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PREFACE

Signaling by reactive oxygen- and nitrogen species, mainly non-radical
species such as hydrogen peroxide, lipid peroxides, and peroxynitrite—
which may be viewed as second messengers—has emerged as a major
regulatory process of cell function. Signaling targets are redox-sensitive
protein cysteines and the large pool of low-molecular thiols, mainly gluta-
thione. These volumes of Methods in Enzymology on Thiols Redox Transi-
tions in Cell Signaling address two large topics Chemistry and Biochemistry
of Low Molecular Weight and Protein Thiols (Part A, Volume 473) and
Cellular Localization and Signaling (Part B, Volume 474). Both volumes
serve to bring together current methods and concepts in the field of cell
signaling driven by thiol redox modifications by techniques such as fluores-
cence-based proteomics, mass spectrometry approaches, and fluorescence
reporters.

The editors thank all the contributors, whose thorough and innovative
work is the basis of these two Methods in Enzymology volumes. The editors
give special thanks to Leopold Flohé for providing the introductory chapter
‘‘Changing paradigms in thiology: from antioxidant defense toward redox
regulation, whose critical thinking educated us on the major concepts by
which metabolic regulation and adaptation are transduced via thiol
modifications.

ENRIQUE CADENAS

LESTER PACKER
March 2010
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Abstract

The rate of electron transfer through multicomponent redox systems is often

monitored by following the absorbance change due to the oxidation of the

upstream pyridine nucleotide electron donor (NADPH or NADH) that initiates

the process. Such coupled assay systems are powerful, but because of pro-

blems regarding the rate-limiting step, they sometimes limit the kinetic infor-

mation that can be obtained about individual components. For peroxiredoxins,

such assays have led to widespread underestimates of their catalytic power.

We show here how this problem can be addressed by a protein engineering

strategy inspired by some bacterial and eukaryotic thioredoxins for which a

significant fluorescence signal is generated during oxidation that provides a

highly sensitive tool to directly measure electron transfers into and out of these

domains. For the N-terminal domain of AhpF (a flavoprotein disulfide reductase)

and Escherichia coli glutaredoxin 1, two cases not having such fluorescence

signals, we have successfully added ‘‘sensor’’ tryptophan residues using the

positions of tryptophan residues in thioredoxins as a guide. In another thior-

edoxin-fold redox protein, the bacterial peroxiredoxin AhpC, we used chemical

modification to introduce a disulfide-bonded fluorophore. This modified AhpC

still serves as an excellent substrate for the upstream AhpF electron donor but

now generates a strong fluorescence signal during electron transfer. These

tools have fundamentally changed our understanding of the catalytic power of

peroxiredoxin systems and should also be widely applicable for improving

quantitative assay capabilities in other electron transfer systems.

1. Introduction

Reactive cysteine-containing redox centers within proteins are
important to cellular metabolic and signaling processes and are often
found within the CXXC-related motif of the thioredoxin (Trx)-like fold
common to a broad range of redox proteins (e.g., Trx, glutaredoxin (Grx),
glutathione-S-transferase (GST), peroxiredoxin (Prx), and glutathione per-
oxidase (Gpx) families) (Atkinson and Babbitt, 2009). In some members of
this group, including Escherichia coli Trx, tryptophan (Trp) residues are
sufficiently close and appropriately oriented to act as sensitive fluorescent
reporters of the active-site redox state (Holmgren, 1972). In these cases, Trp
fluorescence provides a powerful way to conduct kinetic studies focused on
one or a few steps of reaction, without having to rely on linked spectral
assays (e.g., by including NADPH and Trx reductase with Trx-dependent
assays). However, in many proteins in the group, the conversion between
disulfide and dithiol forms is spectrally silent or minimally detectable (e.g.,
through observation of a thiolate anion absorbing at 240 nm), so such assays
cannot be used.
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As described herein, sensitive fluorescent reporters of redox activity can
be engineered into redox domains, either by utilizing mutation to introduce
strategically located Trp residues, or by chemically converting a cysteinyl
residue of interest into a disulfide center which includes a highly fluorescent
leaving group. While these approaches may not be successful in all enzymes,
they have been quite successful in the bacterial Prx systems that are the focus
of this chapter. In these cases, the fluorescence-based assays not only allowed
insight into mechanistic details but also transformed perceptions in the field
by showing that the enzymes in question had an intrinsic activity 100 times
greater than had been previously appreciated.

2. The Problem: Low Sensitivity and Improperly

Rate-Limited Assays for Redox Functions of

Bacterial Peroxiredoxin Systems

Peroxiredoxins (EC 1.11.1.15) are a widespread class of thiol-dependent
peroxidases with roles in the control of damaging and signaling-relevant
reactive oxygen species such as hydrogen peroxide, organic hydroperoxides,
and peroxynitrite (Hall et al., 2009a). Structurally, they are Trx-fold proteins
with insertions and modifications that support their peroxidase functions, and
include conserved Arg, Pro, and Thr residues in addition to the peroxidatic
cysteine (Karplus and Hall, 2007). The catalytic cycle of Prx enzymes is
initiated with the nucleophilic attack of the thiolate from the peroxidatic Cys
on the peroxide substrate, forming the alcohol (or water), which is released,
and a sulfenic acid at the active-site Cys (R-SOH) (Poole, 2005, 2007).
The resolution and reductive recycling of the Cys-sulfenic acid back to the
thiol form for further catalysis differs in various Prx enzymes. Formation of a
disulfide bond with a second, resolving Cys residue occurs in 2-Cys Prx,
whereas 1-Cys enzymes form an intermolecular disulfide with a redox donor
such as Trx, Grx, or glutathione.

The most widespread and well-characterized form of Prx are
the typical 2-Cys Prx, where the resolving Cys is positioned near the
C-terminus of a second monomer, hence a dimeric (or higher order) form
of the enzyme is required for activity. Trx is the typical cellular reductant
of this class of Prx in eukaryotes, whereas in prokaryotes a gene encoding a
specialized flavoprotein disulfide reductase, AhpF, is typically found
downstream of the gene for AhpC-like Prx proteins (Wood et al.,
2003). Plant Prx proteins may in some cases use Grxs as electron donors
(Rouhier et al., 2002). With each of these reductive recycling systems,
reduction of the Prx is linked to the cellular reductants NADPH or
NADH through a flavoprotein (i.e., Trx reductase, AhpF, or glutathione
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reductase); the coupled oxidation of NAD(P)H at 340 nm is followed to
measure the catalytic activity of these Prx enzymes.

Using such a linked assay (e.g., including NADH, AhpF, AhpC, and
peroxide), measurements of enzymatic activity of AhpC from Salmonella
typhimurium revealed no variations in rate for a wide range of concentrations
of different hydroperoxide substrates (Parsonage et al., 2005, 2008; Poole
and Ellis, 1996), showing that the rates obtained were limited by the ability
of AhpF to reduce the disulfide form of AhpC (Poole et al., 2000b). This
provided accurateVmax andKm values for the AhpF–AhpC electron transfer
interaction (Poole et al., 2000b), but underestimated the reactivity of AhpC
with peroxide substrates, promoting the view that Prx proteins are poor
enzymes in comparison with heme-dependent peroxidases and catalases
(Dietz et al., 2006; Hofmann et al., 2002). Usually, where the coupling
enzyme is rate limiting, the solution is to increase the concentration of the
coupling enzyme in the assay. In this case, however, the assay is complicated
by the high NADH oxidase activity of AhpF, whereby the FAD noncova-
lently bound to the enzyme is reduced by NADH and subsequently reacts
directly with molecular oxygen to produce hydrogen peroxide and oxidized
NADþ (Niimura et al., 1995; Poole and Ellis, 1996). It is possible to carry out
these activity measurements under anaerobic conditions to obviate this prob-
lem, but only at the expense of making these assays very time-consuming. For
these and issues of better sensitivity, a more direct assay to assess catalytic
turnover of bacterial AhpC was sought.

