N- and *N-coded Arabidopsis plants were either
directly fractionated on SDS-PAGE or alkylated first with one of the
reagents, BIAM or MPB, and followed by SDS-PAGE fractionation.
Finally these labeled and unlabeled proteins were transferred onto
PVDF membrane from SDS-PAGE and hybridized with anti-biotin
(Sigma A4541) antibodies.

Streptavidin affinity enrichment of biotinylated peptides

The dried peptides were dissolved in falcon tubes by 1 mL binding
buffer (50 mM Tris-HCl, 100 mM NaCl, pH 8.0). Afterwards, 0.1 mL
of streptavidin beads (Thermo Fisher Scientific Inc., Rockford, IL
USA) slurry pre-equilibrated by the binding buffer was added into the
peptide solution, and the affinity binding was allowed to proceed at
room temperature for an hour. After beads were washed twice with the
binding buffer containing 0.2% SDS and further washed with deionized
water twice, elution buffer consisting of 70% FA and 30% ACN [58]
was added to beads and incubated at 70°C for 5 min. The supernatant
was collected and evaporated inside of a speed vac. Eluate was dissolved
in 0.1% TFA and desalted on C,, Ziptip for MS analysis.

LC-MS/MS data acquisition and analysis

Mass spectrometry analysis of biotinylated peptides was performed
using a nano-flow Liquid chromatography (nanoLC AcquityTM,
Waters, Milford, MA) coupled to an ESI-hybrid Q-TOF tandem mass
spectrometer (Premier, Waters). A 180 um x 20 mm Symmetry C, trap
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column and 75 umx250 mm BEH130 C , analytical column were used
onnanoUPLC. The mass spectrometer is operated in a positive ion mode
with the following basic parameters: source temperature 80°C, capillary
voltage 2.4 KV and sample cone voltage 35 V. The collision energy was
variable during MS/MS scan according to z and m/z. The exact setting
values followed the instruction of MS machine manufacturer. Mass
spectra of peptides were acquired using data-dependent acquisition
mode. The data-dependent analysis was set as the following: 1 s MS
and to maximum 3 s MS/MS, m/z 50-2500 (continuum mode) and 60 s
dynamic exclusion. The +2, +3 or +4 charged ions, whose intensity rose
above 40 counts/second, were subjected to the consequent MS/MS scan
survey. MassLynx (version 4.1, Waters) was used for data acquisition
and instrument control.

Identification of thiol-reactive compound-tagged “N/"“N-
coded peptides

Tandem mass spectrometry raw data were processed using
ProteinLynx (version 2.2.5, Waters) first to generate a list of MS/MS
files and related retention time. The resulting MS dataset was searched
against TAIR10 protein database (The Arabidopsis Information
Resource 10, http://www.Arabidopsis.org/) [59] using commercially
available Mascot Server (Version 2.3, Matrix Science, London, UK). The
searching parameters were set as such that up to one missed cleavage
site is allowed. Mass tolerances were +/-50 ppm for MS precursor ions
and 0.2 Da for MS/MS fragment ions, respectively. A built-in Mascot
quantitation method, named “°’N metabolic”, was used to identify
"N-coded and thiol-reactive compound-modified peptides. Biotin(K),
Oxidation(M) and three custom-defined modifications, i.e. MPB(C),
MPB[H](C) and BIAM(C), which stands for MPB, hydrolyzed MPB
and BIAM tagged on cysteines, respectively, were set as the variable
PTM. The hydrolyzed MPB was introduced because that the product of
MPB with cysteine, succinimidyl thioether, is easily hydrolyzed during
the following multiple steps [60,61]. Since the nitrogen element in
both MPB and BIAM molecules are all "N regardless of whether the
alkylated peptides are either N- or “N-coded peptides and Mascot
search engine cannot distinguish between atoms in amino acid residues
and that in modification group, the formulas set for the modifications
(ie. C,H,N.OS,C H, N,OSand C H N O.S for MPB(C), MPB[H]
(C) and BIAM(C), respectively) were modified to the ones having
approximately equal mono- isotopic mass (difference < 0.03 Da) but
without nitrogen atom in Mascot search (i.e. C H, O S, C H, O,S

157739719 157741 72
and C, H, O,S for MPB(C), MPB[H](C) and BIAM(C), respectively).
Expectation value (E- value) was defined as a composite score of peptide
identification to calculate false discovery rate (FDR) based on separated

target-decoy search. Then identifications were filtered to FDR < 1%.

