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a  b  s  t  r  a  c  t

The  cyclic  oxidation  and  reduction  of  methionine  (Met)  containing  peptides  and  proteins  play  important
roles  in  biological  system.  This  work  was  contributed  to analysis  the  cyclic  oxidation  and  reduction
processes  of  a methionine  containing  peptide  which  is  very  likely  to relate  in  the  cell  signal  transduction
pathways.  To  mimic  the  biological  oxidation  condition,  hydrogen  peroxide  was  used  as  the reactive
oxygen  species  to oxidize  the  peptide.  Reversed-phase  high-performance  liquid  chromatography  and
mass  spectrometry  were  employed  to  monitor  the  reactions  and  characterize  the  structural  changes  of
eywords:
ethionine

eptide
xidation/reduction
PLC
SI-MS/MS

the  products.  A  rapid reduction  procedure  was  developed  by  simply  using  KI  as  the reductant,  which
is  green  and  highly  efficient.  By  investigation  of the  cyclic  oxidation  and  reduction  process,  our  work
provides  a  new  perspective  to study  the  function  and  mechanism  of Met  containing  peptides  and  proteins
during  cell  signaling  processes  as  well  as diseases.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The cyclic interconversion of DNA and cell signaling proteins
etween modified forms and unmodified forms is implicated

n the regulation of many important processes in vivo [1–3].
esides the well-known methylation/demethylation, phospho-
ylation/dephosphorylation and ubiquitination/deubiquitination
nterchanging processes, the cyclic oxidation and reduction of

ethionine (Met) containing proteins also play an indispensable
ole in controlling homeostasis in biological systems and regulating
ellular signal transduction [4–6]. The redox status of Met  residues
n proteins is closely related with disorders in aging as well as
n some pathological conditions [7–9]. It has been indicated that
he oxidation of Met-35 in the �-amyloid peptide leads to insol-
bility and stability of �-amyloid peptide and further resulted in
lzheimer’s disease [10]. The oxidation of methionine in calmod-
lin significantly impairs its function in calcium signaling [11].
oltage-dependent K+ channel proteins are also modulated by the
edox process of Met  residue [12]. Therefore, researches on the

yclic interconversion between methionine residues and methi-
nine sulfoxide residues in proteins or peptides are crucial for

∗ Corresponding authors. Tel.: +86 10 62557910; fax: +86 10 62559373.
E-mail  addresses: yyhuang@iccas.ac.cn (Y. Huang), zhaorui@iccas.ac.cn (R. Zhao).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.12.070
understanding cell signaling and mechanism of many diseases
[13,14].

Many efforts have been devoted to study the cyclic oxidation
and reduction of Met  in organisms. It has been demonstrated
that in vivo methionine residues are readily oxidized to methio-
nine sulfoxide residues by reactive oxygen species (ROS), such as
H2O2, hydroxyl radicals and hypochlorite [7,15]. And by the effect
of methionine sulfoxide reductase, methionine sulfoxide can be
reduced back to methionine [16]. This reversibility suggests that
methionine residues may  serve as an important antioxidant species
to mitigate oxidative stress in body [17]. To mimic  such process,
in vitro researches on the oxidation of methionine containing pro-
teins and peptides have been carried out mainly based on the
ROS pathways [18,19]. Without methionine sulfoxide reductase,
chemical protocols primarily relying on organic reagents have been
used for the reduction of methionine sulfoxide residue in peptides,
such as trimethylsilyl bromide/1,2-ethanedithiol reduction and N-
methylmercaptoacetamide method [20–22]. However, the general
problems with these available methods are time-consuming and
poor selectivity leading to the destruction of disulfide bridged cys-
teine residues. Hence, further investigations into more efficient
reduction protocols and the whole cyclic oxidation and reduction
process are highly desired.
Mass spectrometry, with its unparalleled high-content informa-
tion acquisition capability, has recently emerged as a dominant
technique in characterizing protein and peptide components of
complex biological systems. Compared with traditional analysis
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solution to a volume of 10 mL.  The obtained solution was further
analyzed by RP-HPLC. The chromatographic peaks were collected
and lyophilized for MS  characterization.