3. The Solution: Engineering of Fluorescent

Redox Reporters into the N-Terminal Domain

of AhpF and E. coli Grx1

Amino acid sequence analysis of AhpF revealed that this protein
contains a C-terminal domain homologous to prokaryotic Trx reductase
and an N-terminal domain (NTD) homologous to Trx, fused into one
polypeptide (Poole et al., 2000a). These two fragments of AhpF could
be separated by limited proteolysis using trypsin (Poole, 1996), or separately
expressed and purified as distinct Trx reductase- and Trx-like fragments
(Poole et al., 2000a). The fold of the NTD of AhpF is, in fact, a tandem
duplication of Trx folds in which only the second repeat retains the
characteristic CXXC redox-active dithiol motif (Hall et al., 2009b; Wood
et al., 2001). The overall AhpC reductase activity of AhpF could be
reconstituted, albeit much less efficiently, by mixing the two fragments
(Poole et al., 2000a). This structural homology of AhpF to Trx and Trx
reductase was later confirmed by solution of the three-dimensional structure
of AhpF by X-ray crystallography (Wood et al., 2001).
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Unlike Trx, which displays an increase in intrinsic Trp fluorescence
when the enzyme is reduced, the NTD of AhpF shows no corresponding
redox-dependent fluorescence changes. The reason for this is apparent in
Fig. 1.1, which shows an alignment of the amino acid sequences surround-
ing the CXXCmotif of the NTD, Trx, and several other redox-active Trx-
like proteins (Tlps). A Trp residue is found preceding the CXXC active site
in both prokaryotic and eukaryotic Trxs, as well as protein disulfide isom-
erase (Pdi) and several extracytoplasmic Tlps. A second Trp residue is also
located three residues upstream of the first in prokaryotic Trxs and Tlps; in
E. coli Trx, these residues are Trp28 and Trp31. Mutagenesis of these
residues in E. coli Trx identified Trp31 as the major contributor to fluores-
cence of oxidized Trx (Krause and Holmgren, 1991), whereas the fluores-
cence of reduced Trx is dominated by the emission from Trp28 (Slaby et al.,
1996). Prokaryotic and eukaryotic Trxs differ in the extent to which their

TrxA FDTDVLKADG AILVDFWAEW CGPCKMIAPI LDEIADEYQG---
TrxC TLDKLLKDDL PVVIDFWAPW CGPCRNFAPI FEDVAQERSG---
ResA RIELSDLKGK GVFLNFWGTW CEPCKKEFPY MANQYKHFKS---
TlpA PKKLSDFRGK TLLVNLWATW CVPCRKEMPA LDELQGKLSG---
DspE FDQSVLKDGK PLLLNVWATW CPTCRAEHQY LNSLAAQGVR---
Pdi FESVALDKSK SVLVEFYAPW CGHCKQLAPI YDQLAEKYKD---
HsTrx1 QEALDAAGDK LVVVDFSATW CGPCKMIKPF FHSLSEKYSN---
HsTrx2 FQDRVVNSET PVVVDFHAQW CGPCKILGPR LEKMVAKQHG---
DsbA TTLEKPVAGA PQVLEFFSFF CPHCYQFEEV LHISDNVKKK---
AhpF LEQIRDIDGD FEFETYYSLS CHNCPDVVQA LNLMAVLNPR---
HsGrx QEFVNCKIQP GKVVVFIKPT CPYCRRAQEI LSQLPIKQGL---
Grx1 ---------- MQTVIFGRSG CPYCVRAKDL AEKLSNERDD---
Grx2 ----------- -MKLYIYDH CPYCLKARMI FGLKNIPVEL---
Grx3 ---------M ANVEIYTKET CPYCHRAKAL LSSKGVSFQE---

Figure 1.1 Sequence alignment of thioredoxin (Trx)-fold proteins. Partial sequences
surrounding the active CXXC motif of Trx and related redox-active proteins were
aligned using CLUSTALW (Larkin et al., 2007), showing the position of Trp residues
upstream of the CXXC motif (in bold font). The representative structure above the
sequences indicates the b-strand (arrow), turn (inverted U), and a-helix (zig-zag) of the
E. coli Trx 1 structure. Sequences shown are for: TrxA, E. coli Trx 1 (THIO_ECOLI);
TrxC, E. coli Trx 2 (THIO2_ECOLI); ResA, a Trx-like protein involved in cyto-
chrome c maturation in Bacillus subtilis (RESA_BACSU); TlpA, a membrane-anchored
protein thiol:disulfide oxidoreductase essential for cytochrome aa3 maturation in Bra-
dyrhizobium japonicum (TLPA_BRAJA); DspE, an E. coli protein required for cyto-
chrome c maturation (DSBE_ECOLI); Pdi, the protein disulfide isomerase from
Drosophila melanogaster (PDI_DROME); HsTrx1 and HsTrx2, two human thioredoxins
(THIO_HUMAN and THIOM_HUMAN); and AhpF from Salmonella typhimurium,
the flavoprotein reductase for AhpC (AHPF_SALTY). Also shown are the sequences of
one human and three E. coli dithiol-containing glutaredoxins of (GLRX1_HUMAN;
GLRX1_ECOLI; GLRX2_ECOLI; and GLRX3_ECOLI).
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Trp fluorescence increases when they are reduced; E. coli Trx undergoes a
greater than threefold increase in fluorescence, whereas mammalian and
yeast enzymes display only a 50–70% increase (Merola et al., 1989).

Another redox-active enzyme with a Trx-fold structure, DsbA (the key
prokaryotic enzyme responsible for the formation of disulfide bonds in
periplasmic proteins) (Kadokura et al., 2003), also exhibits redox-dependent
changes in fluorescence. Although DsbA lacks Trp residues adjacent to the
CXXC motif or within the Trx-like domain, two Trp residues are present
within a second a-helical domain inserted into the Trx fold. Communica-
tion between the disulfide of the oxidized active site and Trp76 is mediated
by Phe26, resulting in quenching of the Trp fluorescence by the disulfide
through an intramolecular, dynamic-quenching process (Hennecke et al.,
1997). This is responsible for the threefold increase in Trp fluorescence
when the active-site disulfide of DsbA is reduced (Wunderlich and
Glockshuber, 1993).

In order to use the AhpF NTD in fluorescence-monitored assays of
AhpC-dependent peroxidase activities, we mutated the NTD (comprised of
residues 1–202 of AhpF) to contain the equivalent of E. coli Trx1 Trp31,
generating S128W NTD (Fig. 1.2A) (Parsonage et al., 2005). Described in
this chapter are the characterization and use of this mutant to very sensi-
tively and accurately measure AhpC activity. As another potential electron
donor to Prx proteins, E. coli Grx1 was also of interest and was under
investigation as a reductant of another bacterial Prx, the E. coli ‘‘bacterio-
ferritin comigratory protein’’ (BCP). Wild-type Grx1 exhibits only a low
level of fluorescence, a characteristic that was not useful for monitoring its
redox state changes during assays with BCP. As shown in Fig. 1.1, placing a
Trp residue in E. coli Grx1 corresponding to Trp31 of E. coli Trx would
involve replacing the smallest possible amino acid (Gly) with the largest
(Trp). Because this position is adjacent to the redox center, it is possible that

Original NTD

Redox-sensing
NTD mutant, S128W

Redox-sensing
Grx1 mutant, F6W

Original Grx1

TYYSLSCHNCP

TYYSLWCHNCP

IFGRSGCPYCV

IWGRSGCPYCV

A

B

Figure 1.2 Strategies for introducing Trp residues as fluorophores into electron
transferring proteins. Shown are the original sequences surrounding the active-site
cysteine residues for the N-terminal domain (NTD) of S. typhimurium AhpF (A) and
E. coli Grx1 (B) as well as their respective mutated forms used to provide redox-
sensitive fluorophores near the active site, S128W and F6W, respectively.
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this Gly or Trp contributes to the specificity of each of these redox domains
for given substrates. As an alternative, we chose to mutate a nearby site in
Grx1, adjacent to the location of Trp28 in E. coli Trx, which already
includes a bulky, aromatic residue, creating the F6W mutant of Grx1
(Fig. 1.2B). In fact, both the AhpF S128W and the Grx1 F6W constructs
were successful in yielding highly active, CXXC-containing redox domains
that could be used to directly monitor electron transfer reactions in simple,
three component (donor–Prx–peroxide) assays conducted using a stopped-
flow spectrofluorometer, as described in detail below.

4. Engineering of Disulfide-Containing

Electron Acceptor Domains to Detect

Electron Transfers via Fluorescence

Changes; Linkage of Fluorescein to Bacterial

AhpC via a Reducible Disulfide Bond

During the course of our studies of the AhpF–AhpC system, we also
sought a way to sensitively detect electron transfers from the NTD to AhpC
by modifying the electron acceptor instead of the donor. Incorporation of a
disulfide-bonded fluorescent reporter into each of the Cys residues in turn
generated two potential AhpC-based substrates for AhpF that produced a
strong fluorescent signal when reduced. This approach allowed us to com-
pare the activity of both the native and S128W mutated forms of the NTD
(Parsonage et al., 2005), and to determine which cysteine within the
disulfide bond of AhpC was the site of attack by the electron donor
( Jönsson et al., 2007; Poole, 1999).