Quantitative analysis of *’N/"“N-coded peptides

The paired "N/"N ion intensities of each peptide were calculated
as described [48,62]. Ton chromatograms of the monoisotopics of
both N and "N isotopic envelopes were calculated by integrating
areas under the chromatographic peaks, in which the peptide MS/MS
survey was performed. The isotopologue distributions of both “N- and
*N-coded peptides were obtained based on the Yergey algorithm [63].
When calculating the isotopologue distribution of heavy nitrogen-
coded peptides, a 97.43% incorporation rate of "N into light nitrogen-
coded peptides was measured following a procedure described
previously [48]. The ion counts of the whole isotopic envelopes of
both “N- and N-coded peptides were calculated using ion counts
from the monoisotopic peak over its isotopologue distribution [48,62].
To estimate actual ratio of *N/"N-coded total proteins at the initial

mixing, the ratios of 4 representative peptides lacking of cysteine
derived from one of the most abundant protein, the large subunit of
RuBisCO (ATCG00490), were calculated. The average ratio of these 4
peptides in each biological replicate (both forward and reciprocal) was
used as the negative control to calibrate the ratios of all *N/"N-coded
peptides following the previous algorithm [62]. Finally, the statistical
significance was obtained by applying a two-tailed t-test (unequal
variance) followed by multiple hypothesis testing correction using
Benjamini-Hochberg method (FDR < 5%) [64]. More stringently,
those BIAM- to MPB-labeled peptide isoforms whose log2 changes
locate in the range of [-0.15, 0.15] (~10%) were eventually filtered out,
considering the intrinsic noise of mass spectrometry measurement and
possible errors during experiment [48].

Results and Discussion

OxNSIL

The heavy nitrogen stable isotope labeling-based quantitative
proteomics (SILIA) has been successfully applied in the quantitation of
phosphopeptides from both hormonal mutants and hormone-treated
Arabidopsis [62]. In the present study, we intend to integrate the stable
isotope metabolic labeling of entire plants with the dual chemical
labeling method using biotin-tagged alkylation reagents to differentially
measure both reduced and oxidized thiols. The workflow of OxNSIL
is shown in Figure 1. Firstly, both the control and the treated plants
were grown either on a medium containing the natural abundance of
nitrogen isotope (**N-coded salt) or a medium containing the heavy
nitrogen isotope ("’N- coded salt). The harvested plant frozen tissue
powders were extracted using a protein-denaturing buffer to isolate
total cellular proteins. Although acidification is the common practice
to freeze the redox states, it may perturb thiol-disulfide equilibria
because the biological thiols have a wide range of the acidity (pKa)
values [65]. To maintain the native redox status of thiol groups before
chemical labeling, the enzyme- catalyzed thiol-disulfide exchange in
this OxNSIL approach was abolished because the protein catalysts are
inactivated under denature condition, whereas the non-enzymatic
reaction of thiol-disulfide exchange is believed to be slow due to the
low nucleophilicity of the thiol reactant at physiological pH [66]. The
differentially isotope-coded control and treated proteins were mixed at
an equal amount (1:1) in order to alkylate the cysteinyl proteins from
both control and treated samples in parallel. Considering the cysteine
alkylation and other experimental variation in different samples and
negligible redox exchange under our experimental condition, we mixed
the control and treated sample together to perform the following steps
side by side. Afterwards, the protein mixture was firstly labeled with
thiol-reactive reagent MPB (C,,H,N,O.S, molecular weight=523.6
Da), followed by a reductant TCEP, and finally treated with a second
thiol-reactive reagent BIAM (C H, IN,O,S, molecular weight=454.3
Da) in a sequential order.

These multiple steps of chemical reactions were designed to
label free thiols of protein with MPB, followed by a reduction of the
reversibly oxidized thiols, and finally to label the TCEP-converted
free thiols of protein (equivalent to reversibly oxidized thiols) with
BIAM (Figure 1). The biotin-tagged alkylating reagents have been
widely used as thiol-reactive reagents since it provides an advantage
in the affinity purification for cysteine containing peptides [41]. These
redox PTM proteins were then digested by trypsin and enriched by
streptavidin beads. Finally, the enriched cysteine-containing peptides
were analyzed by LC-MS/MS (Figure 1). As a result, the difference in
thiol redox status between the control and the treated plants in the
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Figure 1: Workflow of OxNSIL-based quantitative thiol redox proteomics

The water (control) and the H,O,-treated Arabidopsis plants were grown on
N (blue symbols)- and "N (red symbols)-coded salt media. The total cellular
proteins, containing both reduced form (-SH) and reversibly oxidized form
(eg. -S-S-) from both control and treated plants, were mixed together in the
Forward experiment at a ratio of 1 to 1. The biotin-tagged alkylating reagents,
MPB and BIAM, were used to chemically label the reduced and the reversibly
oxidized protein cysteine moiety, respectively. In between the tandem alkylation
reactions, a reducing reagent TCEP was employed to reduce the reversibly
oxidized thiol group to a reduced form. Biotin-tagged alkylation reagents-labeled
peptides were purified through streptavidin affinity isolation and subjected to
tandem LC-MS/MS analysis. The workflow was performed again in a Reciprocal
experiment, in which the light (**N) isotope and heavy ("*N) nitrogen isotope was
used to label the H,0,-treated and the control plants, respectively.