CT-N TMR1 EC1
TMR2

IC
TMR3

EC2
TMR4

CT-C
1 317

P Y R D D V M S V N
232 241

EL2

Oxidation
32 Y. Jin et al. / Talan

ethods such as gel electrophoresis, isoelectric focusing, Edman
equence analysis, it can provide useful data to elucidate the
tructural information including the modification sites through
ragmentation [18,23–26]. Tandem mass spectrometry (MS/MS) is
articularly attractive in the identification of bioactive peptides
27–29] and has been applied to characterize methionine sulfox-
de residues in proteins and peptides [30–33]. By combined with
eversed-phase high performance liquid chromatography (RP-
PLC), matrix assisted laser desorption ionization-time of flight
ass spectrometry (MALDI-TOF-MS) and electrospray MS/MS  (ESI-
S/MS) can be effective in analyzing the whole oxidation and

eduction process of methionine containing peptides.
Recently, a new cancer biomarker termed lysosomal protein

ransmembrane 4 beta (LAPTM4B) was found overexpressed in the
ajority of solid tumors [34]. The importance of LAPTM4B in reg-

lating cell survival, proliferation, migration and carcinogenesis
ndicates that this protein participates in the cancer cell signal-
ng. And an extracellular fragment (EL2) containing a Met  residue

ay contributes to this close relationship with the signal trans-
uction evidenced by the characteristic of its sequence [34–36].
y using EL2 as the “epitope”, the generated antibody and peptide
robe has been used for functional study and effective detection
f live cancer cells [34,37]. Based on these findings, the modifica-
ion of EL2 may  be critical during tumor progress. In this study, the
yclic methionine oxidation and reduction process of EL2 peptide
as analyzed in vitro. Different oxidation conditions were evalu-

ted to obtain a mild process. Subsequent characterization of the
tructural modifications of EL2 was realized by utilizing RP-HPLC,
ALDI-TOF MS  and ESI MS/MS  techniques. In the reduction process,

 method employing KI as the reductant was developed, which is
reen, high efficient and universal. Structural and functional analy-
is of the EL2 peptide in oxidation and reduction environment may
e potential in understanding the mechanism of signal transduc-
ion of hepatoma cells and developing new diagnostic strategies.

.  Experimental

.1. Chemicals

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
uorophosphate (HBTU), 9-fluorenylmethoxycarbonyl (FMOC)-
erivatized amino acids and 1,2-ethanedithiol were purchased
rom Siam (USA). FMOC–amino acid–Wang resin was  from
dvanced ChemTech (USA). Trifluoroacetic acid (TFA) and ascor-
ic acid were obtained from Sigma (USA). Acetonitrile (HPLC
rade) was from Fisher (USA). N-methylmorpholine, piperidine,
ichloromethane (DCM), N,N-dimethylformamide (DMF) and
0% H2O2 were of analytical grade and purchased from Beijing
hemical Factory (China). KI was obtained from Sinopharm
China). Ultra-pure water from a MilliQ water purification system
Millipore, Bedford, MA)  was used throughout. All other chemicals
ere of analytical grade and used without further disposal.

.2.  Solid-phase peptide synthesis

The peptide EL2 (NH2–Pro–Tyr–Arg–Asp–Asp–Val–Met–Ser–
al–Asn–COOH) was synthesized using FMOC strategy [38] on an
utomated solid phase peptide synthesizer (PS3, Protein Tech-
ologies Inc., USA). FMOC–amino acid–Wang resin was used as
he starting material. The elongation cycles for peptide syn-
hesis on the Wang resin were performed in the presence of

-methylmorpholine and HBTU. After completion of synthesis
ycles, the peptide resin was washed with DCM and methanol
espectively and dried under high vacuum for 4 h. The pep-
ide cleavage was carried out by using TFA–ethanedithiol–water
 (2012) 531– 536

(95:2.5:2.5). The mixture was  occasionally stirred at room tem-
perature for 4 h and then was filtered. The filtrate was collected
and evaporated to 1 mL.  The peptide was  finally precipitated by
adding cold diethyl ether. The white precipitate was  dried under
high vacuum.

