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  ABSTRACT  
 

Proteomic strategies for identifying protein 

modifications and their structural changes 

 

                                 Jaeho Jeong  

                                 Graduate Program for Nanomedical Science 

                                 The Graduate School  

                                 Yonsei University  

 

Reactive oxygen species (ROS) is known as a second messenger in non-

phargocytic cells. However, the molecular mechanisms of ROS action are not 

well understood. In this study, cutting edge proteomic tools have been 

developed and applied in order to identify the target proteins of ROS, 

modified species/sites of ROS target proteins and the structural changes by 

oxidative modifications. Redox-active cysteine, a highly reactive sulfhydryl, 

is one of the major targets of ROS. Formation of disulfide bonds and other 

oxidative derivatives of cysteine including sulfenic, sulfinic, and sulfonic 

acids, are known to regulate the biological function of various proteins. This 
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study has identified novel low abundant cysteine modifications in cellular 

GAPDH purified on 2-dimensional gel electrophoresis (2D-PAGE) by 

employing new strategy of selectively excluded mass screening analysis 

(SEMSA) for nano ultraperformance liquid chromatography-electrospray-

quadrupole-time of flight (nanoUPLC-ESI-q-TOF) tandem mass 

spectrometry (MS), in conjunction with newly developed MODi and MODmap 

algorithm. Unexpected mass shifts (△m = -16, -34, +64, +87, and +103 

Da) at redox-active cysteine residue were observed in cellular GAPDH 

purified on 2D-PAGE, in oxidized NDP kinase A, peroxiredoxin 6, and in 

various mitochondrial proteins. Mass differences of -16, -34, and +64 Da 

are presumed to reflect the conversion of cysteine to serine, dehydroalanine 

(DHA), and Cys-SO2-SH respectively. To determine the plausible pathways 

to the formation of these products, model compounds were prepared and the 

hydrolysis and hydration of thiosulfonate (Cys-S-SO2-Cys) either to DHA 

(m/z -34 Da) or serine along with Cys-SO2-SH (△m = +64 Da) 

examined. Also unexpected acrylamide adducts of sulfenic and sulfinic acids 

(△m = +87 and +103 Da) were detected. These findings suggest that 

oxidations take place at redox-active cysteine residues in cellular proteins, 

with the formation of thiosulfonate, Cys-SO2-SH, and DHA, and conversion 

of cysteine to serine, in addition to sulfenic, sulfinic and sulfonic acids of 

reactive cysteine.  
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  To investigate the structure changes of redox sensitive proteins in 

response to ROS, Nm23-H1/NDPK-A, a tumour metastasis suppressor, was 

employed as a model system. Nm23-H1 is a multifunctional housekeeping 

enzyme with nucleoside diphosphate kinase activity, and its hexameric form 

is required for suppression of tumour metastasis and is readily dissociated 

into dimers under oxidative conditions. Here, the crystal structure of 

oxidized Nm23-H1 is presented. It reveals the formation of an 

intramolecular disulfide bond between Cys4 and Cys145 that triggers a large 

conformational change that destabilizes the hexameric state. The dependence 

of the dissociation dynamics on the H2O2 concentration was determined using 

hydrogen/deuterium-exchange mass spectrometry (HDX-MS) methodology. 

The quaternary conformational change provides a suitable environment for 

the oxidation of Cys109 to sulfonic acid, as demonstrated by peptide 

sequencing using nanoUPLC-ESI-q-TOF tandem MS. From these and other 

data, it is proposed that the molecular and cellular functions of Nm23-H1 are 

regulated by a series of oxidative modifications coupled to its oligomeric 

states and that the modified cysteines are resolvable by NADPH-dependent 

reduction systems. These findings broaden the understanding of the 

complicated enzyme regulatory mechanisms that operate under oxidative 

conditions.  

For the understanding the comprehensive disulfide formation and their 

localization of oxidized proteins, quantitative analysis of oxidized proteins in 
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response to H2O2 were perfomed combining cellular fractionation into cytosol, 

plasma membraned, nucleus and nuclear membrane, iTRAQ labeling and 

identification with tandem MS. Results demonstrate that in-gel based iTRAQ 

coupled DBond algorithm facilitated comprehensive identification of redox 

reactive proteins and their localization changes under the non-reducing 

condition. These oxidative changes of proteins can provide the clue to 

understand the functional mechanism of redox-sensitive proteins inside cells. 

Keywords: Post translational modifications (PTM), Proteomics using tandem 

MS, novel cysteine oxidations, Nm23-H1, Hydrogen-Deuterium Exchange 

Mass spectrometry (HDX-MS), oxidation induced structural change  
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1. INTRODUCTION 

 

1-1. Post translational modifications 

 Protein functions are regulated by changing the expression level, post-

translational modification (PTM), and protein-protein interactions. Of these, 

PTM refers to the covalent changes of amino acid side chanins by chemical 

and enzymatic actions during or after protein biosynthesis. Proteins 

synthesized in ribosomes translating mRNA into polypeptide chains, undergo 

PTM to form the mature protein product having various cellular activities. 

PTMs can occur on the amino acid side chains or at the protein's C- or 

N- termini [1]. They can extend the chemical repertoire of the 20 standard 

amino acids by introducing new functional groups such as phosphate, acetate, 

amide groups, or methyl groups. PTMs of amino acids of proteins can alter 

the protein’s charge, polarity and spatial features, and induce conformational 

changes which in turn cause changes in a variety of protein characteristics. 

These PTMs can occur reversibly or irreversibly, and be mediated by 

enzymes or non-enzymatic way. 

Cellular protein modifications are designed by nature to initiate and 

regulate essential cellular processes. The mechanisms for PTM regulation 

are not fully understood because of their complexities. Phosphorylation is a 

most common PTM on Ser, Thr or Tyr residue for regulating the activity of 
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proteins [2]. Many eukaryotic proteins also have carbohydrate molecules 

attached to O- or N-linked amino acids in a process called glycosylation, 

which can promote protein folding and improve stability as well as serving 

regulatory functions. Attachment of lipid molecules, known as lipidation 

including palmitoylation, myristoylation, farnesylation, geranylgenranylation 

etc., often targets the proteins regulated by translocation to the cell 

membrane. 

  Other forms of PTM consist of cleaving peptide bonds, as in processing a 

propeptide to a mature form or removing the initiator methionine residue. 

The formation of disulfide bonds from cysteine residues may also be 

referred to as a post-translational modification [3]. For instance, the peptide 

hormone insulin is cut twice after disulfide bonds are formed, and a 

propeptide is removed from the middle of the chain; the resulting protein 

consists of two polypeptide chains connected by disulfide bonds. 

 Some types of PTM are consequences of oxidative stress and then modified 

proteins are readily degraded in proteasome and autophagy and result in the 

formation of protein aggregates as shown in neuronal diseases such as 

Parkinson’s disease (PD) and Alzheimer’s disease (AD) [4-5]. It is possible 

to use specific amino acid modifications as biomarkers of various diseases 

[6]. 

Many modification sites can serve as nucleophiles in the reaction: the 

hydroxyl groups of Ser (S), Thr (T), and Tyr (Y); the amine forms of Lys 
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(K), Arg (R), and His (H); the thiolate anion of Cys (C); the carboxylates of 

Asp (D) and Glu (E); and the N- and C-termini. In addition, although the 

amides of Asn (N) and Gln (Q) are weak nucleophiles, both can serve as 

attachment points for glycans. Rarer modifications can occur at oxidized 

methionines and at some methylenes in side chains [7].  

More than 200 kinds of enzymes (>5% of total proteins) have been shown 

to be involved in catalyzing the various modifications of protein. In the human 

genome, it has been shown that more than 500 proteases, more than 500 

protein kinases, more than 150 protein phosphatases, 5 class 

methyltransferases, a series of acetyltransferase and deacetylase, 

oxidoreductases, E1, E2, E3 for ubiquitination, sumoylation and neddylation, 

operate among others. Since most enzyme induced protein modifications are 

reversible, they are readily removed during the biological processes after 

they function as signalling molecules. Enzymatic modification of amino acid 

side chains occurs in various ways depending on the species of amino acids, 

as shown in Table 1 [8]. As chemical modifications, oxidations at Cys, Met, 

Pro, Trp residues are occurred by ROS, resulting in loss of protein activity 

or alteration of the protein’s biological function by modifying its cellular 

localization and interactions with other proteins.  However, detections of 

PTMs in proteins were very limited using the variety of techniques, including 

radio-labeling and Western blotting, but recent advances in MS analysis 

make it possible to identify all kinds of PTMs even in low abundant PTMs. 
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Table 1. The list of identified post-translational modifications. 

PTM type 
Modified 
amino acid 
residue 

Monoisotopic
mass change

Remarks 

Phosphorylation  S T Y H D  79.966331 a Appearance of ΔM = ‐97.976896 Da peak for 
dehydration in the phosphorylation sites of 
Ser and Thr. 
Use phosphatase inhibitor in sample 

Cysteine oxidation 
Dehydroalanine 
Disulfide bond 
Sulfenic acid 
Sulfinic acid 
Sulfonic acid 
Selenylation 
C‐nitrosylation   
Glutathilylation 

 
 
 
 
C 

‐33.987721 
‐2.0145 

+15.994915 
+31.98983 
+47.984745 
+79.916520 
+28.990164 
+305.068156 

 
 
 
 
 
Cys‐S‐Se(U)H 

Acetylation  K N‐term  42.010565 Change (+) charge to neutral
Use deacetylase inhibitors in sample 

Acylation 
Octanoylation 
Farnesylation 
Palmitoylation 
Geranyl‐

geranylation 
Retinal 
Diacylglycrol 

 
S T 
C 

C K N‐term 
C K N‐term 

K 
C 

+126.104465 
+204.187801 
+238.229666 
+272.250401 
+266.203451 
+576.511761 

Increase  hydrophobicity  of  protein  to  be 
anchored into membrane 

Ubiquitinylation  K  +114.042927 Ubiquitin C‐term Gly‐Gly adduct 
Use proteasome inhibitor in sample 

Sumoylation 
(QEQTGG) 

K  +600.25034 SUMOylation by SUMO‐1

Glycosylation 
Fucose 
Hexoseamine 
Hexose 
O‐GlcNAcylation 

 
S T 
N T 
N T 
N S T 

+146.057909 
+161.068808 
+162.052824 
+203.0743 

 
 
 
N‐acetylhexoseamine 

Methylation 
Mono‐methylation 
Di‐methylation 
Tri‐methylation 

 
K R 
K R 
K R 

+14.01565 
+28.0313 
+42.04695 

Sterically bulky without charge change 

Sulfonation  S T Y C  +79.956815

Deamidation  N Q  +0.984016 Amino acid substitution to D E 

Chemical adduct 
Allysine 
Oxidation 
Hypusine 
4‐hydroxynonenal 
Lipoyl 

 
K 

P D K N P Y R 
K 

C H K 
K 

‐1.031634 
+15.994915 
+87.068414 
+156.115030 
+188.032956 

Lys oxid to aminoadipic semialdehyde 
Oxidation or hydroxylation 
 
HNE 

N‐term 
Met‐loss 
Met‐loss + Acetyl 

 
M  ‐131.040485 

‐89.029920 
N‐term Met removal by aminopeptidase 
Acetylation in new N‐term after Met loss 

Artifactual adduct 
Propionamide 
Carbamidomethyl 

 
C K N‐term 

C K N‐term H D 
+71.037114 
+57.021464 

Acrylamide adduct in PAGE
Iodoacetamide derivative 
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1-2. Identification of PTMs using mass spectrometry 

 Mass spectrometry (MS) is an analytical technique that ionizes 

chemical species and sorts the ions based on their mass to charge ratio, is 

used in chemical, environmental fields for analysis of volatile and stable 

chemicals. Recent advances in MS have extended its usage for analysis of 

biological molecules which are labile, non-volatile and high molecular weight. 

Soft ionization using electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI) combining mass analyzer time of flight (TOF), 

no mass limit, makes it possible to peptide sequencing with MS.  

Electrospray ionization (ESI) is a technique used in mass spectrometry 

to produce ions using an electrospray in which a high voltage is applied to a 

liquid to create an aerosol. It is especially useful in producing ions from 

macromolecules because it overcomes the propensity of these molecules to 

fragment when ionized. ESI is different from other atmospheric pressure 

ionization processes (e.g. MALDI) since it may produce multiply charged 

ions, effectively extending the mass range of the analyser to accommodate 

the kDa-MDa orders of magnitude observed in proteins and their associated 

polypeptide fragments [9-10]. 

Mass spectrometry using ESI, electrospray ionization mass spectrometry 

(ESI-MS), is 'soft ionization' technique for detecting molecular ions (or 

more accurately a pseudo molecular ion) without fragmentation, but very 

little structural information can be obtained except molecular mass. In order 
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to obtain the structural information, fragmentation of precursor ions with 

collision induced dissociation (CID) in coupling ESI with tandem mass 

spectrometry (ESI-MS/MS) is employed. Another important advantage of 

ESI is that solution-phase information can be retained into the gas-phase. 

ESI is readily coupled with liquid chromatography with mass spectrometry 

(LC-MS), which is powerful to separate the complex sample into simple 

components based on chromatography before identifying with MS.  

Mass spectrometry using nanoUPLC-ESI-q-TOF MS/MS is an ideal 

analytical tool for identifying the peptide sequences, species and sites of 

post-translational modifications, and mutations of amino acid sequence 

including insertion, deletion and replacement. Known PTMs (> 1800) 

obtained by studies with MS along with other techniques, are listed in 

UniMod database (www.unimod.org), which are rapidly expanded. 

Understanding the nature of PTMs extended the knowledge on the 

relationship between protein structure and its functional regulation. A list of 

reported PTMs and the corresponding sites of amino acids, monoisotopic 

mass change by PTM, and sample preparation for identifying each PTM is 

shown in Table 1.  

Proteomic studies for PTM analysis can be divided into two groups. One 

group consists of large scale analysis of one kind PTM after enriching the 

modified proteins and identifying PTMs, necessitated by low abundance of 

modified proteins. Another group comprises comprehensive analyses of 

multiple modifications in one protein because the diversity of modifications in 
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the chosen protein [8, 11]. 

If the same protein has multiple and diverse functions, one can hazard the 

assumption that it exists in several forms and contains different PTMs. 

Comprehensive identification of PTMs in a single protein can therefore help 

understand how the protein exerts multiple biological functions of multiply 

modified proteins. However, it is not an easy task to clearly identify the 

PTMs in the same protein, because biological samples of proteins are 

mixtures of unmodified and modified populations, with unmodified molecules 

abundantly predominating and the much less abundant modified molecules. A 

100% peptide coverage with MS/MS is required for identifying all 

modifications. 

The low abundant PTMs can only be identified after adequately enriching 

their populations. When complex enrichment methods are needed, use of 

2D-PAGE based separation by combining with MSis beneficial. 2D-PAGE 

separates proteins based on their isoelectric points and molecular mass, and 

makes it possible to separate various modified proteins, spliced variants and 

proteolytic cleaved fragments. Proteomics has been traditionally exploited 

power of 2D-PAGE, to separate proteins, especially coupling it with 

MALDI-TOF MS, for the qualitative and quantitative analysis of proteins in 

complex extracts. However, the limitations of this approach in terms of 

throughput analysis of protein mixtures have required the development of 

other proteomics approaches, based on separation of peptides rather than of 

proteins, or on direct protein identification and selection on dedicated arrays 
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(protein chips). However, 2D-PAGE based separation is adequate in the 

comprehensive identification of PTMs because it can seprate the diversely 

modified populations of protein.  

  For example, phosphorylated, acetylated, glycosylated and oxidized 

proteins move in acidic direction, ubiqutinated and sumoylated proteins move 

upward by increasing molecular weight and disulfide bonded proteins move 

either upward with intermolecular disulfide or downward with intramolecular 

disulfide bond. This information can allow the prediction of the type of PTM 

and overcomes the limitations due to the complexity of PTMs. Following the 

separation of the heterogeneous populations of modified proteins on 2D-

PAGE, comprehensive PTM information can be obtained via replicate run of 

nanoLC-ESI-q-TOF MS/MS analysis by raising the modified peptide 

coverage [11]. To facilitate the characterization of PTMs as much as 

possible, the strategy of selective exclusion acquisition (SEMSA) was newly 

devised via replicate run analysis. Briefly, most intense precursor ions are 

redundantly acquired for peptide sequencing in nanoLC-ESI-q-TOF MS/MS 

run in data dependent acquisition (DDA) mode. If the exclusion list is not 

used, identification of low-intensity ions in the presence of high-intensity 

ions would be far less successful in randomly repeated runs. The number of 

obtainable MS/MS spectra is limited in a single run analysis, because MS/MS 

spectra having appropriate quality and quantity are selected by optimizing 

the experimental procedure including sensitivity, scan time, number of ion 

channel, time for return to MS scan from MS/MS scan, elution time in LC etc. 



- 9 - 

 

Selectively excluded the unwanted high-intensity MS/MS data generation is 

a way to separate wanted peptides from unwanted ones. The overall scheme 

of Selectively Excluded Mass Screening Analysis (SEMSA) is shown in Fig. 

1. An exclusive implementation using this unmodified peptide library, 

resulted in efficient identification of low abundant PTMs (Fig. 2). As the 

SEMSA progressed, exclusion list is cumulated and then separation of 

unwanted peptide can ameliorate the quality of MS/MS spectra. The LC-MS 

procedure is repeated three times to obtain more MS/MS data. The MS data 

of the first run are then processed by ProteinLynx global server (PLGS) for 

peak deconvolution and peak list generation. The resulting MS/MS spectra 

are then generated and submitted to Mascot and ProteinLynx database 

searches to obtain peptide identifications. Only unmodified peptides now 

serve as candidates for a precursor exclusion list, in terms of m/z and LC run 

times in the subsequent run. After the peak list of the second separation is 

generated, the peaks are matched to peptides previously identified and 

included in the exclusion list are automatically blocked from the peak 

selection prior to MS/MS acquisition. The ranges of mass tolerance windows 

of excluded peak are typically determined by mass accuracy and resolution 

in the MS scan and peak widths in the chromatogram. This PTM specific 

exclusion strategy enables less intense PTM peptides to be identified, 

thereby enhancing confidence level of PTM identifications. This strategy was 

appl ied for f inding many low abundant modif icat ions including 

phosphorylation, acetylation, glutathionylation and some novel modifications  
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[12-13]. Combination of 2D-PAGE for separating modified populations and 

MS/MS analysis using SEMSA, makes it possible to identify low abundant 

modified peptides and to raise the identified peptide coverage nearly over 

90%. 