Forward and Reciprocal experiment can be quantified based on MS
data (Figure 1). As compared to the 2DE-based thiol redox proteomics,
OxNSIL approach, similar to the methods of ICAT, OxICAT, CysTMT,
CysTRAQ, OxMRM, and OxiTRAQ, focuses on the site-specific,
comprehensive and quantitative study of oxidative and/or reductive
alteration of any cysteine-containing proteins in any plants that can
be metabolically labeled with stable isotope. One of advantages of
OxNSIL over the OxICAT, OxiTRAQ and OxMRM is that it may offer
a relatively economic way to analyze plant redox-sensitive proteins in
a site-specific fashion and at a large scale because 10 mg of the starting
"N- coded total cellular protein require about a gram of *N-coded
plant tissue [48] that costs USD 9 to 42 to grow (depending on the
developmental stages and light conditions).

A pair of Forward (i.e. both *N-labeled control plant protein and
*N-labeled and treated plant protein are mixed) and Reciprocal (i.e.
both '"N-labeled control protein and '“N-labeled and treated plant
protein are mixed) were performed to eliminate any isotope effects
resulting from heavy nitrogen labeling during measurement and this
pair of experiment was repeated once to meet the requirement for redox
PTM peptide quantitation. To validate the reaction of these biotin-
tagged alkylation reagents with cysteine-containing peptides, both
polyhistidine-tagged peptides HHHHHHPLKKKLDEFGSRLTTAIC
and HHHHHHRSYLCGDEFNSVRAVNDS, of which cysteine
locates either at the C-terminal end or in the middle of peptides, were
synthesized chemically and reacted with both MPB and BIAM. The
mass shift of 523.21 Da for MPB labeling and 326.14 Da for BIAM
labeling were found from MS/MS spectra (Figures 2A to 2D), which
reflect exactly the additional mass of the modifications on the peptides
resulting from the reactions with MPB and BIAM by free thiols of
cysteine residues (Figures 2E and 2F).

The biotin-tagged alkylation of total cellular protein was further
validated with anti-biotin immuno-blotting analysis (Figure 2G). As
compared to the two bands shown in the Western-blot of non-alkylated
total protein sample, numerous bands were detected from the BIAM-
labeled total cellular proteins, suggesting a successful conjugation of
BIAM to cysteine thiol in both N and **N-labeled proteins. According
to the same results, we can conclude that the thiol alkylation does not
have bias toward either light or heavy nitrogen isotope-coded cellular
proteins, which had been further confirmed from MS results (Figure
2H). To assess if biotin-tagged alkylation affects the accuracy of
OxNSIL-based protein measurement, the standard conversion curves
from the peptide ion intensity to protein were established for both
non-cysteine-containing and MPB-labeled peptides. The log, ratios (x)
of whole isotopic envelopes of "N/"“N-labeled peptides are correlated
to the log, ratios of the initially mixed ""N/"“N-labeled total cellular
proteins (y). The equation of y=1.13x - 0.19 and y=1.15x - 0.42 was
obtained for the non-cysteine containing and the alkylating reagents-
labeled protein samples, respectively (Supplementary Figure 1). Due to
the limitation of dynamic range in mass spectrometry, incomplete >N
incorporation and the existence of periodic noises, the ratio of "N-/*N-
coded peptides calculated from MS spectrum is not exactly the same
as the ratio, by which two sample proteins were mixed. A standard
curve is normally used to convert the observed ratio of twin isotopic
envelopes into the real ratio of the differentially labeled PTM protein
isoforms. According to the results, there is no significant difference
between the two standard conversion curves in the measurement of
the non-cysteine containing and the thiol-alkylated peptides, which
suggests that biotin-tagged thiol alkylation does not influence the ratio
of peptide ion intensity measurement (Supplementary Figure 1).
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Figure 2: Biotin tagged Cysteine alkylation and mass spectrometry-based quantitation of cysteine-containing peptide and protein

(A) to (D) is the MS/MS spectrum of MPB/BIAM-labeled two synthetic peptides ion precursors (charge 2). The ratio of mass to charge (m/z) is 527.7726 (A),
474.2459 (B), 956.8995 (C), and 858.3426 (D), respectively, corresponding to oligopeptide LTTAIC from calcium-transporting ATPase (AT4G00900) and oligopeptide
SYLCGDEFNSVR from calmodulin binding IQ-domain 33 protein (AT5G35670). The site-specific labeling occurs at the C-terminus of LTTAIC and the middle of

SYLCGDEFNSVR, respectively.
(E) and (F) illustrates the chemical reaction of MPB and BIAM with the thiol moiety of cysteine residue, respectively.

(G) is the antibiotin immune-blotting analysis of the biotin-tagged alkylation of the total cellular protein, which was isolated from N - (L) and "*N-coded (H) wild type
plant, respectively.