2.3.  RP-HPLC analysis of the peptides

The HPLC system consists of a Hitachi L-7610 degasser (Japan),
a Hitachi L-7100 pump (Japan), a Hitachi L-7420 UV-Vis detector
(Japan), a Hitachi L-7300 column oven (Japan), a Hitachi D-7000
interface (Japan) and a Rheodyne 7725i injection valve (USA). The
UV data were monitored at 220 nm.

The synthesized peptide EL2 was analyzed and purified by using
the Hitachi HPLC system. The purity of the peptide was  analyzed
on a Diamonsil C18 column (250 mm × 4.6 mm i.d.) at a flow rate of
1.0 mL/min. Mobile phases were acetonitrile and water containing
0.1% TFA. Gradient: 0–25–25.1–30 min, 15–30–80–80% acetonitrile
containing 0.1% TFA. The purification was performed on a Kro-
masil C8 column (250 mm × 10 mm i.d.). Blank chromatogram was
obtained by injecting the solvent under the same conditions. After
subtracting the blank from the sample chromatogram, the purity
was calculated by measuring the peak areas.

2.4. Oxidation of EL2 with H2O2

The aqueous solution of EL2 (1 mg/mL) was  prepared and mixed
with 0.6% H2O2 in the volume ratio of 39:1. The final concentrations
of EL2 and H2O2 were approximate 1 mg/mL  and 0.015%, respec-
tively. The resultant solution was incubated at 37 ◦C for oxidation.
The reaction process was monitored by RP-HPLC at different time,
i.e. 1, 4 and 9 h. For each run, 10 �l of the reaction solution was
sampled and injected for analysis. Chromatographic peaks sepa-
rated during RP-HPLC were collected and lyophilized for further
MS characterization.

2.5. Reduction of the methionine sulfoxide with KI

A  portion of the oxidized EL2 peptide was dissolved with TFA
to obtain a 2 mM solution and cooled to 0 ◦C. KI powder (20 eq.)
was then added to the tube. Brown iodine precipitate was  observed
which subsequently disappeared with the addition of a saturated
solution of ascorbic acid. After being shaken at room temperature
for 3 min, the mixture was  moved to ice bath and reacted for 1 h. The
mixture was  filtrated and the filtrate was collected and evaporated
to about 2 mL.  Ultrapure water was added to dilute the resultant
Scheme 1. Schematic representation of LAPTAM4B protein and amino acid
sequence  of the decapeptide EL2. (CT-N, N-terminal cytoplasmic tail; TMR, trans-
membrane regions; EC, extracellular loops; IC, intracellular loop; CT-C, C-terminal
cytoplasmic  region.)
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ig. 1. RP-HPLC analysis of EL2 peptide samples. The synthesized EL2 (a); EL2 solu-
ion after oxidation in 0.015% H2O2 for 1 h (b), 4 h (c), 9 h (d), respectively. Peak 1:
L2;  Peak 2 and Peak 3: two oxidation products of EL2.

.6. Characterization of the peptides by MALDI-TOF-MS and

SI-MS/MS

The  originally synthesized EL2 peptide was identified by MALDI-
OF-MS (Bruker Daltonics, USA) after purification. The oxidized EL2
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ig. 2. Characterization of the structural changes of the species in chromatographic peak 2
f  the neutral loss of 64 Da.
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and the subsequently reduced product were also characterized by
MALDI-TOF-MS before tandem MS  analysis.

Positive-ion electrospray ionization mass spectra were obtained
on a Micromass Q-TOF mass spectrometer (Waters, USA). The
ESI-MS/MS characterization was carried out off-line. The chromato-
graphic fractions of peptide samples were manually collected from
HPLC and lyophilized. After re-dissolved by a mixture of 50% CH3CN
and 50% H2O added with 0.1% formic acid, the collected samples
were injected into the mass spectrometer through the ESI probe
needles, respectively. The spray voltage of the mass spectrometer
was 3 kV and the cone voltage was 90 V. The desolvation tempera-
ture was  373 K and the source temperature was 373 K. Nitrogen was
used as both cone gas and desolvation gas with a flow rate of 50 L/h
and 500 L/h, respectively. The collision energy was  set up to 10 V.
Collision-induced dissociation MS/MS  spectra were obtained in the
range of 100–1200 m/z. The collision energy was set to 30–40 eV
and argon was used as the collision gas. Mass Lynx (ver. 4.0) soft-
ware was used for analysis and post processing.