 

1-3. Bioinformatic tools 

The types and sites of PTMs in a protein vary widely. Although MS allows 

rapid identification of many types of PTMs, data analysis and interpretation 

of MS/MS spectra for identification of PTMs remain a major challenge. Most 

of the available search tools accept only a few types of PTMs as input. Novel 

interpretative algorithmic tools were developed, MODi [14] is an algorithm 

for rapidly interpreting tandem mass spectra of peptides with all known 

types of PTMs simultaneously without limiting a multitude of modified sites, 

and DBond [15] for identifying disulfide crosslinking directly.  

At first, PTM identification using MS/MS involved exhaustive searches of 

all possible combinations of PTMs for each peptide from a protein database 

[16-17], however, recent advances in the search space grow exponentially 

as the number of PTMs increases, these early approaches performed a 

restrictive search that took into account only a few types of PTMs during 

data analysis, ignoring all others. Investigators were obliged to guess the 

PTMs expected to exist in a sample prior to a search, and many potentially 

important PTMs may have been overlooked. A few tools were recently 
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introduced for blind PTM search. MS-Alignment [18] predicts PTMs 

expected in a sample by spectral alignment between a database peptide and a 

spectrum followed by InsPecT search [19]. ModifiComb [20] introduced a Δ

M histogram between unassigned spectra and base peptides found in a 

database. These blind approaches predict PTMs based on the frequency of 

mass shifts (indicating potential PTMs) in a sample. Thus, they all have the 

intrinsic weakness of missing rare or infrequently observed PTMs that might 

provide important clues to understanding the function of a protein. Although 

many approaches have been developed to take into account several types of 

PTMs, most of them assume that there will be a single variable PTM per 

peptide and ignore peptides with multiple modifications. MODi (pronounced 

“mod eye”) is essentially a sequence tag approach [21-22] (Fig. 3). It 

constructs a partial sequence of a peptide from an MS/MS spectrum using de 

novo sequencing. MODi differs from previous approaches in that it 

simultaneously uses multiple sequence tags derived from a spectrum by 

introducing a notion of a tag chain, a combination structure of multiple 

sequence tags. A tag chain offers an effective localization of modified regions 

within a spectrum and thus allows rapid identification of multiple PTMs in a 

peptide, obviating search space explosion by inspecting PTMs only in the 

modified regions of a peptide.  

The tag chain algorithm resists de novo sequencing errors, whereas most 

tag-based approaches depend critically on good de novo interpretations. 

This approach is scalable and performs well even when more than 1800 
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types of modification are considered and the number of potential PTMs in a 

peptide increases. Compared with established tools, MODi reliably identifies 

a greater variety of modification types in multiply modified peptides and even 

detects modifications of low abundance.  

Another new algorithm called “DBond” analyzes disulfide linked 

peptides based on specific features of disulfide bonds (Fig. 4) [15]. 

Identifying the sites of disulfide bonds in a protein is essential for thorough 

understanding of a protein’s tertiary and quaternary structures and its 

biological functions. Disulfide linked peptides are usually identified indirectly 

by labeling free sulfhydryl groups with alkylating agents, followed by 

chemical reduction and mass spectral comparison or by detecting the 

expected masses of disulfide linked peptides on mass scan level. However, 

these approaches for determination of disulfide bonds become ambiguous 

when the protein is highly bridged and modified. For accurate identification of 

disulfide linked peptides, previous study developed an algorithmic solution 

for the analysis of MS/MS spectra of disulfide bonded peptides under non-

reducing condition. To determine disulfide linked sites, DBond takes into 

account fragmentation patterns of disulfide linked peptides in nucleoside 

diphosphate kinase (NDPK) as a model protein, considering fragment ions 

including cysteine, cysteine thioaldehyde (-2 Da), cysteine persulfide (+32 

Da) and dehydroalanine (-34 Da). Using this algorithm, this study 

successfully identified about a dozen novel disulfide bonds in a hexa EF-

hand calcium binding protein secretagogin and in methionine sulfoxide 
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reductase. It believe that DBond, which takes into account disulfide bond 

fragmentation characteristics and post translational modifications, offers a 

novel approach for automatic identification of unknown disulfide bonds as 

well as their sites in proteins from MS/MS spectra [15]. 

 

1-4. Novel oxidative modifications in redox active cysteine 

residues 

Reactive oxygen species (ROS), generated from various external stimuli, 

cause nonenzymatic oxidative cysteine thiol modifications in proteins, and 

mediate cell proliferation, apoptosis, cell migration, and inflammation, among 

others [23, 24]. Cysteine residues having a low pKa, called “redox-active 

Cys,” which are readily oxidized by ROS, thus play key roles in the regulation 

of protein function. The reversibility and the degree of oxidation state in 

redox-active Cys residues, is governed by the oxidative environment in the 

cell. Many reducing enzymes including families of peroxiredoxin (PRX), 

sulfiredoxin (SRX) and thioredoxin (TRX), also facilitate reversible cysteine 

oxidations by promoting reducing conditions. Sulfenic (Cys-SOH), sulfinic 

(Cys-SO2H), sulfonic acids (Cys-SO3H), and disulfide bond (Cys-SS-Cys), 

have long been recognized as products of Cys oxidation, but some novel Cys 

modifications hitherto unknown have been recently identified in peptide 

sequencing studies that employed sensitive tandem mass spectrometry [25, 

26]. In most proteins, the first oxidation product of Cys (Cys-SH) by H2O2 
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is Cys sulfenic acid (Cys-SOH). Although sulfenic acids have been recently 

identified in cellular proteins under relatively stable environments [27–29], 

they are unstable and are readily oxidized to sulfinic (R-SO2H) and sulfonic 

acids, or to disulfide by condensation with free sulfhydryl. Sulfinic acid was 

considered to be nonreducible until the discovery of an ATP-dependent 

sulfinic acid reductase, SRX [30]. SRX was shown to reduce sulfinic acid to 

sulfhydryl in PRX family by inducing local unfolding [31, 32]. Sulfinic acid is 

a relatively stable intermediate, but can be oxidized in vivo to sulfonic acid, 

the most highly oxidized and irreversible thiol [33–35]. Reversible disulfide 

bond (Cys-SS-Cys) formed by condensation of sulfenic acid with free 

sulfhydryl, plays a key role in signaling pathways [7]. Specific functional 

roles of some Cys modifications in numerous proteins have been 

characterized [32, 33]. Identification of post-translational Cys modifications 

in proteins thus paves the way to understanding how protein function is 

regulated. Mass spectrometry (MS), a highly efficient and sensitive 

technique [36], leads to the identification of new post-translational 

modifications (PTMs) caused by ROS in protein populations separated by 

2D-PAGE including phosphorylation [37] and Cys oxidation [11]. A newly 

developed algorithm, DBond, helped identification of disulfide bond formation 

using tandem MS [15]. In the present study, selectively excluded mass 

screening analysis (SEMSA) with nanoUPLC-q-TOF tandem MS were 

employed for detecting low abundant protein modifications [11], and MODi 
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and MODmap algorithm for searching for unknown modifications [14, 38]. 

This study characterized the nature as well as the abundances of these 

hitherto unknown Cys modifications in cellular GAPDH purified on 2D-PAGE. 

Unexpected mass shifts were found at active site Cys residue (△m = -16, 

-34, and +64 Da) in addition to those of previously known oxidation 

products including sulfinic and sulfonic acids, and disulfide bonds. Similar 

changes were also found in other ROS-sensitive proteins including 

nucleoside diphosphate kinase A (NDPK A), PRX6, and mitochondrial 

proteins. Mass differences of -16, -34, and +64 Da are presumed to reflect 

the conversion of Cys to Ser, DHA, and Cys-SO2-SH respectively. The 

plausible pathways leading to their formation from Cys were deduced from 

the distribution of the oxidative products and were confirmed in model 

systems by analyzing three-dimensional protein structures. Also sulfenic 

and sulfinic acids were detected as acylamide adducts (△m = +87 and +103 

Da) in samples on SDS-PAGE. These findings suggest that diverse Cys 

modifications of redox-active Cys can be generated by ROS. Further studies 

are conducting to characterize the biological regulation and functions of these 

modifications. 

 

1-5. Structural regulation of Nm23-H1 under oxidative 

conditions 

  Under oxidative conditions, redox-active cysteines undergo oxidative 

modifications with the formation of disulfides and derivatives such as sulfenic, 
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sulfinic and sulfonic acids [13]. These modifications are closely involved in 

the regulatory functions of many enzymes. The highly reactive cysteines in 

these redox-regulated proteins recognize changes in the redox environment 

through disulfide bonds and quickly translate their structures into active or 

inactive conformations. As a consequence of disulfide formation, OxyR [57] 

and Hsp33 [58] are activated and RsrA [59] and IpaH9.8 E3 ligase [60] are 

inactivated. The oxidation of a cysteine thiol to a sulfenic, sulfinic or sulfonic 

acid is known to inactivate peroxiredoxins [61] and phosphatases [62]. In 

contrast, these derivatives are essential for the proper function of matrix 

metalloproteases [63] and nitrile hydratases [64]. Therefore, the regulation 

of enzyme functions through oxidative modification may be common in nature. 

Nm23, a tumour metastasis suppressor, is a multifunctional housekeeping 

enzyme with nucleoside diphosphate kinase [65], histidine protein kinase 

[66]. It is involved in the regulation of tumour metastasis, development, 

differentiation, proliferation, endocytosis and apoptosis [23]. There are at 

least eight known NDPK genes in the human genome [67] with 

the common NDPK domain (Fig. 16). Interestingly, the tumour metastasis 

suppressing activity of Nm23-H1 is correlated with its oligomeric state 

rather than its NDPK activity [69]. A conformational change in the K-pn 

loop region is known to induce the dissociation of a hexamer into dimers. 

Previous studies were reported that Cys109 is modified to various oxidation 

states such as glutathionylation and sulfonic acid in response to treatment 

with H2O2 [42]. Cys4 and Cys145 form a disulfide bond under oxidative 
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conditions [70]. Interestingly, these modifications promote dissociation of 

Nm23-H1 from a hexamer into dimers [40]. As a result, oxidized Nm23-H1 

loses its tumour metastasis suppressor activity as well as its enzymatic 

activity.  

This study also observed that oxidized Nm23-H1 is a substrate of the 

NADPH–thioredoxin reductase 1–thioredoxin (NADPH– TrxR1–Trx) system 

and that disulfide cross-linking is recovered by this system [42]. However, 

the mechanism of the process of inactivation of Nm23-H1 by these oxidative 

modifications is not yet understood at the molecular level.  

Currently, 65 NDPK homologue structures have been deposited in the 

Protein Data Bank (PDB). They share a core globular α/β domain with 

more than 30% sequence identity. However, the oligomeric structure varies 

depending on the organism. For example, a dimeric form was observed in 

Halomonas sp. 593 [71], tetrameric forms in Myxococcus xanthus [72] and 

Escherichia coli [73] and hexameric forms in Dictyostelium discoideum [74] 

and Homo sapiens [75].  

A number of X-ray crystal structures are available for Nm23-H1, 

including native [75, 76], single-mutant [77] and double-mutant [78] forms. 

All form a hexamer with D3 symmetry and each subunit has a globular α/β 

domain with a ferredoxin-like fold and an extended C-terminal domain. The 

native form showed a difference from Nm23-H2 in electrostatic surface 

potential that influenced its DNA-binding properties [75]. Han et al. (2010) 

suggested a putative role of the N-terminal residues in the 30–50 
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exonuclease activity based on the observation of the N-terminal 310-helix 

H1 in their new crystal form [76]. Since Nm23-H1 was purified under 

reducing conditions in both cases, no oxidative modification was reported. 

The crystal structure of the S120G mutant found in several aggressive 

neuroblastomas indicated no significant changes compared with that of the 

wild type, implying that the mutation might affect other protein properties 

apart from the NDP kinase activity [77]. Structural study of H118G/F60W 

complexed with ADP, Ca2+ and inorganic phosphate led to the proposal of the 

possibility of designing nucleotide analogues with different affinities 

depending on the kinase type [78]. However, none of the reported NDPK and 

Nm23-H1 structures were studied under oxidative conditions.  

In order to identify the mechanism of the inactivation of Nm23-H1 by 

oxidative modifications, this study has determined the crystal structure of 

oxidized Nm23-H1 followed by a series of biochemical experiments. 

Hydrogen/deuterium-exchange (HDX) experiments were also performed to 

identify the dissociation dynamics of oxidized Nm23-H1 from a hexamer into 

dimers. Based on these studies, it concludes that regulatory processes for 

the inactivation of Nm23-H1 through a series of oxidative modifications are 

coupled to its oligomeric state. In addition, this study helps to understand the 

structure– activity relationships of the known Nm23-H1 mutants at the 

atomic level.  
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1-6. Quantitative analysis of redox sensitive proteins in 

response to H2O2 

Cellular ROS level is well regulated by fine control between ROS 

generation and elimination. However, molecular regulation mechanism of ROS 

generated by external simuli is not well understood. Also, biological studies 

neglected the Cys oxidation to inter- and intra-disulfide crosslinking since 

Laemmli suggested the reducing SDS-PAGE to solubilize the cellular 

proteins using -mercaptoethanol from 1970. With this reason, only a 

limited number of redox sensitive proteins have been described in 

oxidation/reduction processes. This study tried to investigate the oxidized 

proteins in response to oxidative stress by separating cellular proteins with 

SDS-PAGE under the non-reducing condition, and quantitative analysis of 

proteins employing isobaric tags for relative and absolute quantitation 

(iTRAQ) labeling and MS analysis. iTRAQ is an isobaric labeling method 

used in quantitative proteomics by mass spectrometry to determine the 

amount of proteins from different sources in a single experiment, It uses 

stable isotope labeled molecules that can be covalent bonded to the N-

terminus and side chain amines of proteins. Mobility shift of oxidized proteins 

by formation of inter- and intra-disulfide bonds can be detected and the 

quantitative changes by oxidative stress were detected in various cellular 

localizations including cytosol, plasma membrane, nucleolus and nuclear 

membrane. The specific disulfide linkages were detected by searching the 



- 24 - 

 

MS/MS spectra using DBond algorithm for searching for redox reactive 

protein keeping the disulfide bond [18-20]. This is the first quantitative 

comprehensive investigation of cellular oxidized proteins.  
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2. Part 1. Novel oxidative modifications in redox 

active cysteine residues 

 

2-1. Material & methods 

 

Protein Samples 

Human embryonic kidney epithelial cells (HEK293T) were grown and 

maintained in high glucose Dulbecco’s modified Eagle’s medium supplemented 

with 10% fetal bovine serum at 37°C and 5% CO2. All experiments were 

performed on 50% confluent cell cultures. The cells (1.5 x 106) were seeded 

in 10-cm plates a day before transfection and transiently transfected with 6 

μg of Flag-GAPDH expression plasmid by calcium phosphate method. The 

medium was refreshed 6 h following transfection, cultured for additional 19 h, 

and incubated with 1 mM H2O2 in Hanks balanced salts for 1 h at 37 °C. For 

immunoprecipitation studies, the cells were lysed in a buffer containing 50 

mM Tris base, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, 1 mM 

phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 5 μg/ml aprotinin, 1 μ

g/ml leupeptin, 5 mM NaF, pH 8.0, for 30 min on ice. The lysates were 

centrifuged at 20,000 x g for 1 h and the supernatants incubated for 3 h at 

4 °C with monoclonal anti-Flag M2-affinity agarose beads. The beads were 
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washed three times each with 1 ml of lysis buffer [11]. The precipitated 

immune complexes were left to stand for 30 min at room temperature in a 

sample buffer containing protease inhibitors (9.5 M urea, 2% Triton X-100, 

5% β-mercaptomethanol, 1 mM phenylmethylsulfonyl fluoride, 5 μg/ml 

aprotinin, 10 μg/ml pepstatin A, 10 μg/ml leupeptin, 1 mM EDTA, 10 mM 

Na3VO4, 10 mM NaF), applied by cup loading at the acidic end and 

electrofocused in 7 or 18 cm Immobiline DryStrips (pH 3–10) with the 

Amersham Biosciences IPGphor. The strips were then agitated for 15 min in 

an equilibration buffer (1.5 M Tris-Cl, pH 8.8, 6 M urea, 30% glycerol, 2% 

SDS, and 10 mg/ml dithiothreitol) and subjected to two-dimensional SDS-

PAGE. Recombinant nucleoside diphosphate kinase A (NDPK A) and its C4S 

mutant were isolated from the cytosolic fraction of E. coli strains BL21 (DE3) 

transformed with pET-3c expression plasmids containing nm23-H1 coding 

region, purified by ATP column chromatography [39, 40] as follows. The 

cytosolic fractions were each applied to 2 4 ml of ATP-Sepharose column 

equilibrated with Buffer A (20 mM Tris acetate, 20 mM NaCl, 0.1 mM EDTA, 

3 mM MgCl2, pH 7.4) at a flow rate of 3 ml/min. The columns were then 

washed with buffer A and then with the same buffer A containing 0.25 M 

NaCl, to remove nonspecifically bound proteins and eluted with Buffer A 

containing 1 mM ATP. The recombinant NDPK A was then treated with 1 or 

5 mM H2O2 for 30 min followed by phosphate-buffered saline or the 

alkylating agent, 20 mM N-ethylmaleimide (NEM) for 30 min at 37 °C. 
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NDPK A was finally subjected to 12% SDS-PAGE under nonreducing 

conditions, to confirm oxidation states and identified by staining with 

Coomassie blue. Mitochondrial proteins from mouse livers were purified 

using a Subcellular Proteome Extract kit (Calbiochem) as previously 

reported [41]. They were solubilized in a lysis buffer and separated on two 

dimensional-PAGE as described previously [11, 37].  