(H) illustrates an MS' spectrum example of biotin-tagged alkylating reagents labeled peptide from mixed N - and ®N-labeled plant samples. The differentially stable
isotope-labeled total proteins were mixed at a ratio of 1:1. Forward and Reciprocal refers to the order of mixing "“N-coded control (C) protein with '*N- coded treated

(T) protein and vice versa, respectively. Superscript BIAM marks the cysteine residues labeled by BIAM. M/z represents the ratio of the ion mass to the charge of
each PTM peptide.
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Figure 3: OxNSIL-based quantitative and differential thiol redox proteomic analysis of alkylating reagent-labeled PTM peptides.

(A) and (B) represents the alteration in the reduced form (MBP-labeled or hydrolyzed MPB-labeled) and the oxidized form (BIAM-labeled) of peptides identified from
H,O,-treated samples, respectively. The MS' spectrum examples of decreased, unchanged and increased ratio of peptides between the treated and control sample
are shown on the right panels in each set. Each circle (open and solid) represents the average ratio of the peptide amount of a certain labeled PTM peptide identified
from both the treated and control. Those PTM peptides of statistical significance given by student’s t-test are marked as darker solid circle. The dash lines delineate
the cutoffs (+ 0.15) of significant alteration (see Experimental Procedures).

Forward and Reciprocal refers to the order of mixing "N-coded control (C) protein with "®N-coded treated (T) protein and vice versa, respectively. Superscript MPB,
MPBI[H] and BIAM marks the cysteine residues labeled by MPB, hydrolyzed MPB and BIAM, respectively. M/z represents the ratio of the ion mass to the charge of
each PTM peptide.
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MS-based profiling of thiol-alkylated PTM peptides from
H,O,-treated Arabidopsis

Once the OxNSIL protocol was established, it was applied in the
study of the thiol redox state alteration in Arabidopsis triggered by
H202 treatment. In order to identify ROS-modified cysteines, a large
scale of BIAM and MPB alkylation-based profiling of the total cellular
protein of stress-treated Arabidopsis was performed according to
the workflow shown in Figure 1. The resulting peptide samples were
analyzed by nano-LC-ESI-Q-TOF mass spectrometry (See Materials
and methods for details). A total of 52,475 spectrum-peptide matches
were given by Mascot search engine, which include both non-alkylated
and MPB/BIAM-alkylated peptides. The E-value was defined as a
composite score for the quality assessment of identification and the
peptide spectra-matching results were filtered according to FDR < 1%.
Threshold of E-value for single isotope-coded peptide identification
was determined to be 0.11 to meet such a FDR.

Moreover, the identification was also selected if they appeared in
pair since the maximum FDR for the peptides identified in pair is less
than 0.8%, indicating that paired identification offers a strong evidence
for true positive results. Filtered using these two criteria, 10,739
peptides were obtained, among which 1,412 and 9,220 are MPB- and
BIAM-labeled cysteine-containing peptides, respectively, and only 107
are non-labeled peptides. To further validate the efficiency of biotin-
tag enrichment, a strip from SDS-page gel was randomly selected from
each biological replicate and went through the following steps without
affinity enrichment. As a result, 1,674 peptides were obtained, out of
which only 46 of them are thiol-alkylated peptides. Taken together,
36 folds enrichment (i.e. from 2.75% to 99%) was achieved through
OxNSIL approach. Eventually, obtained were 438 non-redundant
biotin-tagged thiol-alkylated peptides representing 391 different
cysteine-containing proteins of non-redundant Genebank accession
numbers, implying that more than one thiol-alkylated peptides were
identified from a single protein. The sharp reduction in non-redundant
peptide number (10,739 peptides to 438 non-redundant peptides) as
compared to that of the initial MS measurement is due to fact that
RuBisCO protein accounts up to 65% of the soluble protein in adult
plants [67] and have been confirmed in a number of proteomics studies
[68]. It is a general problem specific for plant proteomics because
some peptides are frequently detected for hundreds of times, such as
the peptides derived from RuBisCO proteins, if the specific RuBisCO
removal strategies are not applied during protein isolation [69,70]. To
perform differential thiol redox proteomic analysis, 285 repetitively
(at least twice) detected peptides were selected from those 438 non-
redundant thiol-alkylated peptides (Supplementary Table 1). Among
these biotin-tagged peptides, 216 BIAM- labeled and 28 MPB-labeled
peptides were identified from 4 groups of the control water-treated
plants whereas 230 BIAM-labeled and 33 MPB-labeled peptides from
4 groups of 2 mM hydrogen peroxide- treated plants, suggesting that
OxNSIL protocol is able to enrich and identify both thiol-reduced and
- oxidized PTM peptides (Figure 4).