Standard chemical modification procedures were employed to introduce
the chosen fluorescein reporter into each single Cys mutant of AhpC
[lacking either the peroxidatic (C46S) or resolving (C165S) Cys residues].
Equilibration of single Cys-containing proteins with N,N 0-didansyl-L-
cystine can also be used to incorporate disulfide-linked fluorescent groups,
but the low efficiency and long times needed for labeling protein with this
probe can make this a suboptimal approach. Instead, we made a fluorescein-
linked methane thiosulfinate (MTS) reagent that rapidly and efficiently
modifies the target protein with disulfide-bonded fluorescein (Fig. 1.3).
Then when another protein or small molecule reductant attacks that disul-
fide bond, the release of fluorescein is accompanied by a fluorescence
change, providing a sensitive way to measure reduction rates. Because this
engineered AhpC was used to assay the S128W NTD mutant described
above, our description of the methods used in this research begins with the
engineering of AhpC to generate the modified, disulfide-containing test
proteins.
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5. Materials

5.1. Solutions

25 mM potassium phosphate, pH 7.0, 1 mM EDTA (standard buffer)
50 mM potassium phosphate, pH 7.0, 0.5 mM EDTA, 100 mM ammonium

sulfate (AhpC reaction buffer)
50 mM H2O2 (�456 ml 30% solution in 100 ml H2O)
100 mM cumene hydroperoxide (reagent diluted approximately 60-fold

into dimethyl sulfoxide)
100 mM t-butyl hydroperoxide
�30 mM NADH or NADPH (�2.5 mg per 100 ml 50 mM Tris–HCl,

pH 8.0, stored at 4 �C in the dark for � 1 day)

OHO O

COOH

O

N

O

OO

+H3C
S

S-CH2-CH2-NH2

O O

Protein-SH

Protein-S-S-

OH
N OO

H3C

S

O O

H

FL

OHO O

COOH

OH3C
S

S-CH2-CH2-NH

O O

FAM-SE;5-isomer

AEMTS

Figure 1.3 Labeling of AhpC mutants with fluorescein via a disulfide bond. Succini-
midyl ester-linked carboxyfluorescein (FAM-SE; 5-isomer from Invitrogen is shown,
but a mixture of 5- and 6-isomers can be used) was incubated with 2-aminoethyl
methane thiosulfonate (AEMTS), then with free protein thiols, resulting in fluores-
cence quenching.
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100 mM 1,4-dithio-DL-threitol (DTT), 154.2 g/mol (aliquots stored at
�80 �C)

Glutathione, reduced
Hydroxyethyldisulfide (HED) (disulfide-bonded formof 2-mercaptoethanol).

5.2. Chemical modification agents

Carboxyfluorescein succinimidyl ester (FAM-SE; 5- and 6-isomers) from
Molecular Probes (now Invitrogen, Carlsbad, CA), 473.39 g/mol, dis-
solved in DMSO

2-Aminoethyl methane thiosulfonate hydrobromide (AEMTS), from Ana-
trace, Inc. (Maumee, OH), 236.15 g/mol

5,50-Dithiobis(2-nitrobenzoic acid) (DTNB), 396.4 g/mol
2-Nitro-5-thiobenzoic acid (TNB) solution, equimolar DTNB and DTT

mixed) (Poole and Ellis, 2002).

5.3. Proteins

� S. typhimurium AhpC purified essentially as described previously
(Parsonage et al., 2008). Aliquots were stored at �80 �C at a concentra-
tion of 10 mg/ml.

� S. typhimurium C165S and C46S mutants of AhpC, expressed and pur-
ified as described previously (Ellis and Poole, 1997; Nelson et al., 2008)
and stored at –20 �C in 5 mM DTT. Prior to conducting experiments,
DTT is removed using a Sephadex G-50 gel filtration column (monitor
A280, pool and if necessary concentrate protein eluting in first peak).

� S. typhimurium AhpF purified essentially as described previously (Poole
and Ellis, 1996). Aliquots were stored at �80 �C at a concentration of
10 mg/ml.

� NTD of S. typhimurium AhpF and S128W mutant of the NTD were
purified as described previously (Poole et al., 2000a). The S128W mutant
was created using a QuikChange mutagenesis kit (Parsonage et al., 2005).
Aliquots of purified protein were stored at 10 mg/ml at �80 �C.

� E. coli Grx 1 and the F6W mutant of Grx1 were expressed as His-tagged
versions, purified first using a His-trap chelating column (GE Healthcare),
cleaved with biotinylated-thrombin (Novagen), then further purified by gel
filtration chromatography as described previously (Yamamoto et al., 2008).
The F6Wmutant was generated and expressed essentially as described previ-
ously for S128WNTD, and purified by the samemethod as wild-type Grx1.

� E. coli BCP was expressed in an ahpC E. coli strain (lacking AhpC
expression) and purified by a combination of Q-Sepharose, Superose 12
prep grade, and ceramic hydroxyapatite columns.

� Glutathione reductase from Baker’s yeast.
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6. Methods

6.1. Generation of modified AhpC proteins linked to
fluorescein via a disulfide bond

A two-step procedure—first linking the fluorescein to a thiol-reactive meth-
ane thiosulfonate (MTS) reagent, then incubating this reagent with the pro-
tein—is used to introduce the fluorescein reporter into the target protein via a
disulfide bond (Fig. 1.3). First, amine-reactive FAM-SE (5- and/or 6-isomers,
56 �mol) and AEMTS (from Anatrace, 37.5 mmol) are predissolved in small
volumes of DMSO and then diluted together into a volume of 2.5 ml of 60
mM sodium bicarbonate (a final DMSO concentration of up to 70% DMSO
can be used). The reaction is incubated for 2–3 h at room temperature and
then quenched with excess glycine (120 �mol in a small volume of water) and
incubated overnight at 4 �C in order to block the unreacted fluorescein
reagent. Because only the MTS species, which is completely modified with
fluorescein, is reactive, the components of the mixture do not need to be
separated before adding to protein. Due to the highly efficient reaction of
MTS reagents with free thiol groups, any proteinwith an accessible or partially
accessible thiol group can be quickly and efficiently labeled by this reagent. If
desirable, thiol reactivity of the carboxyfluorescein-linked AEMTS can be
assessed by titrating TNB (generated through addition of DTT to a slight
excess of DTNB) with this reagent and observing changes in A412 (e412 ¼
14,150M�1 cm�1 for TNB) (Riddles et al., 1979).

To modify the target proteins (in this case the C46S and C165S mutants
of AhpC which each contain a single reactive thiol group), a 1.2- to 2-fold
molar excess of the reagent is incubated with 6 �mol of AhpC protein in the
standard buffer for 10 min at room temperature followed by gel filtration
chromatography on a Sephadex G-50 column to remove small molecules.
Concentrations of DMSO as high as 20% gave good results with AhpC
mutants, probably due to the very short exposure time, but lower concen-
trations (at 2% or less) may help prevent protein precipitation. Both mutants
of AhpC were very efficiently labeled with the reagent; this created the
carboxyfluorescein-modified constructs designated AhpC-FAM(165) (with
fluorescein attached to Cys165 of the C46S mutant) and AhpC-FAM(46)
(with fluorescein attached to Cys46 of the C165S mutant).

The fluorescence of the fluorescein moiety (lmax,ex¼ 498 nm, lmax,em¼
522 nm; e495 � 40,000M�1 cm�1 in standard buffer) was highly quenched
upon incorporation into both AhpC mutants. In the presence of excess
oxidized C46S AhpC, fluorescein fluorescence decreased 70% upon linkage
to the protein. Such quenching due to the surrounding protein environment
allows for extremely sensitive detection by fluorescence of the reduction of
the engineered disulfide bond.
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Bymeasuring the initial and final fluorescence valueswhen the fluorescein-
labeled protein is incubated with excess reductant, the arbitrary units of
fluorescence intensity can be converted to fluorophore concentration. An
independent measure of enzymatic activity may also be conducted to validate
the fluorescence results. For AhpC-FAM(165) (ranging from 0 to 72 �M ),
assays with 0.06 �M intact AhpF and 150 �M NADH were carried out
aerobically in an Applied Photophysics SX.18MV stopped-flow spectropho-
tometer in the standard AhpC reaction buffer without peroxide. Rates
were determined based on both absorbance changes at 340 nm and fluores-
cence changes using excitation at 493 nm and a 510 nm filter for emission.
Rates of fluorescence changes were directly proportional to rates of absor-
bance changes up to (at least) 29 �M AhpC-FAM(165); plotting the observed
rate against the concentration of AhpC-FAM(165) gave a straight line passing
through the origin, consistent with an irreversible reaction.

For the two AhpC mutants labeled by this procedure, reactivity toward
AhpF is considerably different due to the differential protein environments
and roles for each of these residues in the wild-type protein (Ellis and Poole,
1997; Jönsson et al., 2007). AhpF reduced AhpC-FAM(165) with very
similar kinetic parameters as those for wild-type AhpC (only a sevenfold
difference in catalytic efficiency); the kcat was about ninefold lower (25.5 vs.
237 s�1, respectively) and Km for the AhpC substrate approximately the
same (14.3 vs. 19.0 �M) as for wild-type AhpC (Poole et al., 2000a,b).
In contrast, AhpF reduced AhpC-FAM(46) at a rate more than two orders
of magnitude lower than the rate with wild-type AhpC (kcat/Km of 5� 104

M�1 s�1 vs. 1.2 � 107 M�1 s�1 for AhpC-FAM(46) and wild-type AhpC,
respectively) (Poole, 1999). Very similar results were obtained using a TNB
conjugate with C46S AhpC (analogous to AhpC-FAM(165)), and we have
used these systems to investigate the roles of the different Cys in AhpF
(Jönsson et al., 2007). These results demonstrated that AhpF can attack a
disulfide-bonded Cys165 (but not C46) with high efficiency even with
large differences in the moiety to which this residue is disulfide bonded.

To test for activity of the NTD of AhpF with this substrate, the NTD
protein was prereduced overnight at 4 �C with a 100-fold excess of DTT
and separated from the excess reagent by gel filtration chromatography on a
Sephadex G-50 column.