 

Analysis of PTMs using nanoUPLC-ESI-q-TOF Tandem Mass 

Spectrometry 

The gel bands or spots were destained and digested with trypsin, or 

proteins in solution were digested with trypsin and the resulting peptides 

extracted as previously described [11]. The extracts were evaporated to 

dryness in SpeedVac and redissolved in 10% acetonitrile containing 0.1% 

formic acid. The dissolved peptides were desalted on line prior to separation 

using trap column (i.d. 180 μm x 20 mm, Symmetry® C18) cartridge, and 

separated on a C18 reversed-phase 75 μm i.d. x 200 mm analytical column 

(1.7 μm particle size, BEH130 C18, Waters Co. UK) with integrated 

electrospray ionization PicoTipTM (± 10 μm i.d., New Objective, USA) 

using nanoAcquityTM/ESI/MS (SYNAPTTM HDMSTM, Waters Co., UK) as 

previously described [42]. 

 

Database Search 
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The raw data files obtained from the mass spectrometry were converted 

to .pkl files using ProteinLynx Global Server data processing software 

(PLGSTM, version 2.3, Waters Co. UK). Tandem MS (MS/MS) spectra were 

matched against amino acid sequences in SwissProt human database (version 

57.8., 20401 entries) using Mascot search (version 2.2.06). The search 

parameters were as follows: 0.3 Da tolerance for peptide and fragment ions; 

digestion with trypsin with up to one missed cleavage allowed. Acetylation 

(N-terminal), formylation (Lys), deamidation (Asn and Gln), oxidation (Met), 

phosphorylation (Ser, Thr, and Tyr), pyro-Glu modification (N-terminal Glu 

and N-terminal Gln), and propionamidation or cabamidomethylation (Cys) 

were the searched modifications. After establishing the number and types of 

potential PTMs by the Mascot search, additional searchs were performed by 

MODi, DBond and MODmap (http://prix.hanyang.ac.kr/) [14, 15, 38] against 

FASTA files of each protein, downloaded from NCBI 

(http://www.ncbi.nlm.nih.gov/protein/). Only significant hits, indicated by 

MASCOT probability analysis (probability based Mowse score p < 0.05) 

were considered. In addition, a minimum total score of 50, comprising at 

least a peptide match of ion score more than 20, was arbitrarily set as 

threshold for acceptance. All reported assignments were verified by 

automatic and manual interpretation of spectra. Each modification was 

assigned with an observed mass shift. 

 

Model Building and Evaluation  
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Energy minimized models of human NDPK A, with Cys109 modified to 

Cys-SO2-SH were built based on its known structure (PDB ID: 1JXV), using 

MMFF94 parameters of the energy minimization protocol of sybylx1.1 

(CERTARA, MO). The stereochemistry of the minimized structure was 

evaluated and assessed by PROCHECK [43]. 
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2-2. Results 

 

GAPDH (P04406) was chosen as a model for investigating ROS induced 

redox-active Cys modifications, because this enzyme is known as a major 

redox-sensitive protein having three Cys residues, two (152CxxxC156) in 

active site, and one (247Cys) on the surface [11, 12]. HEK293 cells 

transiently transfected with Flag-tagged GAPDH, were exposed to 5 mM 

H2O2 for 1 h at 37 °C. Cellular GAPDH was purified by immunoprecipitation 

using flag-antibody, and the immune-complex was separated on 2D-PAGE 

(pH 3–10, Fig. 5C). PI shifts was observed to acidic region in oxidized 

GAPDH. This study looked for less abundant modifications in Cys residues in 

each spot using peptide sequencing with nanoUPLC-ESI-q-TOF tandem MS, 

employing SEMSA for sensitive detection of low abundant PTMs [11] and 

searching for unknown PTMs using MODi and MODmap algorithm [14, 38]. 

The observed Cys modifications are shown in Fig. 5A. These include 

modifications at Cys152 in the peptide 146IISNASCTTNCLAPLAK162 (m= 

1718.8695 Da) containing active site 152CTTNC156, and at Cys247 in the 

peptide 235VPTANVSVVDLTCR248 (m = 1472.7656 Da). Most free 

sulfhydryls were easily labeled by generating acrylamide adduct 

(propionamide, Caa, △m = 71.0359 Da) in SDS-PAGE. But some fractions of 

Cys152 were oxidatively modified with intradisulfide bond formation between 

Cys152 and Cys156 (△m = -2 Da), sulfonic acid modification (152Cys- 
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SO3H, △m = +48.0380 Da), and unexpected mass shifts (△m = -16 or 

+64 Da). Intriguingly, the only modification at Cys156 detected was the 

acrylamide adduct of free sulfhydryl, no oxidative modification.  

 Other oxidative modifications including sulfinic, sulfonic acid, and 

dehydroalanine at Cys247 were also identified. These novel modifications at 

Cys152 and Cys247 were confirmed by sequencing with tandem MS, (Fig. 

5B and 6). Mass shifts of -15.94 Da, and -34 Da, at the Cys residue are 

presumed to indicate conversion of Cys to Ser and DHA respectively. A 

hitherto unknown mass shift, △m = +63.97 Da, was observed in the MS/MS 

spectrum in Fig. 5B. The MS/MS spectrum containing an unknown mass shift 

(△m = +63.97 Da) of the precursor ion were examined, and found the 

simultaneous existence of DHA fragment ions at Cys152 (Fig. 5B), neutral 

loss. This suggests that the mass shift +64 Da at Cys152 is an oxidative 

modification, because DHA fragment ions are readily generated in gas phase 

only from oxidized Cys modifications, and not from free sulfhydryl, as 

previously reported [44]. This study quantitatively analyzed these 

modifications based on precursor ion intensities in spots 1 and 2 on 2D-

PAGE (Fig. 5C). The relative intensities of each modification are presented 

in Fig. 5D. Discernible changes in Cys modifications were observed in each 

spot on 2D-PAGE. Acidic spot 2 contained more sulfonic acid and unknown 

△m = +64 Da changes at Cys residue, and less free sulfhydryl as 

acrylamide adduct (AA) and Cys conversion to Ser (△m = -16 Da) in a 

peptide including active site than control spot 1. This suggests that unknown 
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mass change (△m = +64 Da) moves GAPDH mobility toward acidic direction 

on 2D-PAGE. 

 Molecular ion mass increase of +63.97 Da at Cys residue can be deduced 

as SO2 and O4 within 5 ppm from same nominal mass candidates of SO2, O4, 

S2, C4O, CH4SO etc. because other candidates show more than 10 ppm 

deviation. Also O4 was ruled out because of the high reactivity of RSO2OOH 

(sulfonoperoxoic acid) [45]. That leaves conversion of Cys-SH to Cys-

SO2SH as the only plausible modification. Two possible routes can be 

suggested for this modification. In one possible route, disulfide bond (Cys-

S-S-Cys) generated by condensation of sulfenic acid and sulfhydryl of Cys, 

is cleaved to DHA (R = CH, △m = -34 Da) and persulfide (Cys-S-SH, △

m = +32 Da), which in turn is produced by cleavage of carbon and sulfur 

bond (C-S) of the disulfide bond by a basic residue in close proximity [46, 

47], followed by further oxidation to Cys-SO2-SH as shown in Eq. 1. In the 

second possible route, thiosulfinate (Cys-S-SO-Cys) is generated from 

condensation of two sulfenic acids, then oxidized to thiosulfonate (Cys-S-

SO2-Cys), with cleavage of the C-S bond to DHA (△m = -34 Da) with the 

formation of Cys-SO2-SH (△m = +64 Da) as shown in Eq. 2, because 

Cys-SO2-S- is a better leaving group than Cys-S-SO2
-. Although DHA 

generated in Eq. 1 or Eq. 2 can be further modified to Ser under various 

cellular environments (Eq. 3), modification of Cys to Ser more likely occurs 

directly from thiosulfonate (Cys-SSO2-Cys) as shown in Eq. 4. 
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Cys-S-OH + Cys-S-H → Cys-S-S-Cys → Cys-S-SH + DHA 

→ Cys-S-SH → Cys-S-SOH → Cys-S-SO2H (Eq. 1) 

Cys-S-OH + Cys-S-OH → Cys-SO-S-Cys 

→ Cys-SO2-S-Cys → Cys-SO2-SH + DHA    (Eq. 2) 

DHA + H2O → Ser                                                 (Eq. 3) 

Cys-S-SO2-Cys + OH- → Cys-SO2-S- + Ser                    (Eq. 4) 

 

To further identify the oxidation pathway that produces Cys-SO2SH, DHA 

or Ser, from Cys, this study employed recombinant NDPK A (P15531), as a 

model system. NDPK A is an oxidation-sensitive enzyme that plays key 

roles both as a tumor metastasis suppressor and as a house-keeping enzyme 

[40, 42]. Redox active Cys109 of NDPK A, is easily oxidized, forming 

disulfide bonds with NDPK A and glutathione, and to sulfonic acid [42]. This 

oxido-reduction regulates the biological activities of NDPK A as an enzyme 

and as a tumor metastasis suppressor. This study analyzed various oxidation 

states of recombinant NDPK A with MS (Fig. 7A). Purified recombinant 

NDPK A was incubated with or without 20 mM NEM in phosphate-buffered 

saline for 30 min to block free Cys sulfhydryl residues, and separated under 

nonreducing SDS-PAGE. NEM treated NDPK A exists in one reduced form, 

whereas oxidized NDPK A exists in two populations including a band 

containing intradisulfide bond (Fig. 7B). Each population was subjected to 

tandem mass spectrometric analysis and then to a DBond algorithm [15] 

search for disulfide linked peptides. NEM-treated NDPK A showed mostly 
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NEM-labeling on Cys residues. However, mildly oxidized NDPK A without 

NEM treatment, showed various modifications including intradisulfide bond 

(m 1582.72 Da) between 106GDFCIQVGR114 and 2ANCER6 as identified by 

tandem MS (Fig. 7C). It also contained the oxidative products of this 

disulfide bond as precursor ions of thiosulfinate (△m = +15.99 Da) and 

thiosulfonate (△m = +31.98 Da) as shown in Fig. 7D and MS/MS spectrum 

of thiosulfonate in Fig. 8. This finding of thiosulfonate suggests that the +64 

Da at Cys109 represents Cys-SO2-SH. Also DHA was simultaneously 

observed as the C-S cleavage product of thiosulfonate and Cys-S-CN (Fig. 

9).  

To ascertain the relation between unknown modifications and the disulfide 

bond, semiquantitative analysis of each species was performed in reduced 

NDPK A treated with NEM, and oxidized NDPK A, and integrated area of 

precursor ions using MS chromatograms obtained in response to precursor 

m/z with 0.2 Da. Digestion of reduced and oxidized NDPK A was performed 

in solution, not on the gel, because oxidized NDPK A exits as two populations 

on SDS-PAGE gel (Fig. 7B). Equivalent amounts of the reduced and oxidized 

NDPK As were loaded and analyzed. Glu-fibrinopeptide (GFP) was used as 

an internal standard, because this peptide does not have any oxidation 

residues and the ionization efficiency is high enough to allow quantitative 

analysis. MS chromatograms of various modifications at Cys109 of peptide 

106GDFCIQVGR114 of NDPK A, including NEM labeled, intra disulfided with 

2ANCER6, Cys-SO2-SH, DHA and cyano were extracted and quantified. 
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Fig. 7. The origins of novel Cys modifications analyzed using recombinant 

NDPK A.  

A, Summary of observed modifications at 109C in peptide 106GDFCIQVGR114 
of purified recombinant NDPK A by MS/MS analysis. Peptide m/z and 
calculated mass, and detected nominal mass changes at 109C residues were 
presented. B, Samples analyzed in MS/MS analysis were separated on SDS-
PAGE under nonreducing conditions and stained with Coomassie blue. This 
gel shows that NDPK A contains intradisulfide bonds. C, MS/MS spectrum of 
intradisulfide bond in a solution of recombinant NDPK A between 
106GDFCIQVGR114 and 2ANCER6. Cs indicates cysteine persulfide fragment 
ion and star indicates fragment ion that lost H2O or NH3. D, MS spectra of 
thiosulfinate and thiosulfonate through further oxidation of disulfide bond in a 
solution of recombinant NDPK A. E, Quantitative MS analyses of 
modifications in peptide  106GDFCIQVGR114 of control and oxidized NDPK A 
in solution were carried out based on precursor ion intensities using Glu-
fibrinopeptide as an internal standard. F, A new modification of Cys109 in the 
modeling structure of human NDPK A. NDPK A is a homohexameric protein. 
Each subunit was represented with different colors. The image shows a 
region around Cys109 located on the chain A of the NDPK A structure. The 
residues consisting of near Cys109 are represented by stick models. Yellow 
color represents sulfur, blue for nitrogen, red for oxygen, and green for 
carbon. The modified Cys109 is stabilized by positively charged environment 
mainly contributed by Arg18 and partly by two backbone nitrogen atoms of 
Ile110 and Gln111. There is a room to accommodate the extra sulfur and 
oxygen of modified Cys109 following energy minimization. 
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The extracted chromatogram area of each species was integrated and 

comparison was made between reduced and oxidized forms of NDPK A, as 

shown in Fig. 7E. The extraction peak areas do not reflect the absolute 

quantities of each species, because the ionization efficiencies of the peptides 

vary depending on their amino acid sequence and the degree of modification. 

But they indicate the relative abundance of each species in the oxidized and 

reduced forms. In control NDPK A (reduced monomer labeled with NEM), 

the peptide 106GDFCIQVGR114 was labeled with NEM, and there were 

negligible amounts of oxidation products. However, as shown in Fig. 7E, 

oxidized NDPK A, which has an intradisulfide bond, contained a significantly 

increased amount of peptide-containing disulfide bonds, Cys-SO2-SH (△m 

= + 64 Da), DHA, and Cys-S-CN. On the other hand, the amount of peptide 

containing Ser converted from Cys, is negligible and there was no discernible 

difference between the two forms in this regard. These results along with 

the GAPDH study clearly indicate that novel Cys modifications to Cys-SO2-

SH (△m = +64 Da), DHA, and Ser proceed via thiosulfonates, the oxidized 

products of disulfide bonds through pathways depicted in Eq. 2 and/or Eq. 4. 

The oxidative modification produces either Cys-SO2-SH/DHA or Cys-SO2-

SH/Ser as pairs. It is presumed that when the redoxactive Cys residues are 

oxidized to form disulfide species, further oxidation produces thiosulfonates, 

and the basic residues serve as bases to form DHA or Ser. The pathway in 

Eq. 2 is possible because sulfenic acid generated from redoxactive Cys in the 

protein is relatively stable and long living, otherwise the reactive sulfenic 
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acid would form a disulfide bond. Lack of thiosulfinate-driven modifications 

in the model synthetic peptide, also suggests that the predicted oxidative 

modification pathways can exist.  

To confirm that the modification, Cys-SO2-SH (△m = +64 Da) at Cys109 

of NDPK A is derived from a disulfide bond, this study examined the 

modifications at C109 of NDPK A mutant, C4S (Cys4 mutated to Ser). 

Purified recombinant wild-type and C4S mutant of NDPK A were treated 

with various concentrations of H2O2 followed by 20 mM NEM and separated 

on 12 % SDS-PAGE under nonreducing conditions and modifications in each 

NDPK band were examined. As shown in Fig. 10A, C4S mutant of NDPK A 

cannot form intradisulfide bonds (lower band). Oxidative modifications 

including Cys-SO2-SH (△m = +64 Da) of wild-type and mutant NDPK A 

were identified and quantitatively analyzed in the MS-chromatogram (Fig. 

10B) using 529.69 Da precursor ion of △m = +64 Da (Fig. 10C). Negligible 

amounts of Cys-SO2-SH (△m = +64 Da) or other oxidation states at C109 

were detected in this mutant (Fig. 10B and D). This confirms that Cys-SO2-

SH (△m = +64 Da) at Cys109 of NDPK A originated from the disulfide 

crosslinking between C4 and C109.  

To explore what other modifications are possible at the region around 

Cys109 of NDPK A, it constructed a model of Cys-SO2-SH at Cys109, 

based on the known crystal structure of native human NDPK A. NDPK A is 

known to form interdisulfide bonds between Cys109 and neighboring Cys109 

(40) and intradisulfide between Cys4 and Cys109. Based on the energy 
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minimized model of NDPK A, Cys-SO2-SH and Cys-SO3H could be 

accommodated in the region around Cys109 without clashes with surrounding 

residues and this negative charge at Cys109 is stabilized by forming a salt 

bridge with Arg18 within 1.8 Å (Fig. 7F). Because Arg18 is one of the 

residues necessary for the biological function of NDPK A, inactivation of 

NDPK A under oxidative conditions is partly explained by this finding with 

the energy minimized model [43].  

To select the most plausible among the proposed pathways for Cys 

modification, other model systems were prepared and tested. These model 

systems, which included N, N- Di-Cbz-L-Cystine dimethylester (2) and 

thiosulfonate (3) obtained from m-CPBA oxidation of 2 were used to test 

the plausibility pathways in Eq. 1 and Eq. 2 [48]. When 2 and 3 were 

subjected to various basic conditions, clear differences were noted in their 

ability to form DHA (Table I). Although both substrates were capable of 

generating DHA, thiosulfonate (3) showed much higher ability to form DHA 

under mild basic condition (entries 1 and 3). When the reaction was tested 

under physiologically relevant conditions, only thiosulfonate (3) produced 

DHA (entries 3, 4, and 5) along with a trace of Ser derivative as detected by 

MS (entry 5), suggesting that DHA and Ser can produced from thiosulfonate 

inside the cell. The leaving group ability of Cys-SO2-S- in conjunction with 

the inability of DHA to undergo direct hydration reaction with the hydroxide 

ion (Scheme 1), strongly suggests that the formation of Ser follows the 
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pathway in the Eq. 4 rather than in Eq. 2.  

A plausible mechanism for Ser formation is also depicted in Scheme 1. 

This mechanism is analogous to the known transformation of Cys to Ser 

under basic conditions. The hydroxide assisted attack of carbonyl oxygen at 

the neighboring amide forms C-O bond while cleaving the C-S bond of 

thiosulfonate, and converting the intermediate into Ser [49]. This explains 

why the Cys modification produces mostly either DHA with Cys-SO2-SH or 

Ser with Cys-SO2-SH instead of simultaneously forming all three 

modifications, presumably depending on the location of the relevant basic 

residue and the three-dimensional structure of the disulfide cross linked 

proteins.  