OxNSIL-based quantitative measurement of H,0,-modified
redox proteins

As a relatively moderate and naturally occurring ROS in plant
cell, H,0, has been widely applied in redox study [23,39]. To elucidate
ROS-sensitive protein thiol sites, OxNSIL was applied onto hydrogen
peroxide-treated Arabidopsis to investigate the change of cysteine
redox status caused by 2 mM H,0O, at 10 minutes of induction. Out
of 285 repetitively detected thiol-alkylated peptides (Supplementary

Table 1), 23 MPB- and 159 BIAM-labeled peptides were selected out
for quantitative thiol redox proteomic analysis (Supplementary Tables
2 and 3). The criteria for selecting these measurable peptides were: 1)
they were detected for at least 3 times, 2) they were detected in both
Forward and Reciprocal experiments, and 3) they were found in both
“N- and "N-coded peptide ion isoforms. Lastly, the light and heavy
MPB-/BIAM-labeled peptide isotope envelopes were measured only
after the MS spectrum of each peptide was verified by the manual
spectrum inspection and all MS spectra of overlapping noise ion(s) had
been removed.

Because light and heavy isoforms of a peptide produce distinct
isotope envelopes, the ratio of twin isotopic envelopes of each
peptide were calculated based on the extracted ion chromatograms of
monoisotopic peaks and its isotopic distribution (see Materials and
methods). Both two-tailed ¢ test and Benjamini-Hochberg multiple
hypothesis testing correction (FDR < 5%) [64] were performed on
the measurement of peptide to determine the statistical significance.
Considering the intrinsic noise of mass spectrometry measurement
and possible errors during experiment [48], those peptides whose
log, changes locate in the range of [-0.15, 0.15] were further filtered
out (Figure 3). As a result, 1 reduced (MPB-labeled) and 16 oxidized
(BIAM-labeled) isoforms of peptides that were significantly down- and
up-regulated by 10-min H,O, treatment, respectively, were found and
listed in Table 1 (and Supplementary Figure 2). Since some peptides are
conserved among a protein family, these 17 peptide isoforms represent
27 proteins whose cysteine residues were oxidized by H,O, (Table 1).

Consistent with the previously reported from H,O,-treated plant
cells, proteins observed in Table 1 were oxidized by H,0, and the
oxidation of cysteine residues was mainly found on the proteins that
function in Calvin cycle (8 peptides) and translation-related processes
(4 peptides), whereas other oxidized proteins belong to ferredoxin/
thioredoxin system, photosynthesis and lipid transport. These results
are comparable to the previous discovery that these cellular events are
very sensitive to redox changes and that alterations of redox status
of many proteins are related to these two processes and they have
been repetitively reported in previous redox studies [71]. It has been
reported that the 427th cysteine residue (C427) of RBCL and C175
of RuBisCO activase (RCA, AT2G39730) were S-nitrosylated in the
Arabidopsis suspension cells grown in liquid Murashige and Skoog
(MS) medium [72] while Phosphoribulokinase (PRK, AT1G32060) can
also be S-nitrosylated [73]. In addition, it has been demonstrated in
Chlamydomonas reinhardtii that the thiol moieties of RBCL are oxidized
in the oxidative environment, through which the activity of RuBisCO
is regulated [74,75] and the activity of its PRK is regulated through
forming and breaking of disulfide bridge [76]. Moreover, the aldolase
proteins can form disulfide bond with glutathione when incubated
with GSSG [77] and the conserved C197 of Fructose-bisphosphate
aldolase 6/8 (FBA6/8, AT2G36460/ AT3G52930), locating within the
enzyme active site [78], alters itsdisulfide bond in response to cellular
redox status. Oxidation of C44 and C47 (i.e. C96 and C99 of precursor
protein) of Ferredoxin 1/2 (FD1/2, AT1G10960/AT1G60950), two
of the 4 cysteinyl ligands coordinating with 2Fe-2S cluster, were also
observed under H,O,-treatment. The assembly of the cluster may be
disrupted by the attack of external ROS, which leads to a reduction
in ferredoxin/thioredoxin system, and causes it to lose its reductive
power in the H,O,-treated plants. Furthermore, it was reported that
C81 of E. coli GTPase elongation factor, which is homologous to C137
of the GTP binding Elongation factor Tu family protein (AT4G02930)
in Arabidopsis (two proteins share 70% homology), plays a critical
functional role in aminoacyl-tRNA binding [79]. Taken together,
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Accession No. Log2 ratio

Decrease of reduced form (-SH) alkylated with MPB

ATCG00490

Increase of oxidized form (-S-S-) alkylated with BIAM

-0.33

p-value ?