On mixing reduced NTDwith excess AhpC-FAM(165) in the stopped-
flow spectrophotometer at concentrations up to 29 �M, fluorescence
changes were readily fit to a single exponential at each concentration of
AhpC-FAM(165) (Fig. 1.4). Over these concentrations, the fluorescein
label was released with a bimolecular rate constant of 1.2 � 106 M �1 s�1

(Fig. 1.4, inset), nearly identical with the kcat/Km of 1.8 � 106 M �1 s�1 of
AhpC-FAM(165) with intact AhpF (Poole et al., 2000a). The separately
expressed C-terminal fragment of AhpF (residues 208–521) exhibited less
than 0.1% of the reactivity of intact AhpF with AhpC-FAM(165), clearly
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illustrating the ability of the N-terminus, but not the C-terminus, of AhpF
to rapidly reduce AhpC (Poole et al., 2000a).

6.2. Characterization of the fluorescence and activity of the
S128W mutant of the NTD S. typhimurium AhpF

The S128W mutant of the independently-expressed NTD of S. typhimur-
ium AhpF was highly overexpressed from a T7 promoter using several E. coli
strains, and was readily purified in large amounts (Parsonage et al., 2005).
Introduction of a third Trp into the NTD is expected to increase the 280
nm extinction coefficient, so the 280 nm absorbance of a solution of S128W
NTD was compared to the protein content measured by the microbiuret
assay. This gave an experimentally determined extinction coefficient of
21,250 M�1 cm�1 at 280 nm for S128W NTD, higher than the value of
15,100 M�1 cm�1 for wild-type NTD.

One immediate question is whether the S128W mutant NTD is capable
of reducing AhpC, and how this activity compares to wild-type NTD.
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Figure 1.4 Reduction of AhpC-FAM(165) by prereduced NTD. The N-terminal
domain (residues 1–202) of AhpF (0.35 �M of NTD) prereduced with dithiothreitol
was mixed with AhpC-FAM(165) at varying concentrations in peroxidase assay buffer
(50 mM potassium phosphate, pH 7.0, with 0.5 mM EDTA and 100 mM ammonium
sulfate) at 25 �C in the stopped-flow spectrophotometer. Shown are the fluorescence
changes observed on mixing reduced NTD with 14.4 �M AhpC-FAM(165) and the
fitted single-exponential curve. The inset shows the pseudo-first-order rates of fluores-
cence change observed over varying concentrations of AhpC-FAM(165). Reprinted
with permission from Poole et al. (2000a).
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In order to answer this question, we examined the ability of prereduced
S128W NTD to release the fluorescein label from the artificial substrate
AhpC-FAM(165) described above. Wild-type or S128W NTD (0.35 mM)
was mixed with a range from 5 to 30 mM AhpC-FAM(165) in a stopped-
flow spectrofluorometer. All concentrations are the final values after mix-
ing. As above, fluorescence intensity was measured by excitation at 493 nm
and emission at wavelengths greater than 510 nm. When reactions of
S128W NTD with AhpC-FAM(C165) were compared with those of
wild-type NTD, identical rates were observed, indicating that the NTD’s
ability to reduce AhpC was not perturbed.

Comparison of the fluorescence of equal concentrations of reduced and
oxidized S128W NTD revealed that the reduced form was 12% more
fluorescent than the oxidized form (excitation at 280 nm, emission peak
at 343 nm). This is a smaller difference between redox states than is seen
with E. coli Trx, but was sufficient for the measurement of AhpC reacting
with 0.5 mMH2O2 in the presence of 40 �M S128W (conditions exhibiting
the smallest change in fluorescence measured).

Reduced S128W NTD was prepared by adding an approximately
40-fold excess of DTT; typically 0.2 ml of 100 mM DTT was added to
1 ml of 10 mg/ml S128W NTD and incubated at room temperature for a
minimum of 1 h. Excess DTT was removed by passing the S128W NTD
over a PD10 desalting column (GE Healthcare) equilibrated with standard
AhpC reaction buffer. The peak protein fractions were determined by
280 nm absorbance, pooled and filtered through a 0.2 or 0.45 mm
syringe-tip filter. The protein concentration of the pool was found by
measuring the 280 nm absorbance of a 15-fold dilution.

6.3. Fluorescence-based peroxidase activity assays
of S. typhimurium AhpC with S128W NTD using
stopped-flow analysis

For a bisubstrate kinetic characterization of AhpC, reaction rates have to be
determined over varying concentrations of both reductant (S128W NTD)
and hydroperoxide. As there is no regeneration of the reductant, it is
necessary to use a stopped-flow spectrofluorometer to measure this reaction
as the initial rates are only linear for the first few seconds of the reaction.
Solutions containing reduced S128W NTD and AhpC in one syringe are
mixed with solutions of different concentrations of hydroperoxide (includ-
ing hydrogen peroxide, ethyl hydroperoxide, cumene hydroperoxide, and
t-butyl hydroperoxide).

For the stopped-flow experiments, solutions contained 5–100 mM con-
centrations of the prereduced S128W NTD along with 0.1–1 mM AhpC
(wild type or mutant). The solutions used in the stopped flow are all
prepared in AhpC reaction buffer. Typically, using an Applied Photophysics
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stopped-flow instrument, 5–7 ml is sufficient to determine the rate of
reaction at one concentration of S128W NTD and a range of peroxide
substrate concentrations (7–9 solutions) that bracket the apparent Km. This
allows for at least four replicates for each rate determination. A 15-fold
dilution of the stock AhpC with AhpC reaction buffer is made directly in a
cuvette to measure the 280-nm absorbance. This primary dilution is
removed from the cuvette and used to prepare the solutions with S128W
NTD. If the AhpC has been stored in a buffer containing a component that
will interfere with the reaction assay, DTT for example, a small desalting
column should be used to transfer the enzyme into AhpC reaction buffer, or
a compatible buffer if necessary. Care should be taken to minimize changes
in buffer composition during the measurements. Four to five sets of experi-
ments with each set at a different concentration of S128W NTD can be
carried out in a normal working day.

The solutions containing a range of peroxide concentrations are
prepared from the 50 mM stock or a dilution of the stock in AhpC reaction
buffer. The initial 50 mM dilution is freshly prepared and made in water or
DMSO in the case of cumene hydroperoxide; further dilutions are made
using AhpC reaction buffer. Sufficient volumes of each dilution are made
for all the sets of experiments to be carried out on that day. Aliquots of each
concentration are removed to load into the drive syringes for each rate
determination, then discarded. This minimizes any possible contamination
of the peroxide solutions with enzyme. It is important to remember that
stopped-flow instruments usually mix equal volumes of reactants, so that all
solutions need to be made at twice the final concentration.

For best performance, the stopped-flow instrument should be allowed to
warm up in order to stabilize the lamp output, photomultiplier detectors,
and the temperature of the mixing chamber. The stopped-flow spectropho-
tometer is set up to measure fluorescence with excitation at 280 nm and
emission monitored at 90� and at wavelengths >320 nm using an emission
filter. The solution of S128W NTD and AhpC is first mixed in the stopped
flow with AhpC reaction buffer and the photomultiplier voltage is set to
give 80% of maximum signal. The signal should be monitored to ensure that
the fluorescence signal is stable in the absence of any reaction. The reaction
buffer is then replaced by a peroxide solution of concentration higher than
the S128W NTD, and after temperature equilibration (�5 min) mixed
with the solution of enzymes. The reaction is followed until no further
change occurs. After extrapolating the signal back to time ¼ 0 s, the total
change in fluorescence is calculated; this is defined as the change in fluores-
cence (signal voltage) caused by the oxidation of the known amount of
S128W NTD. Hence, the rates measured in V/s can now be converted to
rates in terms of mM NTD-oxidized s�1 mM �1 AhpC. This determination
should be carried out at least in duplicate. The initial rate of fluorescence
change for each assay is observed for the first 5 s. This reaction is repeated
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until at least three consistent traces are obtained. The next concentration of
peroxide substrate is loaded into the drive syringe and allowed to thermally
equilibrate while the previously obtained traces are averaged and the initial
linear rate calculated by linear regression. This is repeated until rates have
been measured with all the different peroxide solutions or fail to further
increase with higher peroxide concentrations. At this point, the next
concentration of S128W NTD with AhpC is loaded into the drive syringe,
and the photomultiplier voltage adjusted and the calibration of the fluores-
cence signal carried out as before.

At high concentrations of peroxide substrate, there may be a significant
background rate of reaction directly between the S128W NTD (or other)
reductant and the peroxide. This rate was only apparent with millimolar
concentrations of hydrogen peroxide and S128W NTD, and the rate of
reaction between hydrogen peroxide and S128W NTD was not linearly
dependent on the peroxide concentration. Therefore, to correct for this
background rate, identical series of experiments were carried out in the
absence of AhpC, and the observed background rate was subtracted from
the rate measured in the presence of AhpC.