3. Results and discussion

3.1.  Peptide synthesis
The  decapeptide EL2 locating at the second extra-
cellular loop of LAPTM4B protein with the sequence of
NH2–P–Y–R–D–D–V–M–S–V–N–COOH (1194.53 Da) was  cho-
sen as the model to investigate its redox status (Scheme 1). By
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. (a) ESI-MS/MS spectra of peak 2; (b) schematic diagram of fragmentation pathway
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ig. 3. ESI-MS/MS characterization of the structural changes of the species in chro-
atographic peak 3.

sing FMOC solid phase peptide synthesis strategy, EL2 was firstly
ynthesized as the starting material. After purification, the obtain
L2 peptide was analyzed by RP-HPLC. A chromatographic peak
as detected with the retention time of 11.09 min, which is

ubsequently identified by MALDI-TOF-MS as EL2 (m/z 1195.6).
he relative content of EL2 in the purified product was  calculated
y measuring the peak areas in the chromatogram (Fig. 1a). With
lank subtracted, the chromatographic peak of EL2 showed an
rea percentage of 96.5%, denoting that the peptide product had a
igh purity.

.2.  Monitoring the oxidation of peptide by RP-HPLC

ROS induced oxidation of proteins and peptides is a type of
ost-translational modification and crucial for cellular signal trans-
uction [4,5]. To investigate such biological phenomenon, many

n vitro methods have been developed for the oxidation of Met
n proteins and peptides. Herein, the oxidation of EL2 under dif-
erent conditions was carried out to examine its susceptibility to
xidant modification, which would provide useful information on
he biological response of this fragment to cell signals. Firstly,
enton’s reaction [39] and UV/H2O2 system generating hydroxyl
adicals were respectively employed to oxidize EL2. Unfortunately,
he results from RP-HPLC separation indicated that EL2 peptide was
otally degraded within 30 min  treatments. This is quite in accor-
ance with the previous finding that Met  residues are often further
xidized to methionine sulfone by these two methods [31]. Such
xidation conditions were too harsh to treat EL2 and also cannot
appen in vivo [19]. With this consideration, H2O2 was  added as
he only source for ROS which was moderate, easy to operate as

ell as more closely resembling in vivo oxidative environment. In

he experiments, incubation at 37 ◦C was also chosen for mimicking
he body temperature.

ig. 4. Methionine sulfoxide diastereoisomers formed during oxidation of EL2.
Fig. 5. Analysis of the reduced peptide sample. (a) RP-HPLC separation of the
reduced  peptide solution, Peak 1: EL2; (b) ESI-MS/MS spectra of the chromato-
graphic  peak 1.

RP-HPLC was used to monitor the oxidation process by analyz-
ing reaction solutions at different time points, 1 h, 4 h and 9 h. As
shown in Fig. 1b–d, peak 1 identified as EL2 peptide decreased as the
reaction time increased, suggesting the consumption of EL2. Mean-
while, two new peaks (peak 2 and peak 3) with retention time of
4.78 and 5.31 min  were detected with enhanced intensity, implying
that these new species were most probably the oxidation products
of EL2. Further characterization by MALDI-TOF MS  demonstrated
that both products have an increase of 16 Da (m/z: 1211.6, 1211.5)
over EL2. And each may  have insertion of one oxygen atom in the
peptide. Since Met  residue shows the highest tendency to oxida-
tion among the whole amino acid sequence of EL2, the oxidation of
Met  to methionine sulfoxide can be conferred. As calculated from
the chromatograms, over 91% of EL2 peptide was oxidized after 9 h
reaction, which was  faster than some reported data [31]. Together
with the fact that EL2 was unstable in Fenton’s and UV/H2O2 sys-
tems, the high susceptible of this peptide to oxidation can be
conferred.
3.3. ESI-MS/MS analysis of oxidation process of EL2

In  order to further characterize the structural change of EL2 pep-
tide during oxidization, ESI-MS/MS was employed. Fig. 2a shows
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Scheme 2. Mechanism of the reduction react