5.0x 10"

Peptide®

CALVIN CYCLE
VALEAC"2VQAR

CALVIN CYCLE

Protein

Ribulose bisphosphate
carboxylase large chain (RBCL)

AT1G67090, 0.43 2.9 x 102 o101.91.0 NKWIPCBAMVEFELEHGFVYR RuBisCO small subunit
AT5G38430, 0.26 9.2 x10° 111411411412 VEECEAMKK 1A/1B/2B/3B
AT5G38420, 0.16 4.4 x 10 127127127127 PLFGCB*MTDSAQVLK (RBCS1A/1B/2B/3B)
AT5G38410
0.42 7.3 x10* 107.107CAMAAVTER Fructose-bisphosphate aldolase 6/8 (FBA6/8)
AT2G36460,
AT3G52930
AT1G32060 0.26 1.4 x 10 L,eoKLTCEAMSYPGIK Phosphoribulokinase (PRK)
AT2G39730 0.22 1.4 x 10 17, SFQCBAMELVMAK RuBisCO activase (RCA)
AT2G21170 0.20 3.1 x 102 199 1FDVCBAMEAQLK Triosephosphate isomerase (TIM)
TRANSLATION-RELATED PROTEINS
AT1G14320, 0.87 4.8 x 102 122122122\ GTCBAMAR Ribosomal protein L10 A/B/C (RPL10A/B/C)
AT1G26910,
AT1G66580
AT3G48930; 0.48 3.8x 102 sos050C° "PFTGTVSIR Embryo defective 1080 (EMB1080);
AT4G30800; Nucleic acid-binding, OB-foldlike protein;
AT5G23740 Ribosomal protein S11-beta (RPS11-BETA)
AT4G20360; 0.45 2.1 x10% 14311 YAHVDCEAMPGHADYVK RAB GTPase homolog E1B (RABE1b);
AT4G02930 GTP binding Elongation factor Tu family protein
AT3G11940, 0.23 4.6 x 10? 6767AQCEAMPIVER Ribosomal protein 5A/B (RPS5A/B)
AT2G37270
PHOTOSYNTHESIS
AT5G66570, 0.34 1.5 x 10° 135.124KFCEMMFEPTSFTVK Photosystem Il subunit O-1/2 (PSBO1/2)
AT3G50820
AT4G02770, 0.32 1.6 x 10° 13212sKEQCE*MLALGTR Photosystem | subunit D-1/2 (PSAD-1/2)
AT1G03130
LIPID TRANSPORT
AT2G10940 0.25 2.7 x 10 ,1sLGACBAMVDLLGGLVK Bifunctional inhibitor/lipidtransfer protein/seed
storage 2S albumin superfamily protein
0.23 4.2 x 102 206 ATCEAMPIDTLK
FERREDOXIN/THIOREDOXIN SYSTEM
AT1G10960, 0.44 4.4 x10% 02,95 AGSCPAMSSCEMMAGK Ferredoxin 1/2 (FD1/2)
AT1G60950

aGiven by two-tailed Student's t-test. All peptides listed were selected using two-tailed Student’s t-test with Benjamini-Hochberg muiltiple hypothesis testing correction (FDR < 5 %).

"The cysteines (C) labeled by MPB and BIAM are marked by superscript P8 and BAM_ respectively.

Table 1: Oxidation of cysteine residues induced by 10-minute H,O, treatment.

previous reports [80] support our thiol redox proteomic findings from
10 min H,O,-treated plants and dismiss the possibility that the mild
stress treatment may be leathal to plants.

Interestingly, besides the 17 peptides shown in Table 1, 3 more
peptides were oxidized by 10-min H,O, treatment (i.e. increase
in oxidized isoforms or decrease in reduced isoforms) whereas 2
peptides were found to be reduced by the treatment (i.e. decrease in
oxidized isoforms or increase in reduced isoforms) (Supplementary
Tables 4 and 5) if only a two-tailed t test (p<0.05) was used. These
two cysteine residues that were reduced after the treatment, C27
of Calmodulin 1/2/3/4/5/6/7 (CaM1/2/3/4/5/6/7, AT5G37780/
AT2G41110/ AT3G56800/ AT1G66410/ AT2G27030/ AT5G21274/
AT3G43810) and C559 of PsaA/PsaB proteins (PSAA/B, ATCG00350/

ATCGO00340), subunits of photosystem I reaction center are both
novel ROS-regulated thiol sites. The reduced forms of calmodulin
1/2/3/4/5/6/7 and the oxidized forms of PsaA/PsaB protein increased
and decreased upon H,O, treatment, respectively. It has been reported
that both C27 of CaM and C559 of PSAB could be S-nitrosylated
[72,81]. Interestingly, the C27 site of CaM1/2/3/4/5/6/7 is a unique and
highly conserved cysteine residue among plant calmodulins. Given
that CaM is the primary intracellular calcium sensor that regulates
numerous protein functions in various cellular processes [82] and is
strongly conserved across all eukaryotes [83], the increase of reduced
form of calmodulin upon rapid H,O,-induction suggests that these
calcium-binding proteins may function to be crosstalk between thiol
redox regulation and calcium signaling. Especially interesting is that as
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(A) represents the numbers of peptides identified from samples with different treatments: 10-min H,0, treatment (a), 10-min deionized water treatment (b), 15-min white
light treatment (c), and 15-min UV-B treatment (d). Index 1, 2 and 3 in circle represents the peptides detected in reduced (MPB-labeled), oxidized (BIAM-labeled) and
both reduced and oxidized (both MPB- and BIAM-labeled) forms, respectively.