The first step in analyzing the data is to determine the appropriate kinetic
mechanism to apply. This is done by plotting the data using a linearized
form of the Michaelis–Menten equation, for example, the Hanes plot
(Cornish-Bowden, 2004). An example of a Hanes plot of data obtained
with wild-type AhpC and t-butyl hydroperoxide in shown in Fig. 1.5A.
The intersection of the lines at the y-axis indicates a substituted enzyme
(ping-pong) mechanism for AhpC. Consequently, all the rate data obtained
for one peroxide substrate can be fit to Eq. (1.1),

Rate ¼ kcat � ½S128W� � ½ROOH�
KS128W

m � ½ROOH� þ KROOH
m � ½S128W� þ ½ROOH� � ½S128W�

ð1:1Þ

using the multiple-function nonlinear regression capability of Sigmaplot
(Systat Software, Inc. San Jose, CA) to calculate a global fit for kcat and
Km of the two substrates (Fig. 1.5B). Kinetic analyses of a range of hydro-
peroxide substrates and AhpC mutants have been conducted using these
approaches (Parsonage et al., 2005, 2008).

6.4. Generation and testing of the F6W mutant of E. coli Grx1
as an electron donor to E. coli BCP

As with the S128WNTD described above, generation of the pure, mutated
Grx1 protein was straightforward. The F6Wmutant Grx1 was created using
the QuikChange method; mutant and wild-type Grx1 were expressed and
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purified as described previously (Yamamoto et al., 2008). Briefly, the
protein was expressed from a T7 expression vector with an N-terminal
His-tag. After purification on a His-Trap chelating column, the His-tag was
removed by cleaving with thrombin, followed by gel filtration. As had been
intended, the F6W mutant displays higher overall fluorescence than wild-
type Grx1; in addition, F6W shows a nearly twofold increase in fluores-
cence upon reduction (Fig. 1.6). This allows a dramatic increase in the
sensitivity in assays where the redox state of Grx1 is monitored.

To evaluate functional features of the new mutant protein, the catalytic
activities of wild-type and F6W Grx1 were compared using an assay based
upon the ability of Grx to catalyze the reduction of a mixed disulfide formed
between glutathione and the small molecule HED (Holmgren and Åslund,
1995). The resulting oxidized glutathione is reduced by glutathione reduc-
tase, allowing the reaction to be monitored by oxidation of NADPH
measured spectrophotometrically at 340 nm. The activities of wild-type
and F6Wmutant Grx1 using this assay were found to be essentially identical
(Fig. 1.7).
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Figure 1.5 Kinetics of t-butyl hydroperoxide reduction by AhpC. S128W NTD
(prereduced by dithiothreitol) and 100 nM AhpC were mixed with 10–400 mM t-butyl
hydroperoxide in a stopped-flow spectrophotometer at 25 �C. All concentrations given
are after mixing. The buffer was 50 mM potassium phosphate, pH 7.0, 0.5 mM EDTA,
and 100 mM ammonium sulfate. The reaction rate was measured by monitoring
the fluorescence change of S128W NTD with excitation at 280 nm, and emission at
>320 nm. The fixed concentrations of S128W NTD in assays over a range of t-butyl
hydroperoxide were 2.5 mM (○), 5 mM (d), 10 mM (□), and 20 mM (j). A Hanes plot of
the data (panel A) shows that lines drawn through the data points intersect on the y-axis,
indicating that AhpC is following a substituted enzyme mechanism. The rate data with
global nonlinear regression fits to the data are plotted in panel B with calculated values
for Kt�ButylHP

m of 119 	 4 mM, KS128W
m of 4.1 	 0.2 mM, and kcat of 55 	 1 s�1.
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Figure 1.6 Fluorescence emission spectra of oxidized and reduced forms of E. coli
Grx1 and the F6W mutant of Grx1. Fluorescence intensity was measured with excita-
tion at 280 nm using a Varian Cary Eclipse fluorescence spectrophotometer. Proteins in
50 mM potassium phosphate buffer (pH 7) with 1 mM EDTA included 10 mM each
oxidized (□) or reduced (j) Grx1, and oxidized (○) or reduced (d) F6W Grx1.
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Figure 1.7 A comparison of activity of Grx1 and Grx1 F6W with GSH in the GSH-
dependent disulfide reductase assay with hydroxyethyldisulfide (HED) indicates that
F6W is as active as wild type. The HED assay (Holmgren and Åslund, 1995) couples the
reduction of a glutathione-linked mixed disulfide to oxidation of NADPH, monitored
by the decrease in 340 nm absorbance. The reaction mixture (0.5 ml) contained 100
mM Tris–Cl, pH 8.0 buffer with 2 mM EDTA, 0.7 mM HED, 1 mM GSH, 0.2 mM
NADPH, 0.1 mg/ml BSA, 0.12 mM glutathione reductase, and 5–100 nM wild-type
(d, solid line) or F6W(○, dashed line) Grx1.
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Earlier attempts to demonstrate that Grx1 could function as a reducing
substrate for BCP in the presence of hydrogen peroxide using a coupled
assay with glutathione, glutathione reductase, and NADPH were unsuc-
cessful because of a high background rate. Assays carried out in the absence
of BCP revealed that the background rate arises from the reaction between
reduced glutathione and hydrogen peroxide. By including BCP in high
amounts and leaving out the peroxide, this background reaction was
avoided; using this assay, F6W Grx1 was found to reduce BCP at 65% of
the rate of wild-type Grx1.

The sensitive, redox-dependent fluorescence of F6W Grx1 can be
utilized in stopped-flow spectrophotometric assays similar to those con-
ducted with S128W NTD and AhpC. To conduct these assays, F6W Grx1
was reduced with excess DTT, which was subsequently removed using a
small Sephadex G-25 column, added to a solution with BCP, and mixed
with different concentrations of hydrogen peroxide. Examples of the result-
ing fluorescence changes are shown in Fig. 1.8 with varying amounts of
hydrogen peroxide, demonstrating the utility of this approach.
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Figure 1.8 Reaction of BCP with hydrogen peroxide, monitored by F6W Grx1
fluorescence. BCP (0.5 mM) and 10 mM F6W Grx1 were combined with 0, 5, 20, or
200 mM hydrogen peroxide (in order of increasing downward slope) in a stopped-flow
spectrofluorometer. The buffer in both syringes was 50 mM potassium phosphate,
pH 7, 0.5 mM EDTA at 25 �C. Fluorescence excitation was at 280 nm, with emission
measured at >320 nm.
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7. Summary

We have described three systems in which we have used an intro-
duced fluorophore in order to measure particular enzymatic rates. These
include the release of a fluorophore leaving group (fluorescein) from a
chemically modified residue, and two systems in which an amino acid
near the redox-active CXXC motif has been mutated to Trp, mimicking
the Trp(s) at the active site of Trx. The resultant redox-dependent changes
in fluorescence of the introduced Trp allow the oxidation of the protein to
be monitored directly. We have used these three systems to examine the
kinetics of two different Prx enzymes. These principles could be extended
to other Prxs with non-Trx reductants, and also to other redox systems
where there is little or no detectable spectral signal.
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Abstract

Dehydroalanine (DHA), a,b-unsaturated amino acid, is found in the position

corresponding to the serine, cysteine, and selenocysteine (Sec) residues of

various proteins. Proteinaceous Sec is readily oxidized and subsequently under-

goes b-elimination to produce DHA. Glutathione peroxidase (GPx), which con-

tains a Sec at the active site, is irreversibly inactivated by its own substrate as

the result of the oxidation of selenium atom followed by the conversion of

oxidized Sec to DHA.

We developed a convenient method for estimation of the amount of DHA–

GPx1 in cell homogenates. This blot-based method depends on specific addi-

tion of biotin-conjugated cysteamine to the DHA residue followed by detection

of biotinylated protein based on its interaction with streptavidin. The method

required an immunoprecipitation of GPx1 before labeling with the cysteamine

derivative because many other proteins contain DHA. With the use of this

method, we found that conversion of the Sec residue at the active site of

GPx1 to DHA occurred during aging of red blood cells (RBCs) in vivo as well
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as in RBCs exposed to H2O2 generated either externally by glucose oxidase or

internally as a result of aniline-inducedHb autoxidation. Accordingly, the content

of DHA–GPx1 in each RBC likely reflects total oxidative stress experienced by the

cell during its lifetime of 120 days. Previous studies suggested that the activity

of GPx1 in RBCs ismost influenced by lifestyle and environmental factors such as

the use of dietary supplements and smoking habit. Therefore, DHA–GPx1 in

RBCs might be a suitable surrogate marker for evaluation of oxidative stress in

the body. Our blot-based method for the detection of DHA–GPx1 will be very

useful for evaluation of such stress. In addition, similar blot detection method

can be devised for other proteins for which immunoprecipitating antibodies are

available.

1. Introduction

Dehydroalanine (DHA) is an a,b-unsaturated amino acid which is
found in a variety of naturally occurring antibiotic and phytotoxic peptides
(Gross and Morell, 1967). The presence of DHA residue confers the unique
peptide conformation that is required for exhibition of biological activities of
those peptides. DHA is also found in the catalytic sites of several amino acid
ammonia-lyases (Schuster and Retey, 1995; Wickner, 1969). For example,
phenylalanine ammonia-lyase from parsley is posttranslationally modified by
dehydrating its Ser202 to the catalytically essential DHA prosthetic group
(Schuster and Retey, 1995). DHA is also produced during thyroid hormone
synthesis in thyroglobulin (Gavaret et al., 1980; Ohmiya et al., 1990).