SI-MS/MS spectra of the species in chromatographic peak 2. The
ragmented ions b7(O) and b6 with m/z of 893.45 and 746.44 respec-
ively clearly indicated that the oxidation reaction took place on
he Met  residue of EL2 peptide. And the appearance of MS  signals
ttributing to b8(O), b9(O) and a9(O) fragments also evidenced the
xidation of the Met  residue in EL2 peptide. In tandem mass peptide
equencing, it is often difficult to differentiate between methionine
ulfoxide and phenylalanine, because both residues have the same
ominal mass of 147 Da. In this study, a neutral loss of 64 Da from
he molecular ion was detected in the fragmentation pathway of
ollision induced dissociation, which is characteristic of the decom-
osition of methanesulfenic acid (CH3SOH) from the side chain of
ethionine sulfoxide residue [40]. The mechanism of the fragmen-

ation pathway was elucidated in Fig. 2b. With the fact that no
henylalanine was included in the native sequence of EL2 peptide,
he existence of methionine sulfoxide residue can be clearly iden-
ified. The inset of the Fig. 2a shows an isotopic pattern of divalent
ons ([M + O + 2H]2+).

The species in the chromatographic peak 3 was also character-
zed by ESI-MS/MS (Fig. 3). The results showed that this product
ad the same mass spectra and fragmentation pathway as peak 2.
ence, the peak 3 fraction was modified at the same site with peak

 giving methionine sulfoxide residue after oxidation. Regarding
hese identical products showing different chromatographic prop-
rty, this phenomenon most probably attributed to the formation
f the sulfoxide diastereoisomers. The oxidation of the sulfur atom
n the Met  residue often results in the formation of isomers, which

as also observed in the reported work [41]. The mechanism of
he formation of the sulfoxide diastereoisomers is illustrated in
ig. 4.

.4. Mild and efficient reduction of the oxidized EL2

For methionine sulfoxide reduction, various protocols have
een previously reported. However, many of them are time-
onsuming and limited by the incompatibility with cysteine
nd aromatic amino acids [20]. Moreover, irritating organic

eagents with poor biocompatibility such as 1,2-ethanedithiol,
-methylmercaptoacetamide and dimethyl sulfide were usually
mployed by these methods. The addition of NH4I into the cleav-
ge cocktail as the protecting reagent has been utilized to prevent
 methionine sulfoxide residue in EL2 peptide.

the  Met  residue from oxidization during the solid phase peptide
synthesis. Herein, to reduce the oxidized EL2, KI was  used as the
reductant. A brown precipitate of iodine was  observed immediately
after the addition of KI powder, representing the effectiveness of
redox reaction. And ascorbic acid was subsequently used to dis-
solve the precipitate. The consumption of the generated iodine
further drove the reduction reaction forward. According to some
reported data [42], a proposed mechanism of reduction reaction
is demonstrated in Scheme 2, which is based on a nucleophilic
iodide attack on the protonated sulfoxide leading to the reduced
methionine sulfide.

The  reaction process was monitored by RP-HPLC analysis. From
the chromatogram (Fig. 5a), only one main peak was  detected
which had identical retention time with the original synthesized
peptide EL2 (peak 1). This main peak was collected and further
subjected to MALDI-TOF MS  and ESI-MS/MS characterization. As
shown in Fig. 5b, peak 1 separated from the reduction mixture gave
fragmentation ions of m/z 877.58 (b7) and 746.51 (b6), which clearly
confirmed the existence of Met  residue (residue mass: 131 Da).
Isotopic pattern of divalent ions ([M + 2H]2+) was  also illustrated
in the inset of Fig. 5b. These data were consistent with that from
the original peptide EL2. Although sulfoxide diastereoisomers were
detected during the oxidation of the Met  residue, EL2 peptide
regained its original structure after reduction. The disappearance of
peaks 2 and 3 representing two  oxidized forms of EL2 indicated our
method could completely reduce the methionine sulfoxide residue
back to methionine form. The usage of inorganic reagents KI for the
reduction of EL2 peptide is not only rapid, but also environmental
friendly and compatible with other amino acids, showing distinct
advantage for practical application.