(B) shows the redox state changes of two independent redox-sensitive cysteine-containing peptides from both MPB- and BIAM-labeled experiments. ,.YYCTVIDAPGHR
and ,,,SFQCELVMAK is derived from GTP binding Elongation factor Tu family proteins (AT1G07920, AT1G07930, AT1G07940 or AT5G60390) and RuBisCO activase
(RCA, AT2G39730), respectively.

(C) and (D) represents the 3-D structure of aa2~aa431 region of GTP binding Elongation factor Tu family protein (AT1G07920) and aa123~aa415 region of RCA,
respectively. The structures are depicted by ESyPred3D program, in which all cysteine residues are highlighted with the colored atoms: Green stands for carbon, red
for oxygen, blue for nitrogen and yellow for sulfur, respectively. Cysteines reduced by 15-min UV-B exposure, i.e. C87 of GTP binding Elongation factor Tu family
protein (AT1G07920) and C175 of RCA, are annotated in red. The distances between these two residues and their closest cysteines are indicated, with which the

intra-molecular disulfide bridges may form between the sulfide atoms linked by blue bars when conformation changes.

the only cysteine residue present in plant CaM proteins, C27 is in fact
substituted by threonine, glutamine or serine residue in CaM proteins
of other organisms [81,83]. Having said these, it is still unclear that how
C27 is involved in Ca*" co-ordination and/or protein binding. Based
on the study from other kingdoms of organisms, CaM does not have
any effects on catalases [84]. However, It is possible that CaM has a
dual effect on regulation of H,O, level i.e. CaM stimulates hydrogen
peroxide production via CaM-dependent NAD kinase activities [85],
and, at the same time, down-regulates hydrogen peroxide level via
increasing the activities of plant catalase [84]. Though higher chance of
false positive results may be found from the list generated according to
student’s t-test alone, a tradeoff will be that these interesting candidates
identified by a less stringent method may be worthy of pursuing further.

Oxidized forms of C208 and C218 of Bifunctional inhibitor/
lipid-transfer protein/seed storage 2S albumin superfamily protein

(AT2G10940) increased in H,O,-treated plants. Albeit the function
of this protein is largely unknown, bioinformatics prediction through
the Protein Model Portal (PMP) in the Protein Structure Initiative
(PSI) (http://www.proteinmodelportal.org/) has shown that these two
residues can form intramolecular disulfide bonds with other cysteine
residues (Supplementary Figure 3, illustrated by ESyPred3D program
[86]). Thus, oxidation of these residues may cause conformation change
that can affect activity and/or stability of the protein. As a lipid-transfer
protein, modifications on cysteine residues identified from our data
suggest that it may play a role in ROS-triggered lipid peroxidation. In
addition, it has been reported that disulfide bond is formed between the
RBCS subunit proteins [87]. Although the pairwise distance between
any two of all four cysteine residues in the protein are relatively large
[88], the disulfide bond can be formed through some conformational
change. The distances between C96 and C132 (10.3 A) and C96 and
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C145 (11.9 A), which were altered by H,0,, are the shortest two
within all pairwise distances of cysteines in RBCS1B based on the 3-D
structure predicted by PMP (Supplementary Figure 4, [86]). Thus, it is
likely that the formation of intramolecular disulfide bridge may form
between the cysteine residues detected, suggesting that OxNSIL may
detect the disulfide bridge in an unbiased fashion.

Substantiation of OxNSIL with a reduction-rich cellular
environment in Arabidopsis