Certain cysteine and selenocysteine (Sec) residues of proteins are slowly
converted to DHA as the result of b-elimination in nonphysiological
processes (Bernardes et al., 2008; Jones et al., 1983; Ma et al., 2003). The
b-elimination is facilitated when those residues are alkylated or oxidized.
Sec residue is more favorable for the b-elimination reaction compared with
cysteine residue because selenol is more sensitive to oxidation and the C–Se
bond (234 kJ/mol) is weaker than the C–S bond (272 kJ/mol) (Krief, 1987).
Indeed, synthesis of peptides containing phenylSec [Ph-Se–CH2–CH
(–COOH)–NH2] and exposure of them to a mild oxidative condition to
remove phenylselenenic acid (Ph-SeOH) via b-elimination underlie a stan-
dard method for the preparation of DHA-containing peptides (Levengood
and van der Donk, 2006). In addition to Sec and cysteine residues, site-
specific dehydration of serine generatesDHA in various peptides and proteins
(Strumeyer et al., 1963).

A number of methods are available for detection of DHA in proteins
(Bartone et al., 1991). Under the conditions of conventional acid hydrolysis,
DHA residues are converted to pyruvic acid and ammonia, and a spectropho-
tometric assay of pyruvate, based on an NADH-coupled reaction catalyzed
by lactic dehydrogenase, has been used to measure DHA contents (Bartone

24 Sue Goo Rhee and Chun-Seok Cho



et al., 1991). Treatment of DHA-containing proteins with [3H] sodium
borohydride, [14C] sodium cyanide, and [35S] sodium sulfite, followed by
acid hydrolysis, results in radiolabeled alanine, aspartic acid, and cysteic acid,
respectively (Consevage and Phillips, 1985; Gavaret et al., 1980; Mega et al.,
1990; Wickner, 1969). Owing to its electrophilicity, DHA reacts with
nucleophiles via Michael-type addition and addition of thiols such as meth-
ane thiol, benzyl mercaptane, 4-aminothiophenol, 4-pyridoethanethiol has
been successfully used to detect DHA in proteins (Bartone et al., 1991; Gross
and Kiltz, 1973; Masri and Friedman, 1982; Mega et al., 1990; Ohmiya et al.,
1990). The Michael addition reaction has also provided a very effective
means to map the sites of serine or threonine phosphorylation (Knight
et al., 2003). In this method, phosphoserine (and phosphothreonine) residues
were converted to DHA (and b-methylDHA) in the presence of Ba(OH)2
and the resulting DHA (and b-methylDHA) was selectively transformed
into aminoethylcysteine (and b-methylaminoethylcysteine) by reacting
with cysteamine. Because aminoethylcysteine (and b-methylaminoethylcys-
teine) is isosteric with lysine, proteases that recognize lysine (e.g., trypsin and
Lys-C) cleave proteins at this residue.

2. Oxidative Inactivation of Glutathione

Peroxidase and the Conversion of Its

Active Site Sec to DHA

Glutathione peroxidase (GPx) catalyzes the reduction of hydrogen
peroxide (H2O2) and lipid peroxides by glutathione (GSH). Selenium is
present at the active site of GPx as Sec (Flohe et al., 1973). During catalysis,
the selenolate (GPx–Se�) reacts with hydroperoxides to yield selenenic acid
(GPx–SeOH), which, in the presence of GSH, is rapidly converted to a
glutathionylated intermediate (GPx–Se–S–G). This intermediate then reacts
with another GSHmolecule to produce GPx–Se� plus oxidized glutathione
(GSSG).

GPx is susceptible to inactivation by its own substrates. Exposure of
purified GPx1 to various hydroperoxides gradually results in its irreversible
inactivation (Blum and Fridovich, 1985; Pigeolet et al., 1990). To elucidate
the mechanism of inactivation, GPx1 purified from human red blood cells
(RBCs) was incubated with 1 mM H2O2 for 1 h at 37 �C. Such treatment
resulted in an �40% loss of peroxidase activity and mass spectral analysis of
tryptic peptides derived from inactivated GPx1 indicated that Sec at the active
site was converted to DHA. The conversion is believed to be achieved via the
oxidation of Sec by H2O2 followed by the loss of selenium oxide. This
conversion reaction is similar to the reaction in which the synthesis of
DHA-containing peptides is achieved by incorporating phenylselenocysteine
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into growing peptide chains via standard peptide synthesis procedures, fol-
lowed by oxidative b-elimination of phenylselenol to yield a DHA at the
desired position (Levengood and van der Donk, 2006). In the conversion of
GPx Sec to DHA, the catalytic intermediate GPx1–SeOH itself can be the
source of DHA. However, further oxidation to –SeO2H will provide better
opportunity for efficient b-elimination because –SeO2H is a better leaving
group than –SeOH. Treatment of GPx with H2O2 has been shown to
generate GPx–SeO2H (Wendel et al., 1975).

About 3% of the hemoglobin undergoes autoxidation every day and this
constant flux of superoxide anion from hemoglobin autoxidation produces
hydroperoxides (Winterbourn, 1985). Oxygen transport by RBCs is thus a
substantial contributor to oxidative stress. To cope with the oxidative stress,
RBCs are equipped both with metHb reductase, which converts metHb
back to Hb to allow continued O2 transport, and with various antioxidant
enzymes that eliminate reactive oxygen species (ROS). RBCs contain
a high concentration of CuZn–superoxide dismutase, which converts
O2

�� to H2O2. Enzymes responsible for the elimination of H2O2 in
RBCs include catalase, GPx1, and several peroxiredoxins (Cho et al.,
2010). Mammalian cell expresses five different GPx enzymes, but GPx1 is
the only type present in RBCs. The average amount of GPx1 measured
from 16 healthy adults was 6.7 �g/mg of RBC lysate protein, which
corresponds to a concentration of 110 �M (Cho et al., 2010).

In addition to H2O2 molecules produced from hemoglobin autoxida-
tion, H2O2 molecules produced by other tissues are also taken up by RBCs,
thereby providing protection against oxidative damage (Winterbourn and
Stern, 1987). The average life span of human RBCs is 120 days and each
RBC travels �400 km during its life span. Given the limited capacity of
RBCs to replace damaged proteins by de novo synthesis, inactivation of
GPx1 would be expected to perturb the balance between oxidant produc-
tion and elimination and thereby to accelerate the accumulation of ROS.
RBC membranes are rich in polyunsaturated fatty acids, which are highly
susceptible to oxidation by ROS. Lipid peroxidation and damage to mem-
brane proteins result in deformation of RBCs and consequent impairment
of their passage through small capillaries. The irreversible inactivation of
GPx1 in RBCs appears to be associated with conversion of the Sec residue
at the active site to DHA. The content of DHA–GPx1 in each RBC, which
likely reflects total oxidative stress experienced by the cell during its lifetime,
may provide a new type of health risk information.

It was possible to detect the DHA-containing peptide of GPx1 by mass
spectrometry because it was obtained from the purified protein. Similar
detection of DHA-containing GPx1 in cell extracts is not feasible, however.
Moreover, quantification of the amount of the DHA-containing peptide by
MS is a cumbersome process. To address this problem, we developed a
method for specific labeling of DHA-containing proteins with biotin-
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conjugated cysteamine. This method, which relies on the well-established
Michael-type addition of cysteamine to the DHA moiety (Fig. 2.1), involves
the immunoprecipitation of GPx1 from cell extracts and the alkylation of
Cys–SH and intact Sec–SeH in the precipitated proteins with iodoacetamide.
The precipitated proteins are then incubated with biotin-conjugated
cysteamine to biotinylate DHA-containing GPx1, which is detected by
SDS–PAGE followed by blot analysis with HRP-conjugated streptavidin.

3. Preparation of Biotin-Conjugated Cysteamine

To synthesize biotin-conjugated cystamine, 150 �l of 50 mM cystami-
ne�2HCl (Sigma-Aldrich; 1.14 mg dissolved in 100 �l of 0.1 M NaHCO3,
pH 9.0) was incubated for 1 h at 25 �C with 50 �l of 50 mM EZ-linked
N-hydroxysuccinimide biotin (Pierce; 1.71 mg dissolved in 100 �l of DMF)
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Figure 2.1 Chemical reactions underlying the biotinylation of GPx1-containing DHA.
After alkylation of free SH and SeH groups by iodoacetamide, DHA residues are
biotinylated with biotin-conjugated cysteamine.
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with shaking. Biotin-conjugated cystaminewas then reduced to a cysteamine
derivative by the addition of 50 �l of 0.5 M dithiothreitol into the 200 �l
reaction solution and incubating the reaction mixture for an additional 1 h.
After drying the reaction mixture in a SpeedVac, the dried mixture was
dissolved in 20 �l of a 3:1 mixture of 0.1% TFA and DMSO and subjected
to a fractionation by HPLC on a C18 column (4.6 � 25 cm; Vydac). The
columnwas elutedwith 0.1% trifluoroacetic acid in distilledwater for 10min
then with a 40 min linear gradient of 0–100% acetonitrile at a flow rate of
1ml/min. Elution wasmonitored at 215 nmwith aUV detector. A 500 �l of
fractions corresponding to the peak of biotin-conjugated cysteamine eluted
at 20.5–21 min was pooled, dried in a SpeedVac, and stored at�80 �C. The
mass of biotin-conjugated cysteamine was verified by MALDI-TOF mass
spectrometry.