4. Conclusions

In this study, cyclic oxidation and reduction of a methionine con-
taining peptide EL2 was  realized and analyzed. RP-HPLC and MS
were employed to monitor and characterize the redox reactions.
Even with a moderate H2O2 oxidation condition, the high tendency

of EL2 peptide to oxidation was  still observed, implying the readily
modification of this peptide to in vivo oxidative stress. By using
an inorganic reductant KI, the oxidized sulfoxide diastereoiso-
mers can be conversed back to EL2 completely and rapidly. The
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nterconversion between the oxidized and reduced forms of EL2
ay play an important role during the regulation of physiologic

rocesses. This investigation into the interconversion of EL2 allows
urther study of its function and mechanism during cancer cell sig-
aling processes. Our method also provides a new perspective to
tudy biochemically active Met  containing peptides and proteins
n various biological systems.

cknowledgements

This  project was financially supported by National Natural Sci-
nce Foundation of China (21105105, 21135006 and 20975102)
nd Chinese Academy of Sciences.

eferences

[1] G.W. Hart, M.P. Housley, C. Slawson, Nature 446 (2007) 1017–1022.
[2] Y. Aylon, M. Oren, Cell 130 (2007) 597–600.
[3]  V.K. Sharma, N.J.D. Graham, Ozone: Sci. Eng. 32 (2010) 81–90.
[4] E.R. Stadtman, Arch. Biochem. Biophys. 423 (2004) 2–5.
[5] T. Hoshi, S.H. Heinemann, J. Physiol.: Lond. 531 (2001) 1–11.
[6] A. Agbas, J. Moskovitz, Curr. Signal Transduct. Ther. 4 (2009) 46–50.
[7] W.  Vogt, Free Radic. Biol. Med. 18 (1995) 93–105.
[8] B. Bulvik, L. Grinberg, R. Eliashar, E. Berenshtein, M.  Chevion, Mech. Ageing Dev.

130 (2009) 139–144.
[9] B.S. Berlett, E.R. Stadtman, J. Biol. Chem. 272 (1997) 20313–20316.
10] M.  Palmblad, A. Westlind-Danielsson, J. Bergquist, Neurobiol. Ageing 23 (2002),

S397-S397.
11]  J. Gao, D. Yin, Y.H. Yao, T.D. Williams, T.C. Squier, Biochemistry 37 (1998)

9536–9548.
12]  M.A. Ciorba, S.H. Heinemann, H. Weissbach, N. Brot, T. Hoshi, Proc. Natl. Acad.

Sci. U.S.A. 94 (1997) 9932–9937.
13] E.R. Stadtman, J. Moskovitz, R.L. Levine, Antioxid. Redox Signal. 5 (2003)
577–582.
14]  J.R. Erickson, M.-L.A. Joiner, X. Guan, W.  Kutschke, J. Yang, C.V. Oddis, R.K.

Bartlett, J.S. Lowe, S.E. O’Donnell, N. Aykin-Burns, M.C. Zimmerman, K. Zim-
merman, A.-J.L. Ham, R.M. Weiss, D.R. Spitz, M.A. Shea, R.J. Colbran, P.J. Mohler,
M.E. Anderson, Cell 133 (2008) 462–474.

[

[
[

 (2012) 531– 536

15] T. Finkel, N.J. Holbrook, Nature 408 (2000) 239–247.
16] X.H. Zhang, H. Weissbach, Biol. Rev. 83 (2008) 249–257.
17] R.L. Levine, L. Mosoni, B.S. Berlett, E.R. Stadtman, Proc. Natl. Acad. Sci. U.S.A. 93

(1996) 15036–15040.
18] T. Kotiaho, M.N. Eberlin, P. Vainiotalo, R. Kostiainen, J. Am. Soc. Mass Spectrom.