 

Newly Detected Modifications of Cysteine Include Formation of Sulfenic and 

Sulfinic Acid Derivatives—Scheme 2 summarizes the possible routes that 

produce novel oxidation products of redox-active Cys residue. These 

include, in addition to usual oxidation, alkylation of sulfenic and sulfinic acids 

or further oxidation of alkylated cysteine, because mass changes of +87 Da 

and +103 Da at Cys152 of GAPDH and Cys109 of NDPK A, respectively 

were observed (Figs. 11A–C). The +87 Da reflects an elemental composition 

of C3H5NO2, as determined by MassLynx, and this is the sum of 

propionamide (C3H5NO, △m = +71 Da, an acryl amide adduct), and oxygen 

(O, with △m = +16 Da), corresponding to acrylamide adduct of sulfenic acid. 

The +103 Da shift also suggests a species that has been oxidized in one 
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additional step at the cysteine residue, and causes a +87 Da shift as 

acrylamide adduct of sulfinic acid. This suggests that sulfenic and sulfinic 

acids can readily react with acrylamide as well as cysteine sulfhydryl. To 

confirm that sulfenic and sulfinic acid react with various alkylating agents as 

well as acrylamide, it examined the alkylation products of oxidized Cys 

residue in recombinant NDPK A using other alkylating agents. The alkylation 

products in oxidized Cys with iodoacetamide, were derivatives with △m =  

+73 Da (16 (O) + 57 Da) from sulfenic acid and △m = +89 Da (32 (2O) + 

57 Da) from sulfinic acid. As shown in Figs. 11D and E, alkylation of sulfenic 

and sulfinic acids at C109 residue in NDPK A was readily detected with 

iodoacetamide (Data from another alkylation with NEM are presented in Fig. 

12. It is not possible to infer the routes of formation of these products. 

Because these alkylation products of sulfenic and sulfinic acids are possibly 

produced by both pathways, this study tried to determine whether the 

acrylamide adduct of Cys is oxidized to mass shift +87 and +103 Da during 

experimental procedures, or whether sulfenic and sulfinic acids reacted with 

acrylamide to generate the acrylamide adducts. If the first premise is right, 

mass shift +87 and +103 Da can occur in all cysteine residues. However, as 

mentioned above, in redox-active 152CXXXC156 of GAPDH, Cys156 was 

labeled with acrylamide but there was no +87 or +103 Da, and only Cys152 

was readily modified to mass shift +87 Da and to sulfonic acid, the final 

product of sulfenic and sulfinic acids (Fig. 5A). This indicates that mass 

shifts of +87 and +103 Da are from acrylamide adducts of sulfenic and 
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sulfinic acids produced on SDS-PAGE gel. To confirm that acrylamide 

adduct of sulfenic and sulfinic acids is readily generated from relatively 

stable sulfenic and sulfinic acids in redox-active cysteines, we examined the 

mass changes in NDPK A treated, first without or with 5 mM H2O2, and then 

with 20 mM NEM, and in NDPK A treated with 20 mM NEM first and then 

oxidized with 5 mM H2O2. As shown in Fig. 12, only negligible amounts of 

NEM adducts of sulfenic and sulfinic were detected in NEM treated NDPK A 

without oxidation; NEM adduct of sulfenic and sulfinic acids, and sulfonic acid 

were detected only in oxidized NDPK A; and NEM adduct of sulfenic acid, but 

not sulfinic acid, was detected in NDPK A treated with NEM first and then 

oxidized. These findings indicate that acrylamide adducts of sulfenic and 

sulfinic acid are generated by alkylation of sulfenic and sulfinic acids, and not 

as artifacts of the experimental procedure, even though the acrylamide 

adduct of free sulfhydryl can be oxidized to sulfenic acid. Also oxidation of 

the acrylamide adduct of free sulfhydryl can randomly occur without any site 

specificity. Unstable and highly reactive sulfenic and sulfinic acids have been 

reported as intermediates in the eventual formation of disulfide and sulfonic 

acids [27, 28]. Mass spectrometric detection of sulfenic acid or sulfinic acid 

still remains a challenge, although some investigators provided evidence from 

tandem mass spectrometry that seems to suggest the existence of stable 

cysteine sulfenic acid in solution. There are also reports of the development 

of an immunochemical method for detecting sulfenic acid [27, 29]. Thus, 

overall, there seems to be some evidence that sulfenic acids do exist in vivo 
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and that they are stable to some degree in solution. However, it is not 

possible to totally exclude the idea that acrylamide adduct of sulfhydryl can 

be oxidized further. These results demonstrate that it is possible to detect 

sulfenic and sulfinic acids in proteins on gel using MS/MS.  

 

The Novel Cys Modifications Observed in GAPDH Also Occur in Mouse 

PRX 6 and Mitochondrial Proteins 

To explore whether the Cys modifications observed in GAPDH also 

generally occur in other proteins during cellular processes, this study 

examined Cys modifications in mouse PRX 6, oxidoreductase [50, 51], and in 

purified mouse mitochondrial proteins, which are readily oxidized by H2O2 in 

the respiratory chain. B16F10 melanoma cells and mitochondrial proteins 

from mouse liver were separated on 2D-PAGE, and PTMs in each spot 

analyzed by MS/MS using SEMSA and MODi. PRX6 obtained from mouse 

melanoma B16F10 cells, was separated on 2D-PAGE and its peptide 

sequence analyzed for Cys PTMs using tandem MS. Mass shifts to Cys-

SO2SH (△m = +64 Da), DHA (△m = -34 Da), sulfonic acid (△m = +48 

Da), and acrylamide adduct of sulfenic acid (△m = +87 Da) and sulfinic acid 

(△m = +103 Da) were detected at Cys47, a redox-reactive site [52], as 

shown In Figs. 13 and 14. Formation of Cys-SO2-SH or Cys-SO3H 

(sulfonic acid) at the redoxactive Cys47 in the PRX family is first identified 

in this study. To confirm that these modifications are from cellular oxidation, 

not artifacts of SDS-PAGE, it analyzed the modification of purified PRX6 in 
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solution with tandem MS in solution, without separation on SDS-PAGE. As 

shown in Fig. 15, mass shift to Cys-SO2SH (△m = +64 Da) was detected at 

Cys47, a redox-reactive site.  

The novel Cys modifications in GAPDH were also found in 14 of 57 

mitochondrial proteins examined. The modifications and their locations in 

these 14 proteins are summarized in Table 3. It is interesting that proteins 

functionally involved in cellular redox homeostasis such as sulfite oxidase 

(SOD, Q8R086), and protein disulfide- isomerase (PDI, P09103) especially 

known to generate disulfide bonds in response to ROS, were heavily modified 

in their redox-active cysteine residues. In the remaining 43 mitochondrial 

proteins, no novel Cys modifications were detected under our experimental 

conditions, but it is possible that these proteins may be also modified 

similarly or otherwise in other cellular environments. Thus novel Cys 

modifications can occur widely in cellular processes influencing protein 

folding, protein-protein interactions, oxidation-reduction potentials, and 

other protein functions. This is an interesting area requiring further studies. 
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2-3. Discussion 

 

Redox-active Cys, and other cysteine residues that are readily oxidized, 

can play key roles in signaling pathways that regulate biological functions. 

Among Cys modifications, long recognized are the disulfide bond, and 

sulfenic-, sulfinic-, and sulfonic acids. The present studies describe and 

validate unexpected Cys modifications at redox-active Cys in various 

proteins. Employing high resolution nanoUPLC ESI tandem MS combining 

selectively excluded mass screening analysis (SEMSA) [11] and MODi and 

MODmap algorithm [14, 38], to search for unknown PTMs, this study 

identified some novel Cys modifications at redox-active Cys, including Cys-

SO2SH (△m = +64 Da), DHA (△m = -34 Da), conversion of Cys to Ser, 

and acrylamide adducts (△m = +87 and +103 Da) of sulfenic and sulfinic 

acid, in GAPDH, NDPK A, PRX6, and mitochondrial proteins. This study 

proved, by elemental composition analysis, that the mass shift of +64 Da is 

sulfur dioxide (-SO2) and by hypothesis based quantitative analysis, that it 

originates from a disulfide bond. These results are summarized in Scheme 2. 

This study also performed quantitative analysis of modified peptides at the 

reactive cysteine residue in reduced and oxidized conditions using model 

recombinant protein NDPK A. This model system was chosen because NDPK 

A is easily oxidized to form intra- and inter- disulfide bonds [40, 42]. 

Oxidized recombinant NDPK A and its mutants with and without disulfide 
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bonds were analyzed using MS spectrometry. These studies prove the 

existence of disulfide bond associated novel modifications. The NDPK A 

system, compared with GAPDH, contained DHA and Cys-S-CN. The amount 

of peptide containing Ser converted from Cys is negligible. From the results 

of our GAPDH study one could presume that the novel modification produces 

either Cys-SO2-SH/ DHA or Cys-SO2-SH/Ser as pairs. Although cleavage 

of the disulfide bond is not easy because of the poor leaving group ability of 

Cys-S-S-, further oxidation of thiosulfonate can be ruled out because Cys-

SO2-S- is a good leaving group. This reactivity pattern suggests that 

redox-active Cys oxidized to sulfenic acid in response to ROS, can generate 

a disulfide bond or thiosulfinate, depending on the protein environment. 

Although the disulfide bond can be reversibly reduced, thiosulfinate can be 

further oxidized to thiosulfonate, which can be readily cleaved to form Cys-

SO2-SH and DHA, or substituted with hydroxide to form Ser and Cys-SO2-

SH. Of these, thiosulfinate intermediate between peroxiredoxin and 

sulfiredoxin was demonstrated in the catalytic mechanism of sulfiredoxin [52, 

53]. The formation of thiosulfonate and its cleavage to Cys-SO2-SH, has 

not been reported prior to this study, possibly because the earlier studies did 

not employ highly sensitive techniques such as SEMSA or MODi for 

identifying unknown or less abundant PTMs. 

The possible pathways for novel Cys modifications were tested using 

model systems. Our suggested pathway involves initial cleavage of carbon-

sulfur bond in the disulfide bond or in thiosulfonate. The cleavage of disulfide 



- 61 - 

 

bond would produce DHA and persulfide, which could be further oxidized to 

Cys-SO2-SH as shown in Eq. 1. Thiosulfinate is generated from 

condensation of two sulfenic acids, and then oxidized further to produce 

thiosulfonate, which then produces DHA and Cys-SO2-SH as shown in Eq.2. 

Eq. 1 and Eq. 2 were tested in model systems using N, N-Di-Cbz-L-

Cystine dimethylester (2) and m-CPBA oxidation derivative of 2 (3). When 

2 and 3 were subjected to various basic conditions, they showed clear 

differences in their ability to form DHA with persulfide or Cys-SO2-SH 

(Table 1). Thiosulfonate model compound 3 was cleaved much more 

efficiently than 2 whereas only a trace amount of Ser derivative was 

detected (entry 5). This confirms that the origin of novel modifications is the 

thiosulfonate. The proposed pathway for the conversion of Cys to Ser 

indicated in Eq. 3 and Eq. 4 was based on the fact that the Cys modification 

produced either DHA/Cys-SO2-SH or Ser/ Cys-SO2-SH. These results can 

only be explained by a Cys to Ser conversion mechanism that is independent 

of the formation of DHA. Otherwise, both Ser and DHA would be detected 

simultaneously. These pathways were clearly demonstrated in model 

compounds 2 and 3. Thiosulfonate 3 showed much higher reactivity than 

disulfide 2 in Table 2. The lack of the reactivity of DHA with the hydroxide 

ion along with detection of Ser in minute amounts also supports the proposed 

mechanism for Cys to Ser transformation depicted in the Scheme 1. The 

modifications identified in redox-active Cys seem to occur quite commonly 

in many cellular proteins including PRX6, and various mitochondrial proteins 
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that have reactive Cys. Because these Cys modifications irreversibly change 

protein sequence, they might have as yet unknown biological effects that 

need to be identified. Cys oxidation, sulfation, sulfite (SO3
2-), and sulfur 

dioxide (SO2) formation have all been reported as artifacts of the silver 

staining procedure [54, 55] used in the preparation of samples for SDS-

PAGE gel. In this study, such artifacts were avoided by employing 

Coomassie blue staining as an alternate procedure and still detected chemical 

modifications of sulfenic and sulfinic acids (acrylamide adducts, +87 and 

+103 Da). These alkylations of sulfenic and sulfinic acids were also detected 

using other alkylation agents, such as iodoacetamide and NEM. There are 

two possible ways to generate these alkylation products: alkylation of 

sulfenic and sulfinic acids and alkylation of Cys residue followed by oxidation. 

It preferred the first possibility, because it is hard to detect +87 and +103 

Da in reduced proteins. This study sugests that other unknown and low 

abundant modifications will possibly be revealed when the SEMSA method is 

used in conjunction with unrestricted search engines MODi and MODmap. 

Such an approach can be extended to proteins having catalytic redox-active 

cysteine residues identified by high throughput methodology [56]. 
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3. Part 2. Structural regulation of Nm23-H1 

under oxidative conditions. 

    

3-1. Material & methods  

 

Materials 

The sources of various materials used in this study are as follows. 

Monoclonal anti-FLAG antibody (M2), deuterium oxide (D2O; ≥ 99.9 atom% 

D) and other biochemical including bis-acrylamide, TEMED, ammonium 

persulfate, sodium dodecyl sulfate (SDS), glycerol, glycine, β-

mercaptoethanol and ATP-agarose were from Sigma (St Louis, Missouri, 

USA) and monoclonal anti-tubulin antibody was from Santa Cruz 

Biotechnology (Santa Cruz, California, USA). Eagles’ minimum essential 

medium (EMEM) was from the American Type Culture Collection (ATCC; 

Manassas, Virginia, USA). Penicillin/streptomycin, fetal bovine serum and 

trypsin were from GIBCO Life Technologies Inc. (Grand Island, New York, 

USA). PEI cellulose TLC plates were from Altech (Deerfield, Illinois, USA) 

and sequencing-grade trypsin was from Promega (Fitchburg, Wisconsin, 

USA). [γ-32P]ATP was from DuPont NENTM (Boston, Massachusetts, USA) 

and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was from Sigma–

Aldrich (St Louis, Missouri, USA), trifluoroacetic acid (TFA), formic acid 

(FA) and HPLC-grade acetonitrile were from Merck (Darmstadt, Germany) 
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and HPLC-grade water was from J. T. Baker.  

 

Plasmids and protein purification 

The expression plasmid pET-3c containing Nm23-H1 was provided by Dr 

P. S. Steeg at NCI, USA. For expression in mammalian cells, Nm23-H1 was 

cloned into the FLAG vector. E. coli strain BL21 (DE3) was used for protein 

expression. Recombinant protein was purified as described previously [19]. 

Cytosolic fractions of E. coli strain BL21 (DE3) transformed with pET-3c 

expression plasmids containing the Nm23-H1 coding region were obtained 

after inducing the expression of each protein with 0.2 mM IPTG as described 

previously. Each cytosolic fraction was applied onto a 2–4 ml ATP Sepharose 

column equilibrated with buffer A (20 mM Tris–acetate, 20 mM NaCl, 0.1 mM 

EDTA, 3 mM MgCl2 pH 7.4) at a flow rate of 3 ml/min. The column was 

washed with buffer A and then with buffer A containing 0.25 M NaCl to 

remove nonspecifically bound proteins. Nm23-H1 was then eluted with 

buffer A containing 1 mM ATP [39].  

 

NDPK activity assay 

The enzymatic activity of Nm23-H1 was measured as reported previously 

[40]. The enzyme was incubated in a 20 ml volume of reaction buffer B 

consisting of 20 mM HEPES pH 7.4, 0.1 mM ATP, 1 mM UDP as a substrate, 

0.1 mCi [γ-32P]ATP and 3 mM MgCl2 for 10 min at 310 K. The reaction 

was stopped by adding gel-sample buffer consisting of 125 mM Tris base, 
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2.3% SDS, 10% glycerol. Aliquots were loaded onto PEI cellulose TLC plates 

and developed in 0.75 M KH2PO4 pH 3.6. The dried TLC plates were 

exposed for autoradiography and the formation of [γ-32P]UTP was 

quantified using a Fuji Photo Film BAS 2000 (Tokyo, Japan). All 

measurements were performed in triplicate.  

 

Sample preparation for mass spectrometry 

Nm23-H1 was separated by gel electrophoresis and was detected by 

Coomassie Blue staining. The gel bands were excised with a scalpel, 

destained with 25 mM NH4HCO3/50% acetonitrile and washed to remove the 

destaining reagent. The pH was adjusted to 8.0 with 200 mM NH4HCO3 to 

facilitate trypsin digestion. The gels were dehydrated by the addition of 

acetonitrile, rehydrated by adding 10–20 ml 25 mM NH4HCO3 with 20 ng/L 

sequencing-grade trypsin (Promega Co.) and incubated at 37°C for 15–17 h. 

Peptides were extracted by adding 30 ml of a solution containing a gradient 

from 60% acetonitrile/0.1% TFA to 100% acetonitrile and the extracts were 

pooled and evaporated to dryness in a SpeedVac for MS analysis. Formic 

acid was added to the sample to a final concentration of 0.1% to facilitate 

electrospray ionization.  

 

Peptide sequencing and quantification 

Peptides were analyzed by nanoUPLC-ESI-q-TOF tandem MS (SYNAPT 
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HDMS, Waters Co., UK). Peptides were separated using a C18 reversed-

phase 75 μm internal diameter x 200 mm analytical column (1.7 μm 

particle size; BEH130 C18, Waters) with an integrated electrospray 

ionization PicoTip (±10 μm; New Objective, USA). 10 μl of peptide 

mixture was dissolved in 0.1%(v/v) formic acid in water, injected onto a 

column and eluted with a linear gradient of a 5–80% buffer containing 

0.1%(v/v) formic acid in acetonitrile over 120 min. Samples were desalted 

online prior to separation using a trap column (180 μm internal diameter x 

20 mm; Symmetry C18, Waters) cartridge. Initially, the flow rate was set to 

300 nl min-1 and the capillary voltage (2.5 keV) was applied to the 

nanoUPLC mobile phase before spraying. Chromatography was performed 

online to the mass spectrometer. In the first run, the four most abundant 

precursors were selected for MS/MS analysis. Following positive 

identification, all peptides identified from a database search (Mascot) were 

non-redundantly excluded in the next run until full sequence coverage was 

obtained [11].  