4. Blot-Based Detection of DHA–GPx1 in RBCs

Whole-cell lysates of human RBCs (1 mg of proteins in 800 �l of
phosphate-buffered saline (PBS)) were precleared by incubating with 50 �l
of Protein G-Sepharose beads (Amersham Bioscience, Sweden, 16 �l of
50% bead slurry) for 2 h at 4 �Cwith gentle rotation to remove proteins that
may bind nonspecifically. The precleared cell lysates were then incubated
with mouse monoclonal anti-GPx1 antibody (Young-In Frontier, Seoul,
Korea, 3 �g in 3 �l PBS) for overnight at 4 �C with gentle rotation. Protein
G-Sepharose beads (16 �l of 50% bead slurry) were added and the mixture
was incubated for additional 4 h at 25 �C with gentle rotation. Immuno-
precipitated GPx1complex was pelleted by microcentrifugation for 30 s at
25 �C. The pellets were washed three times with 1 ml of ice-cold PBS, and
the bead-bound proteins were eluted from the beads by incubating in 100 �l
of 10 mM Tris–Cl (pH 6.8) containing 1% SDS and 4 M urea for 5 min at
25 �C. This elution step was repeated four times and the resulting eluants
were combined. To the 400 �l of combined eluants, 40 �l of 0.4 M iodo-
acetamide was added and incubated for 30 min at room temperature to
alkylate sulfhydryl and selenol groups. Proteins were then precipitated by
adding 50 �l of 100% trichloroacetic acid, and the precipitated proteins were
washed twice with 1 ml of ice-cold acetone, and dried in a SpeedVac. Dried
proteins were suspended by a brief sonication in 90 �l of 0.1 M NaHCO3

(pH 10.0) containing 1% SDS followed by addition of 10 �l of 5 mM
biotin-conjugated cysteamine. The biotinylation reaction mixture was kept
at 37 �C for 18 h. After the incubation, 20 �l of the biotinylation reaction
mixture was mixed with 5 �l of 5� SDS sample buffer, boiled at 100 �C for
5 min, and fractionated on a 14% SDS–polyacrylamide gel. The separated
proteins were transferred to a nitrocellulose membrane for blot analysis with
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HRP-conjugated streptavidin (Pierce) or for immunoblot analysis with rabbit
polyclonal antibodies to human GPx1 (Young-In Frontier).

5. Effects of Oxidative Stress on the Formation

of DHA–GPx1 in RBCs

We applied the DHA detection method to determine whether the
conversion of Sec to DHA in GPx1 occurs with aging of RBCs. The density
ofRBCs increases with aging.We, therefore, fractionated humanRBCs from
healthy adult donors by centrifugation on a discontinuous density gradient of
Percoll to obtain cells of four different mean ages (Cho et al., 2010). The
activity of G6PDH, a marker of aging in RBCs, decreased gradually with
aging, whereas the abundance of G6PDH as determined by immunoblot
analysis remained constant (Fig. 2.2A). The activity of GPx1 also decreased
with aging, with the amount of GPx1 as determined by immunoblot analysis
remaining constant or increasing slightly (Fig. 2.2B). To determine whether
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Figure 2.2 Effects of in vivo RBC aging on the formation of DHA–GPx1 in RBCs.
Fresh RBCs obtained from a healthy human adult were separated into four fractions on
the basis of their age (F1–F4 for youngest to oldest, respectively) by centrifugation on a
discontinuous density gradient of Percoll. The activities of GPx1 (right panels) in each
fraction were measured and normalized by the corresponding value for RBCs before
fractionation. GPx1 was immunoprecipitated from the lysate of each of the F1–F4
fractions and analyzed for DHA content by sequential reaction with iodoacetamide and
biotin-conjugated cysteamine. Equal loading of proteins was confirmed by immunoblot
analysis with antibodies to GPx1.
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the loss of GPx1 activity during aging is accompanied by formation of DHA,
GPx1 was immunoprecipitated from the lysates of different mean ages and
subjected to blot analysis using biotin-conjugated cysteamine. Indeed, the blot
intensity of the band recognized by HRP-conjugated streptavidin increased
gradually with aging of RBCs (Fig. 2.2C), indicating that the Sec residue of
GPx1 is converted to DHA in a time-dependent manner during exposure to
the mild oxidative stress resulting from heme autoxidation.

The combined concentration of reduced and oxidized forms of glutathi-
one (GSH þ GSSG) is�2 mM in RBCs (Mueller et al., 1997). A decrease in
the GSH:GSSG ratio would be expected to increase the production of DHA–
GPx1 because GPx1–SeOH would have a longer time to lose H2SeO before
it reacts with GSH or to react with H2O2. The GSH:GSSG ratio in RBCs has
been shown to decrease with age (Imanishi et al., 1985). Given that mainte-
nance of a high GSH:GSSG ratio requires NADPH, inactivation of G6PDH,
a key enzyme in the pentose phosphate pathway, may be a cause of the
decrease in the GSH:GSSG ratio associated with aging.

A variety of drugs including dapsone, sulfonamides, phenacetin, and
primaquine as well as industrial chemicals such as aniline induce hemolytic
anemia (Harrison and Jollow, 1986). These arylamine compounds are meta-
bolized in the liver, and the resultingN-hydroxyarylamines react with oxyHb
by reducing oxygen to the superoxide anion, thus generating additional ROS
in RBCs. To examine the effects of such extra oxidative stress produced
internally by environmental chemicals, we incubated a 50% hematocrit of
RBCs with 0.2 mM N-phenylhydroxylamine. The DHA content of GPx1
increased on exposure of RBCs to N-phenylhydroxylamine (Fig. 2.3A).

H2O2 passes through the plasma membrane of RBCs, and antioxidant
enzymes in RBCs eliminate ROS that originate from the external environ-
ment and thereby protect other cells from oxidative injury induced by phago-
cytic cells or toxins (Winterbourn and Stern, 1987). To examine the effects of
extracellular H2O2 onRBCs, we added various amounts of glucose oxidase to
these cells (50% hematocrit) suspended in Dulbecco’s modified Eagle’s
medium (DMEM) containing a high concentration of glucose. Glucose
oxidase catalyzes the oxidation b-D-glucose to D-glucono-d-lactone with
concomitant reduction of O2 to H2O2. Incubation of RBCs with glucose
oxidase at 37 �C for 3 h resulted in concentration-dependent increase in the
DHA content of GPx1 (Fig. 2.3C).

6. Concluding Remarks

DHA has been detected in the position corresponding to the serine,
cysteine, and Sec residues of various proteins. The sulfur and selenium
atoms of cysteine and Sec residues of many proteins are oxidized to various
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state of oxidation under oxidative stress, and the oxidized Secs appear to
readily undergo b-elimination to produce DHA. Oxidized cysteines also
undergo b-elimination, though not as readily as oxidized Secs. In order to
visualize DHA-containing protein after SDS gel electrophoresis, we devised
a blot-based method that depends on specific addition of biotin-conjugated
cystamine to DHA moiety followed by detection of biotinylated proteins
with the use of HRP-conjugated streptavidin. It was necessary to immuno-
precipitate GPx1 before labeling with biotin-conjugated cysteamine in
order to measure DHA specifically in GPx1, because many other proteins
also contain DHA.

We applied this method to determine whether the conversion of Sec to
DHA in GPx1 occurs with aging of RBCs. The intensity of DHA–GPx1
increased gradually with aging of RBCs, indicating that the Sec residue of
GPx1 is converted to DHA in a time-dependent manner during exposure
to the mild oxidative stress resulting from heme autoxidation. We found
that the Sec to DHA conversion also occurred in RBCs exposed to H2O2

generated either externally by glucose oxidase or internally as a result of
aniline-induced Hb autoxidation.