11 (2000) 526–535.
19] H. Ichiba, M.  Nakamoto, T. Yajima, M.  Takayama, T. Fukushima, Biomed. Chro-

matogr. 24 (2010) 140–147.
20] W.  Beck, G. Jung, Lett. Pept. Sci. 1 (1994) 31–37.
21] R.A. Houghten, C.H. Li, Anal. Biochem. 98 (1979) 36–46.
22] M.  Vilaseca, E. Nicolas, F. Capdevila, E. Giralt, Tetrahedron 54 (1998)

15273–15286.
23] D.M. Zhang, H.X. Liu, S.S. Zhang, X.L. Chen, S.F. Li, C.L. Zhang, X.M. Hu, K.S. Bi,

X.H. Chen, Y.Y. Jiang, Talanta 84 (2011) 614–622.
24]  A.M. Urvalek, H. Lu, X. Wang, T. Li, L. Yu, J. Zhu, Q. Lin, J. Zhao, Am. J. Transl. Res.

3 (2011) 121–132.
25] A.J. Creese, H.J. Cooper, J. Am. Soc. Mass Spectrom. 18 (2007) 891–897.
26] S. Afiuni-Zadeh, X.H. Guo, G. Azimi, E. Lankmayr, Talanta 85 (2011) 1835–1841.
27]  F. Du, Y. Bai, H. Liu, Anal. Chem. 82 (2010) 9374–9383.
28] X.G. Jiang, M.L. Ye, H.F. Zou, Proteomics 8 (2008) 686–705.
29] J.  Yang, G.W. Xu, W.F. Zheng, H.W.  Kong, C. Wang, X.J. Zhao, T. Pang, J. Chro-

matogr. A 1084 (2005) 214–221.
30] B.F. Cravatt, G.M. Simon, J.R. Yates III, Nature 450 (2007) 991–1000.
31] H. Ichiba, T. Ogawa, T. Yajima, T. Fukushima, Biomed. Chromatogr. 23 (2009)

1051–1058.
32]  Z.Q. Guan, N.A. Yates, R. Bakhtiar, J. Am. Soc. Mass Spectrom. 14 (2003) 605–613.
33]  U. Tornvall, Anal. Methods 2 (2010) 1638–1650.
34]  G.Z. Shao, R.L. Zhou, Q.Y. Zhang, Y. Zhang, J.J. Liu, J.A. Rui, X. Wei, D.X. Ye,

Oncogene 22 (2003) 5060–5069.
35] X.R. Liu, R.L. Zhou, Q.Y. Zhang, Y. Zhang, Y.Y. Jin, M. Lin, J.A. Rui, D.X. Ye, World

J. Gastroenterol. 10 (2004) 1555–1559.
36] G. Kasper, A. Vogel, I. Klaman, J. Gröne, I. Petersen, B. Weber, E. Castaños-Vélez,

E. Staub, D. Mennerich, Cancer Lett. 224 (2005) 93–103.
37] Y.Y. Huang, R. Zhao, Y.B. Fu, Q.D. Zhang, S.X. Xiong, L. Li, R.L. Zhou, G.Q. Liu, Y.

Chen, ChemBioChem 12 (2011) 1209–1215.
38] G.B. Fields, R.L. Noble, Int. J. Pept. Protein Res. 35 (1990) 161–214.
39] D.A. Wink, R.W. Nims, J.E. Saavedra, W.E. Utermahlen, P.C. Ford, Proc. Natl. Acad.
40] F. Turecek, D.E. Drinkwater, F.W. Mclafferty, J. Am. Chem. Soc. 111 (1989)
7696–7701.

41]  P. Lloydwilliams, F. Albericio, E. Giralt, Int. J. Pept. Protein Res. 37 (1991) 58–60.
42]  E. Nicolas, M.  Vilaseca, E. Giralt, Tetrahedron 51 (1995) 5701–5710.


	Cyclic interconversion of methionine containing peptide between oxidized and reduced phases monitored by reversed-phase HP...
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Solid-phase peptide synthesis
	2.3 RP-HPLC analysis of the peptides
	2.4 Oxidation of EL2 with H2O2
	2.5 Reduction of the methionine sulfoxide with KI
	2.6 Characterization of the peptides by MALDI-TOF-MS and ESI-MS/MS

	3 Results and discussion
	3.1 Peptide synthesis
	3.2 Monitoring the oxidation of peptide by RP-HPLC
	3.3 ESI-MS/MS analysis of oxidation process of EL2
	3.4 Mild and efficient reduction of the oxidized EL2

	4 Conclusions
	Acknowledgements
	References