To further validate the effectiveness of OxNSIL, the thiol redox
states in ambient UV-B radiation-treated Arabidopsis were further
investigate using this approach because it has recently been reported
that Atypical Cys His Rich Thioredoxin 1 (ACHT1), a thylakoid-
associated atypical thioredoxin-type protein, is transiently reduced
by photosynthetic reducing equivalents when the dark-adapted
Arabidopsis was illuminated with a light of moderate intensity before
this protein is eventually oxidized by the light-induced ROS [89].
Inspired by this finding, 3-week old white light-grown Arabidopsis
plants illuminated by a short-term ambient UV-B irradiation were
compared to that grown in white light. As expected, unlike results from
H,0O,-treatment experiment, more reduced forms of redox-sensitive
peptides were detected. Totally, there were 78 BIAM-labeled peptides
and 171 MPB-labeled identified from 6 groups of the control white-
light-grown Arabidopsis, whereas there were 78 BIAM-labeled peptides
and 173 MPB-labeled found from 6 groups of UV-B radiation-treated
plants repetitively (Figure 4A). Moreover, quantitative thiol redox
proteomic analyses have shown that 11 significantly altered peptides
were in fact reduced (i.e. 9 reduced isoforms increased and 2 oxidized
isoforms decreased) whereas only 2 were oxidized (ie. 1 reduced
isoform decreased and 1 oxidized isoform decreased) in the UV-B light-
treated plants as compared to that grown in white light (Supplementary
Figure 5). These results are consistent with previous founding that
the most proteins are in reduced forms under normal conditions
[13]. Moreover, unlike extremely oxidized states observed from the
H,O,-treated plants, opposite changes (i.e. increase in its oxidized
form and decrease in its reduced form or vice versa) were observed
for ROS- sensitive and thiol-containing peptides from UV-B-treated
samples, including peptides SFQCELVMAK (derived from RCA) and
YYCTVIDAPGHR (derived from GTP binding elongation factor Tu
family proteins) (Figure 4B). In both cases, the oxidized form (BIAM-
labele) of PTM peptide deceased as its reduced form (MPB-labeled)
increased (Figure 4B). Three-dimensional structures (Figures 4C and
4D) of these two proteins were predicted using the Protein Model
Portal (PMP) in the Protein Structure Initiative (PSI) (http://www.
proteinmodelportal.org/) and visualized by ESyPred3D program [86],
which may participate in formation of intra-molecular disulfide bond
formation. As it has been known that regulation of gene expression
is controlled by alterations in cellular redox states triggered by either
biotic or abiotic elicitors, labeling of both reduced and oxidized forms
of thiol group from one experiment provides more comprehensive
site-specific thiol redox information and reveals the post-translational
regulation independent of transcriptional control. Taking together,
the OxNSIL approach is able to capture the intracellular redox states
of protein cysteines, indicating that in vivo thiol redox states are not, or
only slightly affects by our procedure.

Conclusion

OxNSIL was designed to integrate advantages of biotin-tagged
thiol-reactive reagents chemical labeling with that of N stable
isotope metabolic labeling to develop a high-throughput differential

and quantitative thiol redox proteomic approach. The biotin-tagged
alkylating reagent is a widely used thiol- reactive reagent since it
provides an advantage to the affinity purification for cysteine thiol-
containing peptides and for deep sequencing of redox proteome
of plants. Given the stable isotope metabolic labeling has been
successfully applied to characterize the PTM in numerous proteomics
studies [32,34,62], the heavy nitrogen-based stable isotope metabolic
labeling strategy is hereby employed, which utilizes the autotrophic
feature of plants that can grow on heavy nitrogen-coded salt medium
as a cheaper way of protein labeling. As compared to the 2DE-based
redox proteomics in response to various oxidative stresses [90], which
have the advantage to provide a visual representation of the results,
the MS-based approach focuses on the site-specific, comprehensive
and quantitative study of oxidative and/or reductive alterations of any
cysteine-containing proteins. The strategies of OxICAT and OxMRM,
which are different from ICAT, CysTMT, CysTRAQ, and OxiTRAQ
that aim to quantify the reduced or oxidized cysteine in two samples,
are suitable to differentially label the reduced and oxidized forms of
cysteines in a single sample and monitor the ratios of oxidized and
reduced isoforms directly. On the other hand, the potential artifacts
caused by chemical labeling variation using stable isotope tags can be
avoided in the stable isotope metabolic labeling. Albeit the SILAC-
based quantitative proteomics approaches have been applied to study
the alteration of S-nitrosoproteins with the advantage of labeling
the control and treated samples at the initial stage with amino acids,
OxNSIL strategy offers a more convenient and economical way to study
thiol redox in autotrophic organisms relying both photosynthesis to
assimilate carbon and nitrogen stable isotope-coded salt to grow. In
our approach, independent quantitative proteomic analyses of both
reduced and reversibly oxidized cysteine residues have been performed
in parallel, which not only saves time and reduces cost, but also avoids
the potential variations resulting from differential labeling of peptides
performed in different experimental procedures.

To obtain a proof-of-concept result, the analysis of 10-min H,O,-
treated plants has confirmed that it is a powerful tool in identifying
thiol redox proteome in plant and in quantifying site-specific thiol
redox isoforms of proteins. Although only hundreds of peptides were
detected in this experiment, a better improvement in redox peptide
identification is expected if the labeled redox-peptides were further
fractionated via multidimensional protein identification technology
(MudPIT) and a newer version of MS machine would be used for
analysis. The experimental cost used on identification and quantification
of each redox peptide can be substantially reduced. Since ROS plays
multiple and diverse roles in cellular events, such as induction of DNA/
protein damages and as a second messenger of signaling, studies on the
redox altered PTM of proteins have become essential in understanding
of pathogen resistance stress response, hormonal response and other
external regulators such as gravity, Nod factors or phytotoxins, the
OxNSIL should become a powerful approach in discovering the redox-
sensitive proteins involved in the key cellular processes and reveal
the role of redox alteration in the regulation of plant growth and
development and its adaptation to stresses.
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