The individual MS/MS spectra acquired for each of the precursors within a 

single LC run were combined, smoothed, deisotoped and centroided using the 

Micromass ProteinLynx Global Server (PLGS) 2.3 data-processing software 

and were output as a single Mascot-searchable peak list (.pkl) file. The 

peak-list files were used to query the Swiss-Prot database using Mascot 

(global search engine) and MODi (http://prix.hanyang.ac.kr/modi/), with the 

following parameters: peptide mass tolerance 0.2 Da, MS/MS ion mass 
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tolerance 0.2 Da and allowing up to one missed trypsin cleavage site. A large 

number of types of potential PTMs were considered. All reported 

assignments were verified by automatic and manual interpretation of spectra 

from Mascot and MODi in a blind mode [19, 79].  

In order to quantify the oxidation of Cys109 in the wild type and the C4S 

and C145S mutants, the degree of oxidation to sulfonic acid at Cys109 was 

measured using mass spectrometry. Chromatograms of sulfonic acid and N-

ethylmaleimide (NEM) labelled at Cys109 in the wild type and each mutant 

were extracted and the area ratios were calculated. To normalize the 

calculated ratio from different runs, 100 fmol GFP (Glu-fibrino peptide) was 

spiked as an internal standard peptide prior to each sample run.  

 

HDX using mass spectrometry  

Nm23-H1 was diluted tenfold with labelling buffer (20 mM PBS in D2O pH 

7.4) and maintained at 25 °C with varying concentrations of H2O2. The 

labelling reaction was quenched with 5 mM TCEP pH 2.3 (titrated with 

formic acid). For peptic digestion, porcine pepsin (1 mg/ml) was added to 

each quenched protein sample and incubated at 0 °C for 3 min before 

injection [80].  

Deuterated peptic peptides were desalted online prior to separation using a 

trap column (180 μm internal diameter x 20 mm; Symmetry C18) cartridge. 

Peptides were separated using a C18 reversed-phase 100 μm internal 
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diameter x 100 mm analytical column (1.7 μm particle size; BEH130 C18, 

Waters Co. USA) with an integrated electrospray ionization PicoTip (±10 μ

m internal diameter; New Objective, USA). The auto sampler chamber was 

set to 5 °C. The trap, analytical column and all tubing were immersed in an 

ice bath to minimize deuterium back-exchange. Both mobile-phase bottles 

were placed on ice and both mobile phases contained 0.1% FA. Gradient 

chromatography was performed at a flow rate of 600 nL/min and was 

sprayed online to a mass spectrometer (SYNAPT HDMS, Waters Co., USA). 

All mass spectrometric measurements were taken with capillary voltage 2.5 

kV, cone voltage 35 V, extraction cone voltage 4.0 V and source temperature 

80 °C. A TOF-mode scan was performed in the m/z range 300–1500 with a 

scan time of 1 s.  

 

Crystal structure of oxidized Nm23-H1  

Details of the crystallization and preliminary X-ray study of oxidized 

Nm23-H1 have been published elsewhere [70]. The best cube-shaped 

crystal of oxidized Nm23-H1 pretreated with 10 mM H2O2 for 1 h was 

obtained using a crystallization solution containing 2.0 M sodium potassium 

phosphate pH 6.4, as reported previously. X-ray diffraction data were 

collected at Pohang Light Source. Initial phases were determined by 

molecular replacement with EPMR [81] using the crystal structure of native 

Nm23-H1 (PDB entry 1jxv, 74) as a search model. A dimer composed of 
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two oxidized Nm23-H1 monomers was found in the asymmetric unit. The 

initial electron-density map was interpretable and was used to fit the protein 

sequence. A preliminary model was built and refined using the programs O 

[82], Coot [83], CCP4 [84] and CNS [85]. Noncrystallographic symmetry 

(NCS) matrices were obtained for two protomer molecules in the asymmetric 

unit. NCS restraints were applied during refinement and were released in the 

final round of refinement. Reflection data between 20.0 and 2.8 Å resolution 

were included throughout the refinement calculations. 10% of the data were 

assigned to monitor the free R factor. Isotropic B factors for individual atoms 

were initially fixed to 20 Å2 and were refined in the last stages. Final 

refinement and addition of phosphate ions and water molecules were 

performed using CNS [85] and PHENIX [86, 87]. The refinement statistics 

are shown in Table 1.   

 

Modelled structures of sulfonylated and glutathionylated Nm23-H1 

Energy-minimized models of glutathionylated and sulfonylated Nm23-H1 

were obtained using the program SYBYL-X 1.3. The sulfonylated model was 

built and energy-minimized using the Tripos force field with 1000 iterations 

of Powell’s gradient with a distance-dependent dielectric constant equal to 1 

and a nonbonded interactions cutoff value of 8, and was terminated at a 

convergence of 0.5 kcal mol-1 Å-1. To obtain an unbiased glutathionylated 

model, glutathione was docked on the surface around Cys109 [88]. Prior to 
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docking, H atoms were added to the predicted models using the biopolymer 

modulators of SYBYL-X 1.3. The MMFF94 atom charges were assigned to 

protein atoms. After running Surflex-Dock [89], the scores of the docked 

conformers were ranked in a molecular spreadsheet. The best-scoring 

conformer was selected and applied to Surflex-Dock GeomX, which uses 

multiple starting conformations and produces up to 20 docked poses per 

ligand with a more exhaustive docking-accuracy parameter set. A protein-

minimization option or a protein-flexibility option to adapt the active-site 

conformation to docked ligands was combined with Surflex- Dock GeomX. 

The best pose of glutathionine was used to make a disulfide bridge to 

Cys109. The same energy minimization protocol as used for the sulfonylated 

model was used to obtain the final model of glutathionylated Nm23-H1. 
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3-2. Results 

 

 NDPK activity of Nm23-H1 decreases under oxidative stress  

To examine whether the oxidation of cysteine residues affects the 

enzymatic activity of Nm23-H1, the NDPK activity of the wild type and its 

cysteine mutants (C4S, C109A and C145S) was determined by treating 

purified recombinant proteins (3 mg) with various concentrations of H2O2 in 

PBS for 1 h at 37 °C and measuring their enzymatic activities by separating 

substrate [γ-32P]ATP and product [γ-32P]UTP on a TLC plate followed 

by autoradiography. Native Nm23-H1 as well as the C4S and C145S mutants 

was readily oxidized, with concomitant loss of enzymatic activity. The C4S 

and C145S mutants were more resistant to oxidative stress than the wild 

type. The enzymatic activity of the C109A mutant did not decrease (Fig. 17). 

It exhibited the greatest resistance to oxidative stress among the three 

cysteine mutants.  

 

Identification of the cysteine residue oxidized by hydrogen peroxide in 

Nm23-H1  

To identify the cysteine residue involved in oxidative regulation, purified 

recombinant Nm23-H1 proteins (3 mg) were treated with various 

concentrations of H2O2 for 1 h at 37 °C and then treated with 20 mM NEM, 

a thiol-reactive compound commonly used to block the free sulfhydryl group 
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of a cysteine residue, for an additional 10 min to inhibit excessive oxidation 

of cysteine residues during the experimental procedure. Each sample was 

separated on a 12% SDS–PAGE gel under nonreducing conditions and stained 

with Coomassie Blue. As shown in Fig. 18(a), Nm23-H1 readily generated a 

strong intramolecular disulfide bond in response to H2O2 treatment. However, 

the intramolecular disulfide cross-linking was not present in the C4S and 

C145S mutants. To identify the residues that were crosslinked in oxidized 

Nm23-H1, peptide sequencing using nanoUPLC-ESI-q-TOF tandem MS 

was employed in combination with the DBond algorithm [15] to identify 

intact disulfide bonds (Fig. 18b). We thus identified an intramolecular 

disulfide bond between Cys4 and Cys145. The population of the 

intramolecular disulfide bond is proportional to the H2O2 concentration for 

both the wild type and the C109A mutant. However, the C4S and C145S 

mutants failed to form intramolecular disulfide bonds. This suggests that 

Cys4 and Cys145 are the key residues that form the intramolecular disulfide 

cross-links. In order to examine the effect of the intramolecular disulfide 

bond on the oxidation of Cys109 to sulfonic acid, the degree of oxidation to 

sulfonic acid was measured by peptide sequencing with nanoUPLC-ESI-q-

TOF tandem MS (Fig. 18-19). Intriguingly, Cys109 in the wild type was 

heavily oxidized to sulfonic acid in a H2O2 concentration-dependent manner, 

while Cys109 in the C4S and C145S mutants was less oxidized to sulfonic 

acid (Fig. 19). This indicates that formation of the intramolecular disulfide 

cross-link between Cys4 and Cys145 changes the conformation of Nm23-
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H1 and induces oxidation of Cys109 to sulfonic acid.  

 

Characterization of the oligomeric states of redox-sensitive Nm23-H1 

  To characterize the oligomeric states of redox-sensitive Nm23-H1 

subjected to oxidative stimuli, the HDX ratio was monitored using mass 

spectrometry. HDX was greater in oxidized Nm23-H1 than in the native 

form (Fig. 20-21). The HDX ratio of the wild type increased and finally 

became saturated (Fig. 20a). These gradients reflect the influence of H2O2 

on solvent-accessible surface areas of Nm23-H1, as confirmed by HDX of 

peptic peptides of oxidized Nm23-H1 (Fig. 20b). The peptide containing 

Cys109 of Nm23-H1 was also exposed to the surface in response to 

oxidative stimuli (Fig. 22). These results indicate that tertiary and 

quaternary structural changes occur in Nm23-H1 in response to oxidative 

stress. 

 

Structural analysis of oxidized Nm23-H1 

The crystal structure of oxidized Nm23-H1 was determined by molecular 

replacement using the crystal structure of the native form (PDB entry 1jxv, 

74) at 2.8 Å resolution as a model. The final model exhibited appropriate 

stereochemical geometry and was refined to R and Rfree values of 19.6 and 

24.5%, respectively. Owing to the flexibility of the C-terminus, one subunit 

contains 151 residues and the other contains 149 residues, lacking one and 

three C-terminal amino acids, respectively. The first methionines in the two 
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Fig. 23. Crystal structure of oxidized Nm23-H1.  

(a) Superposition of monomers of the oxidized and native forms. The native 
form is coloured cyan. The oxidized form is coloured green, with the K-pn 
loop region in white, helix H7 (linker helix) in scarlet and the C-terminal 
domain in yellow. Some of the secondary structural elements are labelled in 
blue for the native form and in black for the oxidized form. The phosphate ion 
and the residues Lys12 and His118 essential for NDPK activity form salt 
bridges with distances of 3.03 and 2.72 Å, respectively. His118, Ser120 and 
Glu129 form a hydrogen-bond network essential for anchoring the C-
terminal domain to the core domain. The distances of the hydrogen bonds 

His118 Nε2∙∙∙ Glu129 Oε1, His118 Nε2∙∙∙Glu129 Oε2 and Ser120 Oγ∙∙∙Glu129 

Oε1 are 3.01, 3.15 and 2.60 Å, respectively. The residues that interact with 
ADP are represented and labelled. Gly113 is marked with an asterisk. (b) 
Oxidized (left) and native (right) Nm23-H1 hexamers in crystals. The 
cysteine residues are represented by spheres: orange for Cys4, cyan for 
Cys109 and yellow for Cys145. The sulfate molecules are represented as 
ball and stick models. (c) This figure was obtained by rotating (b) by 90 o 
along the x axis.  
(http://www.rcsb.org/pdb/explore/explore.do?structureId=1jxv) 
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subunits were included because the backbone densities were visible in both 

cases. The weak side-chain density may originate from the natural flexibility 

of the terminal residue together with possible removal of the N-terminal 

methinonine from some portion of the Nm23-H1 molecules by methinonine 

aminopeptidase (MetAP) from E. coli. However, the efficiency of MetSA 

might be seriously reduced owing to the presence of 1 mM EDTA, which 

may extract essential metals for MetSA activity during purification [90]. All 

residues lie in the allowed regions of the Ramachandran plot produced with 

PROCHECK [43]. Ile116, which is usually located as an outlier in other 

structures, is found in the allowed region of the Ramachandran plot. This is 

one result of the influence of the conversion of the preceding loop, which 

was the 310-helix G3 in the native structure. Each monomer has a core 

domain containing a ferrodoxin-like fold and a flexible C-terminal domain 

(Fig. 23a). The six protomers in the unit cell form a triangular structure with 

a bound phosphate ion in each active site (Fig. 23a-b). The active sites 

reside on the top and the bottom sides of the structure. Nm23-H1 has at 

least three known molecular functions conferred by different key residues 

which are dispersed in the relatively large active-site cleft exposed on the 

surface without any hindrance from surrounding residues. Glu5 has been 

shown to be responsible for the 30–50 exonuclease activity, Tyr52 and 

His118 for both the NDPK and histidine kinase activities and Lys12 for all 

three enzyme activities [91]. Interestingly, no prominent conformational 

change was detected in the active site of the oxidized form except for the 
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distorted backbone of Gly113 influencing the binding affinity of the adenine 

moiety of ADP (Fig. 23a). Some notable changes are found on one side 

comprising residues 110–116. The effects of flipping of the main chains on 

conformations are clearly detected. However, the positions of the side chains 

do not deviate so much from those of the native structure. Although the 

shifts of the positions of side chains Asp14, Arg105, Cys109 and Ile116 are 

clear, their influence on the active sites may be limited owing to their 

relatively large distance from the substrate-binding site.  

However, the architecture of Nm23-H1 along the equatorial surface 

formed by six protomers is quite different from that of the native structure 

(Fig. 23b-c). This is caused by the intramolecular disulfide bond between 

Cys4 and Cys145 that is formed under oxidative conditions. Interestingly, 

the Sγ atoms of the two cysteines are approximately ~20 Å apart in the 

native crystal structure. Therefore, an intermolecular disulfide bridge 

mediated by Cys145 (only ~5 Å apart in the native form) was expected 

(Fig. 6c) similar to the intermolecular disulfide bridge mediated by Cys133 

that stabilizes the tetrameric form of NDPK from Aquifex aeolicus [92]. The 

oxidation mechanism of Nm23-H1 may be analogous to that of the atypical 

2-Cys peroxiredoxin [93]. Since Cys4 is predicted to have a lower pKa than 

Cys145 using the Cysteine Oxidation Prediction Algorithm (COPA, 94), Cys4 

may be the peroxidatic cysteine that is oxidized first. The sulfhydryl of 

Cys145 should then be the resolving cysteine.  

Biochemical studies using native Nm23-H1 treated with H2O2 clearly 
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showed that the intramolecular disulfide bond population increases 

proportionally to the H2O2 concentration. The protein band that moves faster 

than the native band on non-reducing SDS–PAGE corresponds to the 

compact Nm23-H1 formed by the intramolecular disulfide bond. This band is 

not present for the C4S or C145S mutants, which cannot form the 

intramolecular disulfide bond (Fig. 18a). The presence of the intramolecular 

disulfide bond was also confirmed by peptide sequencing using nanoUPLC-

ESI-q-TOF tandem MS (Fig. 18b). 
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3-3. Discussion 

 

Nm23 is known to be involved in several biological processes, including 

tumour metastasis [95, 96], oncogenesis [97, 98], differentiation [99, 100], 

development [101-104], proliferation [101-102, 105-106] and apoptosis 

[106]. However, the molecular mechanisms underlying the roles of Nm23 in 

these processes are not well understood. The previous study suggests that 

Nm23-H1 is involved in the reactive oxygen species (ROS) signaling 

pathway. Song et al. (2000) suggested that disulfide-bond formation in 

response to H2O2 might be a regulatory mechanism of the cellular functions 

of Nm23-H1 [40]. In this study, employing biochemical, X-ray 

crystallographic and HDX studies of various cysteine mutants of Nm23-H1, 

we characterized this regulatory mechanism. In the native crystal structure 

the C-terminal domain of Nm23-H1 wraps around the equatorial surface and 

thereby stabilizes the hexameric state by interacting with the bottom side of 

the K-pn loop region of a neighboring subunit (Fig. 24). The surface area of 

the K-pn loop region covered by the C-terminal domain is ~500 Å2 per 

subunit. Under oxidative conditions, the driving force for the formation of the 

intramolecular disulfide bond induces a large conformational change of the 

C-terminal domain (Fig. 23). It is triggered by the breakage of two hydrogen 

bonds between the C-terminal domain and the K-pn loop region (Fig. 25a). 

Consequently, a helix-to-loop transition of α8 occurs in the C-terminal 
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domain, which facilitates the ~20 Å movement of Cys145 towards Cys4. 

This transition also uncovers the bottom side of the K-pn loop region and 

thereby exposes Cys109 to easy access by solvent molecules (Fig. 23c). 

Cys109 is the key residue susceptible to glutathionylation and is responsible 

for the deactivation of NDPK under oxidative conditions [42]. Intriguingly, 

peptide sequencing using nanoUPLCESI-q-TOF tandem MS revealed a 

sulfonic acid at Cys109 under oxidative conditions (Fig. 19a). The degree of 

oxidative modification of Cys109 to sulfonic acid was measured to assess the 

effect of exposure of the K-pn loop region. As expected, Cys109 of the wild 

type was heavily oxidized to sulfonic acid proportionally to the H2O2 

concentration (Fig. 19), in contrast to Cys109 of the C4S or C145S mutants, 

which was significantly less oxidized. These results clearly indicate that 

intramolecular disulfide-bond formation between Cys4 and Cys145 should 

precede sulfonic acid formation at Cys109. It is noteworthy that sulfonylated 

Cys109 was not detected, although faint residual electron density 

corresponding to cysteine sulfenic acid was observed in our oxidized crystal 

structure. This may result from the tight packing of oxidized Nm23-H1 

owing to the high protein concentration in the crystal, as discussed below. As 

a result, it forms an artificial hexamer and its Cys109 is protected from 

oxidation by H2O2 through the uncovering of the K-pn loop region. 

Therefore, we suggest that full dissociation from a hexamer into dimers is an 

obligatory step in generating a sulfonic acid at Cys109.  

In order to predict the inactivation mechanism of sulfonic acid at Cys109, 
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an energy-minimized sulfonylated Nm23-H1 model was built using the 

SYBYL-X 1.3 program. The model revealed that the oxygen moiety of the 

sulfonyl group strongly attracts Arg105 and Asn115. Since the amide moiety 

of Asn115 is the key residue that holds the phosphate moiety of the 

nucleotide (Fig. 25b), the binding affinity of nucleotides to Nm23-H1 is 

expected to be severely diminished. As a result, the NDPK activity may fully 

disappear. Since the histidine kinase activity is also dependent on Asn115, 

we suggest that this activity may also be abolished by a sulfonic acid at 

Cys109. The NDPK activity of Nm23-H1 is not necessary for its tumour 

metastasis suppressor activity [69]. On the other hand, the hexameric state 

of Nm23-H1 is absolutely required for its tumour metastasis suppressor 

activity. Studies of P96S and S120G mutants showed that the dimeric form 

with NDPK activity did not exhibit tumour metastasis suppressor activity. We 

also observed that dimeric Nm23-H1 is correlated with depression of the 

metastasis suppressor activity under oxidative conditions [40, 42]. These 

results indicate that some of cellular functions of Nm23-H1 may be coupled 

to its oligomeric states. Three different oligomers of Nm23-H1, namely 

monomers, dimers and hexamers, have been described. This study found that 

oxidized Nm23-H1 is a dimer in the asymmetric unit, but that it forms a 

hexamer in the unit cell in space group P213. Therefore, we used HDX mass 

spectrometry to observe conformational dynamics as an alternative approach 

to demonstrate a transition from a hexamer into monomers under oxidative 

conditions. Dimeric interfaces (residues 24–40) and the K-pn loop regions 
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(residues 82–108) of Nm23-H1 were detected to show a large difference in 

HDX ratio depending on the H2O2 concentration (Fig. 20). These regions are 

located at the interfaces of subunits and are blocked from solvent access in 

the native hexameric structure (Fig. 26). As the concentration of H2O2 

increases, these sites open to solvent in a stepwise manner. At a low 

concentration of H2O2 (above 0.1 mM in our data), the K-pn loop region 

starts to be exposed to solvent. This phenomenon is driven by perturbation 

of the K-pn loop region triggered by the intramolecular disulfide bridge, as 

discussed above. This result is consistent with the report on the P96S 

mutant in which perturbation of the K-pn loop region was proposed to 

promote the dissociation of a hexamer into dimers [66, 69]. This study 

suggests that this dimer formed at low concentrations of H2O2 is the 

biological dimer under oxidative conditions. At high H2O2 concentrations 

(above 0.5 mM), the region corresponding to the dimeric interface starts to 

be exposed and is accessible to solvent. This means that a dimer can be 

further dissociated into monomers. The presence of a monomeric form was 

observed for the P96S and S120G mutants [107]. However, this monomer 

may be very unstable owing to the hydrophobic nature of the exposed 

surface. In summary, Nm23-H1 dissociates from a hexamer into dimers and 

finally into monomers with increasing H2O2 concentration.  

The crystal structure of oxidized Nm23-H1 provided an additional insight 

into its molecular functions. As discussed above, there is almost no 

conformational change at the active site except for the backbone of Gly113 
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(Fig. 23, 25b), despite the large tertiary and quaternary conformational 

changes triggered by the intramolecular disulfide bond. This is in agreement 

with the report that the P96S and S120G mutants, which are present as 

dimers in solution, still have NDPK activity [69], although some of their 

activity might be contributed by leftover hexameric Nm23-H1 [77, 108]. 

These results indicate that Nm23-H1 recognizes its substrate using a 

‘lock-and-key’ mechanism at the active site regardless of its oligomeric 

state. In contrast, its tumour metastasis suppressor activity is only exhibited 

when it exists in the hexameric form with 30–50 exonuclease activity [109]. 

The coupling among the various molecular functions and quaternary 

conformations of Nm23-H1 may be an efficient way to diversify its cellular 

functions with at least 20 different binding partners [110]. In contrast, any 

mutation influencing the oligomeric state would disturb some of the cellular 

functions by distorting the binding surfaces for the relevant partner proteins. 

In the oxidized structure, the backbone geometry of two 310-helices, G2 

and G3, in the K-pn loop region is slightly relaxed and thereby adopts a 

helical loop conformation (Fig. 23a). Since the stable conformation of the K-

pn loop region of Nm23-H1 is important for its proper packing to form the 

functional hexamer, the improper conformation of its K-pn loop region 

induced by oxidation or mutation seems to accelerate the dissociation of the 

functional hexamer, as observed in the P96S mutant. The structural role of 

the proline residue is confirmed by stability studies of wild-type Nm23-H4 

to heat and urea treatment, where Ser129 is the native sequence at this 
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position. Substituting proline for serine at this site in the Nm23-H4 mutant 

clearly increased the structural stability of the wild type [111]. 

The behavior of the neuroblastoma associated S120G mutant is also similar 

to that of the P96S mutant, but uses a different molecular mechanism. 

Ser120 in the core domain forms a hydrogen bond to Glu129, which also 

makes a hydrogen bond to His118 (Fig. 23a). Since Glu129 is located on the 

linker helix 7 (Fig. 16), which mediates the anchoring of the C-terminal 

domain to the core domain, loss of the hydrogen-bond network caused by 

the S120G mutant would promote flexibility of the C-terminal domain. As a 

result, the diminished interaction between the C-terminal domain and the K-

pn region would accelerate the dissociation of the hexameric state, as 

observed in the oxidized crystal structure. This study confirmed the 

importance of this hydrogen-bond network in the E129G mutant by 

observing its denaturation with 5 mM H2O2 within a day, unlike the wild type. 

The observation of a molten globule folding intermediate postulated to be 

involved in amyloidogenic aggregation of the S120G mutant [112] is 

somewhat explicable with our results. The flexibility of the C-terminal 

domain inducing the quaternary conformational change observed under 

oxidative conditions would be seriously detrimental if this phenomenon is 

initiated by certain mutations causing irreversible C-terminal flexibility and 

is exacerbated by oxidative stress.  

Previous study revealed that Nm23-H1 is regulated by disulfide-bond 

formation and is easily reduced by the NADPH–TrxR1–Trx system [42]. 
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This study suggests that Nm23-H1 is regulated by stepwise oxidative 

modification coupled to its oligomeric state (Fig. 27). After the first oxidation 

the hexameric Nm23-H1 is dissociated into dimers, triggered by the 

intramolecular disulfide bond between Cys4 and Cys145. At this point, some 

of the cellular roles of Nm23-H1 such as its tumour metastasis suppressor 

activity can be lost [42] owing to the deformation of some of the surfaces 

required for binding partner proteins. However, this dimeric form can acquire 

other cellular roles by interacting with other partner proteins. It is 

noteworthy that protein phosphotransferase activity is attributed to the 

complex of a dimer of glyceraldehyde 3-phosphate dehydrogenase with a 

dimer of Nm23-H1 [113]. After the second oxidation, Nm23-H1 loses its 

NDPK and histidine kinase activities by the formation of a sulfonic acid at 

Cys109. The second oxidation is only possible when hexameric Nm23-H1 is 

fully dissociated into dimers. All of the molecular activities of Nm23-H1 are 

expected to be inhibited by this modification. However, considering Nm23-

H1 as a housekeeping enzyme, irreversible oxidative modifications should be 

avoided. Therefore, this study suggests that the cellular role of 

glutathionylation at Cys109 is to protect Nm23-H1 from irreversible 

inactivation by sulfonic acid formation under oxidative conditions. The 

energy-minimized glutathionylated Nm23-H1 model indicates that 

glutathionylation is only possible in the dimeric state with the aid of two 

arginine residues: Arg18 and Arg114 (Fig. 28). To recover the molecular 

and cellular functions of Nm23-H1, the thiol state of Cys109 should be 
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restored. This process can be achieved by the NADPH–glutaredoxin 

reductase–glutaredoxin system in the cell. Reduction of the intramolecular 

disulfide cross-linking can be performed with the aid of the NADPH–TrxR1–

Trx system, as we have shown previously [42]. As a result, the inactivated 

Nm23-H1 dimers turn into fully activated hexamers.  

In this study, the puzzle of the regulatory mechanism of Nm23-H1 was 

solved by uncovering the orchestrated oxidative modifications coupled to its 

oligomeric states through a series of experiments. To our knowledge, this is 

the first example of regulation of molecular and cellular functions of enzymes 

through stepwise oxidative modification. Because the number of examples of 

oxidative modifications is increasing, our findings may be useful to resolve 

complicated enzyme-regulatory mechanisms operating under oxidative 

conditions. 
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4. Part 3. Quantitative analysis of redox 

sensitive proteins in response to H2O2 

 

4-1. Material & methods 

 

Protein Samples 

HeLa cell were grown and maintained in high glucose Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum at 37°C 

and 5% CO2. All experiments were performed on 50% confluent cell cultures. 

The medium was incubated with 0.5 mM H2O2 in Hanks balanced salts for 1 h 

at 37 °C. For fractionation, the cells were homogenized in hypotonic solution 

on ice. The pellet was extracted by centrifugation at 4000 rpm for 15 min 

(step 1). The supernatant (cytoplasmic fraction) was deposited into a new 

microcentrifuge tube. The pellet was washed once by adding 10 mM HEPES 

buffer (pH 7.4). The wash buffer was removed and the pellet was 

resuspended in 20 mM HEPES, 25% glycerol, 1.5 mM MgCl2, 1.2 M KCl, 0.2 

mM EDTA, 0.2 mM PMSF and 0.5 mM DTT (pH 7.9). The resuspended 

pellet was centrifuged again at 14,500 rpm for 30 min (nucleus pellet). The 

resulting pellet of step 1 was washed by 10 mM tris-Cl, 10 mM NaCl and 3 

mM MgCl2 buffer (pH 7.6) and centrifuged again at 12,000 rpm for 30 min. 
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The wash buffer was removed and the membrane pellet was resuspended. 

Proteins from each fraction were separated on SDS-PAGE under the non-

reducing condition and detected by silver staining as described previously 

[11, 37]. 

 

In gel digest for iTRAQ Labeling  

Fractionated gel bands were excised with a scalpel into 11 fractions based 

on molecular weight, destained by 15 mM K4FeCN6/50 mM sodium 

thiosulfate, and washed to remove destaining reagent. The pH was adjusted 

to 8.0 by 200 mM triethylammonium bicarbonate buffer (TEAB) to facilitate 

trypsin digestion. The gels were dehydrated by the addition of acetonitrile, 

rehydrated by adding 10–20 μL of 25 mM TEAB with 20 ng/μL 

sequencing-grade trypsin (Promega Co.), and incubated at 37°C for 15–17 

h. Peptides were extracted with 30 μL of solution containing 60% 

acetonitrile (ACN). The extracts were pooled and evaporated to dryness in 

Speedvac for MS analysis. Acid was not added to the iTRAQ labeling so that 

the final pH of peptide extracts was ~8.5 to facilitate labeling. 

 

In gel based iTRAQ labeilng 

Each fraction from Hela resuspended in 30 μL of iTRAQ Dissolution 

Buffer(Applied Biosystems, Foster City, CA) and amino labeled with one of 

the four iTRAQ (Applied Biosystems) mass tags at 25°C for 1 h, and then 

equal amounts were pooled [115, 118].  
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Analysis of PTMs using nanoUPLC-ESI-q-TOF Tandem Mass 

Spectrometry 

The labeled peptides were evaporated to dryness in SpeedVac and 

redissolved in 10% acetonitrile containing 0.1% formic acid. The dissolved 

peptides were desalted on line prior to separation using trap column (i.d. 180 

μm x 20 mm, Symmetry® C18) cartridge, and separated on a C18 

reversed-phase 75 μm i.d. x 200 mm analytical column (1.7 μm particle 

size, BEH130 C18, Waters Co. UK) with integrated electrospray ionization 

PicoTipTM (± 10 μm i.d., New Objective, USA) using 

nanoAcquityTM/ESI/MS (SYNAPTTM HDMSTM, Waters Co., UK) as previously 

described [13, 42]. 

 

Database Search 

The raw data files obtained from the mass spectrometry were converted 

to .pkl files using ProteinLynx Global Server data processing software 

(PLGSTM, version 2.3, Waters Co. UK). Tandem MS (MS/MS) spectra were 

matched against amino acid sequences in SwissProt human database (version 

57.8., 20401 entries) using Mascot (version 2.2.06). The search parameters 

were as follows: 0.3 Da tolerance for peptide and fragment ions; digestion 

with trypsin with up to one missed cleavage allowed. Oxidation (Met) and 

propionamidation (Cys) were the searched modifications. After establishing 

the number and types of potential PTMs by the Mascot search, additional 
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searches were performed by DBond (http://prix.hanyang.ac.kr/) [14, 15, 38] 

against FASTA files of each protein, downloaded from NCBI 

(http://www.ncbi.nlm.nih.gov/protein/). Only significant hits, indicated by 

MASCOT probability analysis (probability based Mowse score p < 0.05) 

were considered. All reported assignments were verified by automatic and 

manual interpretation of spectra. 
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4-2. Results 

 

In order to investigate the mobility shift and cellular localization changes of 

oxidized proteins in response to oxidative stress, HeLa cells were treated by 

0.5 mM H2O2 for 1 h and then fractionated into cytosol, plasma membrane, 

nucleus and nuclear membrane. The proteins of each fraction from HeLa 

cells were separated on 10% 1D-SDS-PAGE under the non-reducing 

condition, detected by silver staining, and each gel lane was dissected into 11 

fractions based on relative molecular weights (Fig. 29). For quantitative 

analysis, proteins of each gel fraction were labeled using in gel based iTRAQ 

(Fig. 30). Each gel piece was digested with trypsin and the extracted 

peptides were labeled with 4-plex iTRAQ reagents. Each labeled fraction 

was analyzed by nanoUPLC-ESI-q-TOF tandem MS. 200 proteins from the 

11 fractions including single hit matched proteins were identified in total MS 

and MS/MS spectra (Table 4).  

To confirm the identities of proteins inferred by in gel based iTRAQ with 

nanoUPLC-q-TOF tandem MS, Western analysis was conducted using 

antibodies against ANXA1, GAPDH, tubulin and PRX1. The gels of 

cytoplasmic and membrane fraction visualized by silver staining are shown in 

Fig 29. Those detected by immunostaining with antibodies and ECL plus 

chemilluminescence are shown in Fig 31. These data, in addition to showing 

that ANXA1 are relatively enriched in cytoplasmic fraction and GAPDH and 
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tubulin are relatively enriched in membrane fraction. These data were 

confirmed in Table 4. ANXA1 decreased 0.45 fold in cytoplasmic fraction and 

GAPDH and tubulin were increased 1.96 to 2.77 and 0.74 to 21.67 fold in 

membrane fraction. These Western analyses validated the identification and 

quantifications of proteins obtained by in gel based iTRAQ 

Identified proteins in Table 4 were classified based on functions and 

biological processes inferred using STRING database (http://string-db.org/) 

in Fig 32 and 33. Significantly changed proteins in each fraction and in 

localization (>2.0 fold or <0.5 fold) in response to H2O2 treatment in cytosol 

and membrane fractions were identified and classified as four groups: 13 

proteins in RNA binding; 10 proteins in cytoskeletal network; 9 proteins in 

chaperone; and 7 proteins in glucose metabolism. Those proteins in nucleus 

and nuclear membrane fraction were identified and classified as 4 groups: 15 

proteins in chaperones; 11 proteins in RNA binding; 5 proteins in histone 

family; and 4 proteins in tubulin. 

 

Regulation of protein expression by H2O2 

Table 4 shows up- or down-regulated proteins responses to mild 

oxidative condition in cytosol, membrane, nucleus and nuclear membrane 

fraction. Up-regulated proteins were separated based on fold changes 1.5, 2, 

5, 10, and displayed with red color.  Down-regulated proteins were 

separated based on fold changes of 0.2, 0.5, 0.8, and displayed with blue 

color. This study identified 30 up-regulated proteins in cytosol, 31 in 
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membrane, 13 in nucleus and 14 in nuclear membrane. Down-regulated 

proteins were also identified: 10 proteins in cytosol, 14 in membrane, 8 in 

nucleus and 30 in nucleus membrane. The data showed that proteins with 

chaperon activity were identified including HSP71, HSP90A and B, GRP75 

and 78, Ku70, TERA, 14-3-3 protein and etc. Especially HSP71 was about 

12 fold up-regulated and PRDX 1 and 6 as an oxido-reductase were also 

up-regulated. In nucleus and nucleus membranes, nucleic acids related 

proteins were up-regulated. They are HNRPL, nucleophosmin, histone 

family, etc. 

Several proteins including tubulin, annexin, histone, GAPDH, etc. appeared 

in several different molecular weights on 1D-PAGE, which indicates the 

existence of crosslinked populations inside cells. These populations were 

varied depending on the oxidative conditions and cellular fractions. Further 

studies are required for understanding the regulations of these crosslinking.  

 

Regulation of protein crosslinking in response to H2O2 

  Under oxidative conditions, redox-active proteins undergo oxidative 

modifications with the formation of inter- or intra disulfide bond (Cys-S-

S-Cys) with a nearby Cys which can be reversible. The interaction of 

redox-active proteins, disulfide bond, induced molecular weight migration in 

1D gel. Tubulin alpha-1A and beta-2C, peroxiredoxin 1, Heterogeneous 

nuclear ribonucleoprotein L, Glyceraldehyde-3-phosphate dehydrogenase, 

actin and histone family are identified in multi position in 1D-gel in Table 4. 



- 106 - 

 

The disulfide linkage, the main oxidation product of Cys, can be formed by 

ROS with a nearby Cys. Strategies for determining the location or pairing of 

disulfide bonds in a protein have improved effectively in recent times, along 

with the development of rapid and direct mass spectrometry combined with 

the search algorithm DBond. This study employed in gel based iTRAQ with 

nanoUPLC-q-TOF tandem MS for detecting protein response to ROS, and 

DBond algorithm for searching for redox reactive proteins that has disulfide 

bonds (Fig. 34). 
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Table. 4. Quantification list of hydrogen peroxide treated HeLa nucleus and nucleus 

membrane fractions. 

 

1 2 3 4 5 6 7 8 9 10 11
AHNK 452 748016 75 (18) 1.00 0.53 0.83 3.75 0.08
GCN1L 26 315903 5 (2) 1.00 0.65 0.80 2.97 0.01
FLNC 22 313753 10 (1) 1.00 0.68 1.78 1.27 0.01

MAP1B 31 304030 8 (3) 1.00 0.83 1.01 4.96 0.03
FLNA 351 303764 45 (14) 1.00 0.48 1.02 0.80 0.15
TLN1 190 293088 20 (6) 1.00 0.82 0.85 4.71 0.05
MYH9 251 256365 34 (7) 1.00 0.96 1.11 4.71 0.08
CLH1 32 205470 10 (1) 1.00 0.55 1.27 5.49 0.02
IF4G1 29 189404 6 (1) 1.00 0.79 1.28 4.02 0.02
EIF3A 74 179005 4 (1) 1.00 0.71 0.90 8.19 0.02
SYVC 21 148745 2 (1) 1.00 1.31 0.93 1.33 0.02

L1CAM 51 148706 3 (2) 1.00 0.96 1.43 1.99 0.02
MAP4 86 137357 5 (3) 1.00 1.23 0.66 5.97 0.07
POTEE 340 133967 19 (11) 1.00 0.95 1.05 0.88 0.13
ACLY 150 131281 25 (10) 1.00 1.13 0.76 2.41 0.22
UBA1 67 125556 11 (3) 1.00 2.00 0.85 0.69 0.08
AT1A1 23 121038 5 (1) 1.00 0.95 1.00 5.97 0.03
GNAS1 43 116576 2 (1) 1.00 1.83 0.43 12.39 0.03
ACTN4 80 113290 8 (4) 1.00 5.20 0.86 14.78 0.12
ACTN1 77 110918 4 (2) 1.00 0.20 1.07 0.14 0.03
C1TC 36 110574 7 (2) 1.00 1.98 1.22 3.42 0.06
SND1 52 110436 9 (2) 1.00 2.02 0.64 8.42 0.06
EF2 408 104788 30 (13) 1.00 2.09 1.00 4.73 0.40

ENPL 58 103795 5 (2) 1.00 1.66 0.89 17.91 0.03
IMB1 53 103448 4 (2) 1.00 2.04 0.63 1.95 0.03

HNRPU 116 100759 16 (4) 1.00 1.37 1.58 8.40 0.14
ITB1 88 96715 5 (2) 1.00 0.00 1.16 1373.96 0.03

HS90A 126 96279 11 (3) 1.00 2.03 0.97 1.16 0.11
TERA 54 96183 13 (3) 1.00 2.09 0.75 2.17 0.11
HS90B 180 94164 16 (6) 1.00 2.95 0.97 1.87 0.19
TFR1 30 92167 4 (1) 1.00 0.77 1.24 4.91 0.04
KU86 55 91875 9 (3) 1.00 1.34 0.69 2.86 0.11
K6PP 39 91738 6 (1) 1.00 1.73 0.80 7.43 0.04
NUCL 192 89682 14 (6) 1.00 1.78 1.84 0.86 0.15
NUCL 55 89682 4 (1) 1.00 0.91 0.72 12.22 0.04
TRAP1 23 86544 4 (1) 1.00 0.99 0.91 2.85 0.04
HNRPM 22 83372 3 (1) 1.00 1.30 1.15 7.49 0.04
CAPR1 28 82497 3 (1) 1.00 0.78 1.35 19.47 0.04
GRP75 104 81272 8 (3) 1.00 0.23 3.30 1.18 0.08
GRP78 154 81223 20 (7) 1.00 1.43 2.08 2.71 0.32
SFPQ 53 81001 7 (1) 1.00 0.00 1.09 1377.07 0.04
HSP7C 146 78780 12 (5) 1.00 1.86 0.85 1.11 0.18
HSP7C 38 78780 4 (1) 1.00 1.90 1.55 3.06 0.04
KU70 23 78445 4 (1) 1.00 3.62 0.82 4.74 0.04
PLST 24 78115 3 (1) 1.00 1.87 0.57 1.95 0.04
ALBU 40 78112 1 (1) 1.00 1.07 0.98 1.97 0.04
DDX3X 99 77953 5 (1) 1.00 0.00 0.92 1384.73 0.04
EZRI 180 77439 23 (10) 1.00 1.98 0.73 5.48 0.39

HNRPR 42 77384 3 (2) 1.00 1.91 0.66 10.18 0.04
HSP71 49 77358 3 (1) 1.00 12.38 1.78 2.85 0.04
MOES 166 76856 19 (10) 1.00 2.29 0.77 5.12 0.40
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Table. 4. Continued- 

 

1 2 3 4 5 6 7 8 9 10 11

PABP1 28 76678 9 (3) 1.00 1.60 0.67 6.72 0.13
SCNNB 26 76502 1 (1) 1.00 0.00 0.00 6195.56 0.04
HNRPQ 45 76332 3 (1) 1.00 2.04 1.38 9.89 0.04
DDX5 28 74148 1 (1) 1.00 1.33 0.85 5.17 0.04
TKT 109 74031 15 (5) 1.00 4.03 1.46 1.02 0.24

4F2 172 72275 15 (6) 1.00 1.19 1.11 9.90 0.19

4F2 54 72275 7 (3) 1.00 0.77 0.73 4.64 0.14
SNUT2 36 71968 5 (1) 1.00 1.26 1.27 4.79 0.05
CH60 558 68798 47 (22) 1.00 1.85 1.29 5.14 1.01
HNRPL 66 68415 6 (5) 1.00 1.72 1.28 4.73 0.10
TCPA 45 66214 9 (5) 1.00 1.09 0.84 6.38 0.27
TCPE 277 65973 18 (11) 1.00 0.89 0.81 4.77 0.34
TCPG 107 65827 11 (4) 1.00 1.19 1.16 3.54 0.16
TCPQ 160 65635 11 (4) 1.00 1.18 1.15 4.97 0.22
TCPH 117 65381 15 (2) 1.00 1.11 1.07 7.56 0.10
TCPZ 112 64616 17 (5) 1.00 2.17 1.13 6.73 0.22
ATPA 33 64181 4 (1) 1.00 1.24 1.36 3.63 0.05
PDIA3 41 63808 5 (2) 1.00 1.58 0.66 3.92 0.11
TCPD 341 63652 18 (9) 1.00 1.10 0.69 8.08 0.29
KPYM 934 63376 68 (35) 1.00 2.28 0.77 2.77 2.54
TCPB 57 62928 8 (2) 1.00 0.00 0.74 8.04 0.11
PTBP1 34 62085 2 (1) 1.00 0.00 1.81 1345.87 0.05
IMDH2 54 61246 3 (1) 1.00 1.44 1.31 1.38 0.05
SERA 45 60505 3 (3) 1.00 1.61 0.85 2.89 0.17
ATPB 71 59983 7 (2) 1.00 1.07 1.28 7.15 0.11
CAP1 36 58307 4 (1) 1.00 1.02 0.00 0.00 0.06
NONO 83 58232 5 (3) 1.00 0.83 1.32 3.98 0.18
LAT1 55 58145 1 (1) 1.00 0.79 1.05 5.04 0.06
LAT1 143 58145 3 (3) 1.00 1.26 1.25 11.16 0.18
EF1A1 109 57026 8 (5) 1.00 1.10 1.11 2.03 0.32
VIME 100 56933 10 (3) 1.00 1.90 2.00 4.00 0.18
GTR1 26 56498 1 (1) 1.00 1.61 1.11 3.69 0.06
PRS4 28 55782 1 (1) 1.00 0.98 1.00 2.28 0.06
FUS 31 55555 2 (1) 1.00 1.92 1.05 2.95 0.06
EF1G 20 54843 1 (1) 1.00 1.04 1.10 1.96 0.06

HNRPK 147 54259 10 (4) 1.00 1.92 1.10 3.89 0.27
TBG1 24 53587 2 (1) 1.00 1.72 1.15 4.63 0.06

TBA1A 46 52986 1 (1) 1.00 0.74 1.34 3.48 0.06
TBA1A 158 52986 13 (5) 1.00 0.62 1.39 0.74 0.27
TBA1A 718 52986 31 (15) 1.00 1.98 0.82 18.25 0.72
TBA1A 66 52986 2 (1) 1.00 2.38 0.66 21.67 0.06

TBA4A 478 52774 23 (11) 1.00 1.56 0.85 12.96 0.53
ENOA 134 52759 18 (4) 1.00 1.07 1.09 0.21 0.27
TBB2C 177 52105 23 (7) 1.00 2.21 1.21 2.00 0.45
TBB5 153 51945 17 (4) 1.00 0.58 1.02 1.09 0.28
TBB5 686 51945 39 (22) 1.00 1.98 1.07 6.92 1.67
TBB4 335 51715 27 (14) 1.00 1.38 0.82 6.40 1.23

TXND5 36 51489 2 (1) 1.00 0.00 1.24 1.91 0.06
SERPH 211 51455 10 (3) 1.00 1.04 0.70 3.73 0.13
PGK1 101 50783 9 (3) 1.00 2.21 0.59 6.68 0.21
IF4A1 70 49151 5 (2) 1.00 1.15 0.94 3.60 0.14
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Table. 4. Continued- 

 
 

1 2 3 4 5 6 7 8 9 10 11

KCRB 42 45788 1 (1) 1.00 0.85 0.99 0.67 0.07
ACTB 1161 44592 59 (38) 1.00 0.99 0.90 0.88 3.17
ACTB 180 44592 15 (4) 1.00 1.65 0.84 2.24 0.24
ANXA1 132 43445 19 (7) 1.00 0.91 0.70 0.45 0.55

ANXA2 170 43335 18 (7) 1.00 0.37 0.57 0.27 0.55
ANXA2 249 43335 37 (15) 1.00 3.13 2.41 2.10 1.60
ANXA2 30 43335 2 (1) 1.00 1.70 4.72 0.80 0.08

ALDOA 73 43286 7 (2) 1.00 2.34 0.33 3.12 0.16
ROAA 26 40525 1 (1) 1.00 1.85 0.27 12.49 0.08
LDHB 37 40506 9 (2) 1.00 1.22 0.62 0.47 0.17
RL6 63 40345 5 (2) 1.00 1.36 1.62 7.43 0.17
RL6 33 40345 3 (1) 1.00 1.53 0.68 6.89 0.08

ROA2 46 40289 3 (1) 1.00 1.23 0.70 3.15 0.08
ROA2 68 40289 8 (3) 1.00 2.20 1.60 4.37 0.17

G3P 434 39921 36 (15) 1.00 1.02 0.35 2.77 1.22
G3P 78 39921 4 (3) 1.00 1.74 1.86 2.72 0.08
G3P 47 39921 2 (2) 1.00 1.17 0.62 1.96 0.08

APEX1 30 39855 1 (1) 1.00 1.73 0.70 3.50 0.08
PCBP1 30 39635 3 (1) 1.00 1.99 0.77 4.32 0.08

RL5 57 39528 6 (2) 1.00 3.14 3.46 4.12 0.17
ANXA5 87 39229 7 (3) 1.00 2.09 1.92 0.43 0.28
TPM2 22 38595 5 (1) 1.00 0.66 0.69 0.49 0.09
YBOX1 172 38352 7 (4) 1.00 1.10 0.67 5.81 0.18
HNRPC 53 37973 9 (2) 1.00 1.43 0.77 4.62 0.09
NPM 51 37454 7 (2) 1.00 0.00 1.16 1373.98 0.09
RLA0 255 37134 18 (11) 1.00 1.01 0.43 11.67 0.82
SPEE 28 35964 1 (1) 1.00 2.35 4.83 0.27 0.09
RSSA 197 34563 8 (3) 1.00 0.99 0.94 12.53 0.20
RS3A 34 35546 5 (2) 1.00 1.35 2.04 4.21 0.20
EF1D 56 34129 8 (2) 1.00 2.32 0.49 0.94 0.20

PGAM1 31 31524 2 (1) 1.00 1.38 0.00 0.00 0.11
1433Z 136 30754 7 (4) 1.00 0.91 0.38 0.30 0.36
1433T 85 30629 1 (1) 1.00 0.67 0.97 0.15 0.11
CC124 63 29710 4 (1) 1.00 2.54 2.13 9.34 0.11
RS3 90 29698 15 (3) 1.00 1.81 3.38 2.67 0.37
TPIS 44 29679 5 (1) 1.00 0.96 1.38 0.09 0.11
EF1B 29 28063 2 (2) 1.00 10.10 1.28 2.97 0.25

PRDX6 24 27757 2 (1) 1.00 0.50 2.55 0.06 0.12
RAN 71 27146 4 (1) 1.00 1.15 2.09 0.10 0.12

RAB7A 22 26069 1 (1) 1.00 0.45 3.39 0.95 0.13
MYL6B 35 25920 4 (2) 1.00 0.72 2.69 3.23 0.13
RS7 51 25716 6 (1) 1.00 0.29 2.03 1.93 0.13
RS5 37 25312 2 (1) 1.00 0.78 1.60 2.08 0.13

GSTP1 49 25214 2 (1) 1.00 1.57 0.00 0.00 0.13

PRDX1 20 24978 2 (1) 1.00 0.55 0.46 1.19 0.13
PRDX1 103 24978 13 (6) 1.00 0.96 1.47 0.22 0.87

RL9 46 24444 1 (1) 1.00 0.00 2.32 2.95 0.14
HSPB1 265 23921 14 (4) 1.00 1.38 0.77 0.30 0.48
RL11 42 22689 1 (1) 1.00 1.79 3.10 4.32 0.15
RL29 42 22496 1 (1) 1.00 0.00 3.23 1288.58 0.15
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Table. 4. Continued- 

 
  

1 2 3 4 5 6 7 8 9 10 11

PARK7 37 22328 6 (3) 1.00 0.87 1.26 0.09 0.52
PARK7 35 22328 3 (1) 1.00 3.49 2.20 0.65 0.15

RS10L 48 22269 2 (1) 1.00 1.06 8.77 1.03 0.15
COF1 70 22237 4 (1) 1.00 0.54 2.15 0.16 0.15
ARPC4 21 21672 1 (1) 1.00 1.99 32.64 0.07 0.16
DEST 39 21664 2 (1) 1.00 0.64 2.46 0.15 0.16

STMN1 41 20750 2 (1) 1.00 0.72 3.08 0.07 0.16
PPIA 205 20162 11 (6) 1.00 0.78 2.75 0.04 0.85
RL12 60 20113 3 (2) 1.00 1.14 1.67 4.71 0.36
RS15 32 19479 1 (1) 1.00 0.98 1.19 3.02 0.17
RS14 35 18136 6 (2) 1.00 1.11 1.78 1.68 0.19
TCP4 111 17268 4 (1) 1.00 0.18 7.06 0.05 0.20
H2B1B 50 16968 2 (1) 1.00 1.01 1.32 4.37 0.20
H2A1B 37 16144 3 (1) 1.00 0.00 4.80 0.36 0.21
RLA2 33 13243 3 (2) 1.00 0.46 2.58 1.33 0.58
ATP5I 26 9081 1 (1) 1.00 0.29 2.26 1.16 0.38
RS28 122 8413 3 (2) 1.00 0.73 1.44 1.12 1.00
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Table. 5. Quantification list of hydrogen peroxide treated HeLa nucleus and nucleus 

membrane fraction. 

 

1 2 3 4 5 6 7 8 9 10 11

AHNK 22 748016 15 (1) 1.00 0.56 0.77 0.69
EPIPL 508 571631 60 (20) 1.00 0.78 0.83 2.22 0.09
PLEC1 483 567059 86 (23) 1.00 0.92 0.66 2.07 0.11
FLNC 20 313753 4 (1) 1.00 0.62 0.71 1.46 0.01

FLNA 192 303764 35 (15) 1.00 0.90 0.69 1.16 0.14
TLN1 149 293088 21 (11) 1.00 1.23 1.08 1.54 0.09

MYH9 1060 256365 80 (32) 1.00 0.79 0.76 0.79 0.34
MYH9 41 256365 19 (3) 1.00 0.98 0.95 0.46 0.04
MYH9 35 256365 8 (2) 1.00 1.27 0.56 0.20 0.03

IQGA1 30 208588 7 (2) 1.00 0.90 0.67 1.53 0.03
TIAM1 20 193105 5 (1) 1.00 0.00 0.00 0.00 0.02
AT1A1 66 121038 2 (1) 1.00 0.40 0.87 1.54 0.03
XRN2 30 116583 3 (1) 1.00 1.34 0.68 1.17 0.03
ACTN4 168 113290 18 (7) 1.00 0.87 0.63 0.91 0.19
COPG 36 105581 3 (1) 1.00 0.00 1.81 1346.07 0.03
EF2 75 104788 13 (3) 1.00 1.04 0.79 1.70 0.10

MATR3 51 104220 12 (4) 1.00 1.19 0.41 1.88 0.13
ENPL 62 103795 10 (2) 1.00 0.88 0.80 0.58 0.06
IMB1 58 103448 5 (2) 1.00 0.94 0.39 4.85 0.03

HNRPU 34 100759 11 (2) 1.00 0.88 0.99 1.18 0.07
DDX21 55 100548 13 (2) 1.00 1.28 0.64 1.18 0.03
TERA 32 96183 5 (2) 1.00 1.70 1.41 0.42 0.07
HS90B 163 94164 16 (7) 1.00 0.97 0.59 2.52 0.15
ECHA 35 93322 2 (1) 1.00 0.81 0.51 3.71 0.04
TFR1 44 92167 4 (1) 1.00 0.66 0.84 1.49 0.04
KU86 25 91875 9 (2) 1.00 0.66 1.00 0.63 0.07
TRAP1 21 86544 3 (2) 1.00 0.55 1.08 0.81 0.04
HNRPM 71 83372 6 (3) 1.00 0.98 0.53 2.08 0.08
GRP75 197 81272 21 (7) 1.00 1.05 0.93 0.39 0.22
GRP78 329 81223 25 (10) 1.00 1.36 0.52 0.37 0.43
LMNA 147 80003 13 (5) 1.00 0.92 0.39 0.44 0.13
HSP7C 21 78780 1 (1) 1.00 1.16 1.26 1.37 0.04
DDX3X 31 77953 3 (1) 1.00 0.15 0.79 2.51 0.04
EZRI 28 77439 6 (1) 1.00 0.96 0.73 0.62 0.04

PABP1 20 76678 5 (1) 1.00 1.29 0.80 0.94 0.04
HNRPQ 22 76332 1 (1) 1.00 1.55 0.30 0.50 0.04
DREB 29 74700 1 (1) 1.00 0.45 2.94 0.17 0.04
CG031 21 74618 1 (1) 1.00 0.89 0.96 0.81 0.04
RPN1 24 74435 5 (1) 1.00 1.12 0.84 1.76 0.04
DDX5 32 74148 2 (1) 1.00 1.15 1.18 2.77 0.04
4F2 46 72275 7 (1) 1.00 0.54 0.84 1.71 0.05
4F2 78 72275 7 (2) 1.00 0.88 1.23 1.56 0.05

CKAP4 29 71891 5 (1) 1.00 1.09 1.18 1.62 0.05
CH60 993 68798 79 (34) 1.00 1.52 0.96 2.58 1.42

HNRPL 46 68415 1 (1) 1.00 2.71 2.87 0.83 0.05
HNRPL 79 68415 5 (3) 1.00 2.17 0.48 7.13 0.10

DDX56 33 66883 3 (1) 1.00 1.16 0.88 4.01 0.05
TCPQ 37 65635 5 (2) 1.00 0.91 0.97 1.94 0.10
ATPA 186 64181 9 (6) 1.00 1.43 0.46 2.57 0.28
PDIA3 24 63808 5 (1) 1.00 1.58 2.38 0.17 0.05
TCPD 124 63652 4 (3) 1.00 0.73 1.41 1.24 0.11

Nucl.
+

H2O2

Gene
name

Score Mass Matches Nucl.

Nucl.
Memb.

+H2O2

Memb.
/Cyto.

emPAI
Position in gel



- 117 - 

 

Table. 5. Continued- 

 

1 2 3 4 5 6 7 8 9 10 11

KPYM 255 63376 35 (12) 1.00 1.18 0.91 4.73 0.50
ZN775 33 63316 1 (1) 1.00 0.91 1.15 0.91 0.05
PTBP1 45 62085 2 (1) 1.00 1.87 0.46 5.43 0.05
ATPB 328 59983 26 (11) 1.00 1.63 0.59 2.36 0.45
VIME 751 56933 62 (26) 1.00 1.37 1.46 3.93 1.91
ERF1 24 54476 2 (1) 1.00 1.44 0.44 2.20 0.06
CALR 42 54308 2 (1) 1.00 1.12 0.47 0.29 0.06

HNRPK 158 54259 11 (6) 1.00 1.53 1.39 1.76 0.19
DDX39 22 53277 1 (1) 1.00 1.93 0.46 3.37 0.06

TBA1A 48 52986 3 (2) 1.00 1.07 1.49 1.22 0.06
TBA1A 35 52986 1 (1) 1.00 1.12 1.05 0.97 0.06
TBA1A 87 52986 10 (2) 1.00 1.47 0.52 7.07 0.06
TBA1A 425 52986 21 (10) 1.00 1.24 0.64 8.66 0.44
TBA1A 37 52986 4 (1) 1.00 1.43 0.57 6.38 0.06
TBA1A 40 52986 1 (1) 1.00 1.55 0.60 3.72 0.06

TBB3 127 52850 16 (4) 1.00 1.30 0.36 6.05 0.20
TBA4A 33 52774 9 (2) 1.00 1.32 0.53 5.48 0.13
TBA4A 356 52774 18 (8) 1.00 1.38 0.80 7.75 0.35
ODO2 24 52733 5 (1) 1.00 1.50 0.31 1.12 0.06
TBB2A 31 52181 2 (1) 1.00 0.57 0.77 0.93 0.06

TBB2C 133 52105 17 (6) 1.00 1.20 0.37 5.51 0.28
TBB2C 701 52105 35 (22) 1.00 0.96 0.78 6.98 1.36
TBB2C 31 52105 2 (1) 1.00 1.00 0.22 1.52 0.06

TBB6 154 51987 13 (8) 1.00 1.36 0.47 7.01 0.54
TBB5 782 51945 39 (23) 1.00 0.97 0.65 8.20 1.37

HNRH1 77 51648 7 (3) 1.00 2.27 0.52 6.12 0.13

SERPH 37 51455 1 (1) 1.00 0.51 0.85 0.70 0.06
SERPH 268 51455 12 (5) 1.00 1.99 0.54 1.19 0.13

PGK1 246 50783 12 (3) 1.00 1.20 0.25 16.05 0.13
PTRF 27 49214 1 (1) 1.00 1.67 0.73 2.79 0.07
IF4A1 154 49151 11 (5) 1.00 1.60 0.55 6.09 0.14
ACTC 448 44874 43 (20) 1.00 1.93 0.56 1.17 1.90
ACTA 42 44864 3 (1) 1.00 1.54 1.30 0.82 0.07

ACTB 99 44592 11 (5) 1.00 0.55 0.33 0.52 0.24
ACTB 75 44592 5 (2) 1.00 0.75 1.12 0.23 0.15
ACTB 59 44592 3 (1) 1.00 0.71 1.01 0.30 0.07
ACTB 764 44592 65 (34) 1.00 1.93 0.58 1.02 3.48
ACTB 55 44592 11 (3) 1.00 1.16 0.32 0.42 0.24

HNRPG 23 44324 5 (1) 1.00 2.01 0.61 1.95 0.07
ANXA2 32 43335 5 (1) 1.00 1.10 0.37 0.20 0.08
ANXA2 89 43335 7 (2) 1.00 1.43 0.38 1.06 0.08
ODPB 45 42090 4 (1) 1.00 1.33 0.70 1.12 0.08
ROA1 46 41461 16 (2) 1.00 1.16 1.40 0.13 0.17
ROA2 21 40289 5 (2) 1.00 1.43 1.03 0.03 0.17
ROA2 76 40289 12 (5) 1.00 1.81 0.86 0.18 0.48

G3P 52 39921 1 (1) 1.00 0.46 1.03 0.44 0.08
G3P 314 39921 20 (12) 1.00 1.47 1.30 0.10 1.05
G3P 25 39921 1 (1) 1.00 1.65 6.22 0.07 0.08

RL5 33 39528 2 (1) 1.00 1.77 0.64 1.16 0.08
MDHM 28 39371 6 (1) 1.00 1.65 7.41 0.02 0.08
MDHM 31 39371 7 (1) 1.00 1.87 2.16 0.11 0.08
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Table. 5. Continued-

 
  

1 2 3 4 5 6 7 8 9 10 11

HNRPC 174 37973 14 (4) 1.00 0.70 2.42 0.04 0.29
NPM 82 37454 10 (2) 1.00 0.78 10.00 0.01 0.18
RLA0L 26 37225 2 (1) 1.00 0.61 0.88 0.71 0.09
RSSA 136 34563 4 (4) 1.00 1.54 0.46 6.19 0.20

VDAC1 35 34500 3 (2) 1.00 1.60 0.53 1.02 0.10
H15 33 32077 2 (1) 1.00 2.01 2.56 0.12 0.10
PHB 43 31659 4 (2) 1.00 1.14 1.03 1.58 0.22
H12 102 29998 8 (2) 1.00 2.40 4.18 0.04 0.23

THOC4 33 28601 2 (1) 1.00 2.34 1.83 0.44 0.12
TM109 34 27346 1 (1) 1.00 1.13 0.73 1.07 0.12
PRDX1 36 24978 5 (2) 1.00 0.26 2.22 0.63 0.29
HSPB1 54 23921 3 (1) 1.00 0.03 0.33 4.44 0.14
RS10L 22 22269 1 (1) 1.00 1.73 0.77 1.55 0.15
TCP4 40 17268 3 (2) 1.00 2.94 0.00 0.00 0.20
H2B1A 66 17185 1 (1) 1.00 0.40 1.42 0.15 0.20

H2B1B 33 16968 3 (1) 1.00 0.68 1.30 0.31 0.20
H2B1B 45 16968 2 (1) 1.00 2.57 0.70 1.27 0.20
H2B1B 24 16968 2 (1) 1.00 1.59 2.03 0.56 0.20
H2B1B 52 16968 5 (2) 1.00 0.95 6.43 0.22 0.44

H2A1B 30 16144 5 (3) 1.00 1.02 3.64 0.29 0.47
H2A1A 36 16098 3 (2) 1.00 1.00 1.22 0.34 0.21

H4 21 13090 1 (1) 1.00 0.84 2.08 0.09 0.26
RLA1 26 12660 1 (1) 1.00 0.49 1.34 0.72 0.27
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4-3. Discussion 
 

This study investigated the changes of protein composition of cytosol, 

membrane, nucleus and nuclear membrane fractions in response to oxidative 

stress by quantitative analysis using iTRAQ labeling and MS analysis. Protein 

profiles and their changes in cytosol, membrane, nucleus and nuclear 

membrane fractions provide the important information on redox sensitive 

proteins. Over ~200 proteins including metabolic proteins, chaperone related 

proteins, cytoskeletal proteins, RNA binding protein, tubulin, histone family 

etc, are readily oxidized and changed in their protein crosslinking and cellular 

localizations in response to ROS. This is the first quantitative trial to 

investigate the protein crosslinking and localization changes, and found 

several novel crosslinking between different proteins. Further studies are 

needed for understanding the redox regulation inside the cells in response to 

various signaling pathways.   
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5. Summary 

Reactive oxygen species (ROS) is known as a second messenger in non-

phargocytic cells. However, the molecular mechanisms of ROS action have 

not been well understood. In this study, cutting edge proteomic tools have 

been developed and applied in order to identify the target proteins of ROS, 

modified species/sites of ROS target proteins and the structural changes by 

oxidative modifications.  

Since redox-active cysteine, a highly reactive sulfhydryl, is one of the 

major targets of ROS, various modifications in reactive cysteine residues 

have been identified combining the SEMSA MS technique with MODi and 

DBond algorithms. In addition to known oxidative modifications including 

disulfide bond, sulfenic, sulfinic, and sulfonic acids, unexpected mass shifts 

(△m = -16, -34, +64) are identified to reflect the conversion of cysteine 

to serine, dehydroalanine (DHA), and Cys-SO2-SH, respectively, as novel 

oxidative modifications. The plausible pathways of these oxidative 

modifications have been determined employing the model compounds as 

hydrolysis of thiosulfonate (Cys-S-SO2-Cys) either to DHA (m/z -34 Da) 

or serine along with Cys-SO2-SH (△m = +64 Da) in base condition. These 

findings suggest the diverse oxidative modifications at redox-active cysteine 

residues in cellular proteins. Further functional studies on these oxidative 

modifications are needed.  
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In order to investigate the functional changes due to oxidative stress, 

Nm23-H1, a multifunctional housekeeping enzyme having nucleoside 

diphosphate kinase activity, has been employed to investigate the structural 

changes from hexamer to dimer and functional changes in tumor metastasis 

suppressor. The crystal structure of oxidized Nm23-H1 reveals the 

formation of an intramolecular disulfide bond between Cys4 and Cys145 that 

triggers a large conformational change destabilizing the hexameric state. The 

dissociation dynamics of hexameric Nm23-H1 to dimer by oxidative stress 

have been determined employing hydrogen/deuterium-exchange mass 

spectrometry (HDX-MS). The quaternary conformational change provides a 

suitable environment for the oxidation of Cys109 to sulfonic acid, which 

induces the loss of enzymatic activity. This is the first finding that the 

stepwise oxidation regulating the molecular and cellular functions of Nm23-

H1, by coupling the oxidative structural changes.  

In order to generalize these oxidative regulations, systemic and 

quantitative analysis of oxidations of cellular proteins in response to 

oxidative stress have been performed. Quantifications of oxidized cellular 

proteins, separated on SDS-PAGE under non-reducing condition, from each 

cytosol, plasma membrane, nucleus and nuclear membrane fraction has been 

done by combining iTRAQ labeling and identification with tandem MS. The 

results show the comprehensive identification of redox sensitive proteins and 

their cellular localization changes in response to oxidative stress, several 
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different molecular weight populations of certain proteins, and novel inter-

disulfide linkages between different proteins. These findings suggest the 

possibility of general model for oxidative regulations in their structures and 

functions of many redox sensitive proteins inside cells. 

In conclusion, this study has advanced the novel concepts of redox 

regulations including identification of novel oxidative modifications, discovery 

of stepwise oxidative structural changes affecting the protein function, and 

generalization of oxidative regulation in cellular proteins.   
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국문요약 

 

전사 후 변형에 관한 단백질체 연구 

 

                                                정재호 

                                                나노메디칼협동과정 

                                                연세대학교 대학원 

                                  

Part 1. 반응성이 높은 -SH 기를 가지는 산화환원에 민감한 시스테인은 

산화적 스트레스의 주요 타겟이다. 이황화다리의 형성과 설펜, 설핀 그리고 

설폰산 등의 시스테인 변형은 다양한 단백질의 생물학적 기능을 조절한다. 이 

연구에서는 새로운 이차원 전기영동 장치에서 분리한 GAPDH 에서 알려지지 

않은 시스테인 변형을 질량분석법을 이용하여 분석할 수 있었다. 이번 연구에서 

발견한 신규 시스테인 변형은 질량 차 16, -34, +64, +87 그리고 +103 Da 을 

가지며 GAPDH, NDP kinase A, peroxiredoxin 6 그리고 여러 마이토콘드리아 

단백질 등에서 찾을 수 있었다. -16, -34 과 +64 Da 의 질량 차는 cysteine to 

serine, dehydroalanine (DHA)그리고 Cys-SO2-SH 으로 예상 할 수 있었다. 

이들의 생성 경로를 파악하고자 모델 화합물을 준비하여 테스트 하였고 

티오설포네이트 (Cys-S-SO2-Cys)의 분해로부터 Cys-SO2-SH (△m = +64 
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Da)과 DHA (m/z -34 Da) 혹은 세린이 생성됨을 확인 할 수 있었다. 또한 

설펜산과 설핀산에 아크릴아마이드가 붙음으로서 △m = +87 과 +103 Da 을 

가지는 신규 변형이 생성됨을 확인 할 수 있었다. 이러한 발견은 세포내 단백질의 

산화환원에 민감한 시스테인이 티오설포네이트 (Cys-SO2-SH)와 DHA 그리고 

cysteine to serine 을 생성할 수 있고 추가적으로 설펜, 설핀 그리고 설폰산 으로 

변형 됨을 확인 할 수 있었다.  

 

Part 2. 암 전이 억제 단백질로 알려진 Nm23-H1/NDPK-A 은 세포 내에서 

뉴클레오사이드 3 인산의 말단 인산기를 뉴클레오사이드 2 인산으로 이동시켜주는 

효소의 기능을 가지고 있고, 그 밖에 세포 발달, 분화, 생장과 사멸에 관련하여 

다양한 기능을 가진다. Nm23-H1 이 암 전이를 억제하고 세포 내 활성 산소의 

양 조절에 어떠한 역할을 하고 있다고 보고되지만 그 조절 기전에 대해서는 

밝혀져 있지 않다. 이전 연구에서 Nm23-H1 의 시스테인 109 잔기가 산화적 

스트레스에 의해 다양한 변이를 하고 이것이 Nm23-H1 의 효소 활성과 암전이 

억제능을 조절한다는 것을 밝혀냈다. 또한 Nm23-H1 의 활성은 NADPH-

TrxR-Trx system 에 의해 산화환원 됨으로서 조절된다. 이를 바탕으로 Nm23-

H1 의 분자 수준에서의 변화를 확인 하였다. Nm23-H1 은 3 개의 시스테인을 

가지는데 4 번과 145 번 시스테인 잔기 사이에 이황화다리를 형성하고 109 번 

시스테인이 외부로 노출되면서 쉽게 산화된다. 이 구조적 변화는 Nm23-H1 을 

육합체에서 이합체로 분리 시켜 단백질의 활성을 읽게 만든다. 이 같은 결과는 

Nm23-H1 의 시스테인 잔기들이 산화적 스트레스의 반응에 중요한 역할을 
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한다는 것을 이전 연구 결과를 바탕으로 Nm23-H1 이 세포 내 활성 산소의 양을 

조절 하는지를 확인하는 실험을 수행 하였다. Nm23-H1 이 과발현 되었을 때 

산화적 스트레스에 의한 활성 산소의 증가가 줄어든다는 것을 확인 하였고, 

시스테인 109 잔기가 변이되며 산화적 스트레스에 더욱 저항성을 가지는 것을 

확인하였다. 이처럼 Nm23-H1 이 산화환원에 의해 자신의 생물학적 활성을 

조절하고 세포 내 활성 산소의 양을 조절한다는 본 연구 결과를 통하여 암전이 

억제 단백질로서의 Nm23-H1 의 작용 기전을 설명 할 수 있을 것이다. 

Part 3. 산화적 스트레스에 대한 단백질의 반응에 대한 연구를 하기 위해 HeLa 

세포에 0.5mM 농도의 과산화수소를 처리하였고, 세포기질, 원형질막, 핵 그리고 

핵막으로 나누어 관찰 하였다. 비환원 조건하에서 전기 영동 하였고 이를 

전기영동에 기초한 iTRAQ 표지화와 Dbond 알고리듬을 이용하여 질량 분석 

하였다.  

이 전기영동 젤에 기초한 iTRAQ 표지법과 DBond 알고리듬 분석법은 산화적 

스트레스에 의한 산화 민감 단백질의 위치적, 정량적 변화 그리고 이황화다리 

형성 등에 관한 단백질의 반응을 추적 함으로서 산화적 스트레스에 대한 세포 내 

반응에 종합적인 이해에 도움을 줄 수 있을 것이다. 

키워드: 전사 후 단백질 변형, 단백질체, 질량분석기, 시스테인, 산화, 단백질 

구조, 중수소 치환 

 

 