During 120 days of life span, RBCs protect other tissues against oxida-
tive damage by taking up and metabolizing peroxides (Winterbourn and
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Figure 2.3 Effects on the formation of DHA–GPx1 in RBCs of internally elevated
ROS (A) and externally produced ROS (B). (A) N-Phenylhydroxylamine (200 �M)
was added to a 50% hematocrit of RBCs in DMEM containing a high glucose concen-
tration (4500 mg/l). After incubation for various times (0, 3, or 6 h) with gentle shaking
at 37 �C, the RBCs were lysed and subjected to the determination of DHA–GPx1. (B)
Various amounts (0, 0.1, 0.5, or 1 mU) of glucose oxidase (GO) were added to 1 ml of
RBCs at a 50% hematocrit in DMEM containing a high concentration (4500 mg/l) of
glucose. After incubation for 3 h with gentle shaking at 37 �C, the RBCs were lysed and
subjected to the determination of DHA–GPx1. Equal loading of proteins in panels (A)
and (B) was confirmed by immunoblot analysis with antibodies to GPx1.
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Stern, 1987). Given that the rate of DHA–GPx1 accumulation in RBCs
depends on peroxide flux, the content of DHA–GPx1 in each RBC likely
reflects total oxidative stress experienced by the cell while traveling
�400 km during its lifetime. In addition to genetic polymorphisms, expo-
sure to toxic chemicals such as aniline and sulfonamides, pathological
conditions such as diabetes and local inflammation, and an insufficient
intake of antioxidants are all expected to affect the rate of GPx1 inactivation.
In this regard, among the several antioxidant enzymes in RBCs, the activity
of GPx1 was shown to be most influenced by lifestyle and environmental
factors such as the use of dietary supplements and smoking habit: GPx1
activity was higher among users of dietary supplements and lower among
smokers (Andersen et al., 1997). GPx1 activity in RBCs has also been
proposed as a strong predictor of cardiovascular risk, which is associated
with oxidative stress (Blankenberg et al., 2003). Therefore, DHA–GPx1 in
RBCs might be a suitable surrogate marker for evaluation of oxidative stress
in the body. Our blot-based method for the detection of DHA–GPx1
would be very useful for evaluation of such stress. In addition, similar blot
detection method can be devised for other proteins for which immuno-
precipitating antibodies are available.
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Abstract

The catalytic activity of protein tyrosine phosphatase (PTP) superfamily members

is regulated by the reversible oxidation of their invariant catalytic Cys residue

in vivo. Transient and specific regulation of PTP activity by reactive oxygen species

(ROS) attenuates dephosphorylation and, thereby, promotes phosphorylation,

hence facilitating signal transduction. We have recently developed a modified

cysteinyl-labeling assay [Boivin, B., Zhang, S., Arbiser, J. L., Zhang, Z. Y., and

Tonks, N. K. (2008). Proc. Natl. Acad. Sci. USA 105, 9959–9964.] that showed

broad selectivity in detecting reversible oxidation of members from different PTP

subclasses in platelet-derived growth factor (PDGF)-BB overexpressing cells.

Herein, we applied this assay, which utilizes the unique chemistry of the invariant

catalytic Cys residue to enrich and identify PTPs that are reversibly oxidized upon
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acute growth factor stimulation. Performing the cysteinyl-labeling assay with Rat-

1 fibroblasts enabled us to capture both PTEN and SHP-2 as a consequence to

acute PDGF-BB stimulation. Given the ability of this assay to detect reversible

oxidation of a broad array of members of the PTP family, we anticipate that it

should permit profiling of the entire ROS-regulated PTPome in a wide array of

signaling paradigms.

1. Introduction

Nearly 20 years separates the two discoveries leading to a redox-
regulated view of phosphorylation-dependent signal transduction. A first
hint that dynamic sulfhydryl oxidation could function as a mechanism
controlling biological functions came from observations by Czech et al. in
a 1974 study reporting that a component involved in glucose transport was
regulated by oxidation following insulin receptor activation (Czech et al.,
1974). Two decades later, a seminal study from Sundaresan et al. revealed
that the dynamic production of oxidants, such as hydrogen peroxide,
exerted a new tier of regulation over tyrosine phosphorylation in growth
factor signaling (Sundaresan et al., 1995). The ensuing search formechanisms
underlying the dynamic redox regulation of phosphorylation-dependent
signaling led to enzymes known to regulate phosphoryl hydrolysis and
to be sensitive to oxidation, i.e. the protein tyrosine phosphatases (PTPs)
(Sullivan et al., 1994; Tonks et al., 1988).

The sequencing of the human genome revealed a comparable number of
PTP and protein tyrosine kinase (PTK) genes, illustrating a similar level
of complexity in the two families of enzymes. It is now clear that PTPs and
PTKs act in a synchronized, complementary manner to regulate tyrosine
phosphorylation-dependent signaling. This view is supported bymathematical
models suggesting that PTKs establish the amplitude of the signal whereas
PTPs control the rate and the duration of the response (Tonks, 2006). Mem-
bers of the PTP superfamily display structural diversity, but are all characterized
by a common signature motif, HC(X)5R, in which the Cys residue is the
nucleophile at the core of the phosphoryl hydrolysis mechanism. Part of the
structural diversity imparted on PTPs is reflected in their phosphoamino acid
specificity, dividing the family in two broad classes: the 37 classical PTPs
dephosphorylate Tyr residues, whereas the 65 dual-specificity phosphatases
(DSPs) may also dephosphorylate Ser/Thr residues, inositol phospholipids,
and mRNA (Deshpande et al., 1999; Tonks, 2006). PTPs are membrane
spanning or cytosolic proteins possessing noncatalytic flanking motifs that
control activity either by a direct interaction with the active site or by
controlling subcellular localization and substrate availability (e.g. kinase-inter-
action motif (KIM), Src-homology-2 (SH2), PDZ-binding sequence, and
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pleckstrin homology (PH)) (Tonks, 2006). In addition to the various non-
catalytic motifs, PTP activity and phosphoryl hydrolysis are also directly
perturbed by oxidation of the sulfhydryl side chain of the catalytic Cys
residue. Indeed, the architecture of the active-site cleft confers an unusually
low pKa to the catalytic Cys residue, with the result that it is a thiolate ion at
physiological pH (Denu and Dixon, 1998). Ionization of the sulfur atom of
the cysteinyl side chain is the keystone of its cellular reactivity as a nucleophile
toward phosphoamino acid residues, toward reactive oxygen species (ROS)
or, as we will discuss later, toward certain alkylating agents (Fig. 3.1A).

2. Active-Site Structure, Catalysis, and

Oxidation

The general architecture of the active site is conserved among PTPs and
DSPs. The PTP active site forms a crevice on the molecular surface of the
enzyme, with the signature motif, HC(X)5R, located on the PTP loop at the
base (Barford et al., 1994). The walls of the active-site cleft are formed by a
‘‘pTyr loop’’ that determines depth of the cleft and thus the nature of the
phosphoamino acid residue being dephosphorylated; a ‘‘Q loop’’ containing a
conserved Gln residue involved in coordinating a water molecule in the
hydrolysis of the cysteinyl-phosphate intermediate; and a ‘‘WPD loop’’ con-
taining an essential invariantAsp residue involved in the protonationof theTyr
leaving groups (Barford et al., 1995). The architecture of the conserved PTP
signature motif creates an environment that lowers the pKa of the conserved
catalytic Cys residue. The positive dipole from the adjacent a-helix, the
peptide dipole induced by the H bond from the conservedHis residue toward
the carbonyl oxygen of the active-site Cys, the amides of the five residues
following the conserved Cys residue, and the conserved Arg residue itself all
contribute to lowering its pKa. In addition to lowering the pKa of the con-
served Cys residue, the network of H bonds from the polar groups on
neighboring conserved residues orients the PTP loop, and the charged sulfur
atomto act as a nucleophile on a boundphosphorylated substrate (Barford et al.,
1994; Denu and Dixon, 1998). After enzyme–substrate complex formation,
PTP-mediated catalysis proceeds via a two-step mechanism. In the initial step,
the sulfur atom of the thiolate ion of the conserved Cys residue performs a
nucleophilic attack on the phosphorus center of the substrate. This step is
coupled to the expulsion of the Tyr leaving group upon protonation by the
conserved aspartic acid residue from the ‘‘WPD loop.’’ Finally, hydrolysis of
the phosphoenzyme intermediate occurs by attack of a watermolecule and the
deprotonated Asp acid residue now acting as a general base.

ROS are now established second messenger molecules and have been
shown to act directly on several aspects of signal transduction, including
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Figure 3.1 Redox regulation of PTP. (A) Schematic mechanism of PTP reactivity
toward phosphoamino acid residues, hydrogen peroxide, and a biotinylated iodoacetyl-
polyethylene glycol (IAP) probe. (B) Schematic outline of PTP regulation by oxidation
and nitration. In resting cells, the architecture of the active site confers a low pKa to PTP
catalytic Cys residues indicating that the Cys residue is a thiolate ion at physiological
pH. Ionization of the sulfur atom of the cysteinyl side chain makes it a good nucleophile
toward ROS and RNS. Hence, the transient production of ROS and RNS in the
vicinity of the PTP following growth factor stimulation, favors these nucleophilic
reactions with concomitant inactivation of PTP function. Briefly, oxidation of the
thiolate ion by hydrogen peroxide (H2O2), and nitration by nitric oxide (NO), leads
to the formation of transitory states (reversible cysteinyl modifications are represented
in light grey). However, transient oxidation only occurs at low H2O2 levels. This leads
to the formation of sulfenic acid (SOH), as a primary transitory state whereas higher
H2O2 levels lead to the formation of sulfonic acid (SO2H), and sulfinic acid (SO3H),
which are essentially irreversible modifications (irreversible cysteinyl modifications are
represented in bold). Interestingly, it has also been shown that sulfenic acids undergo a
rapid condensation reaction to form secondary transitory states such as cyclic sulfena-
mides (SN) for classical PTPs and intramolecular disulfides (SS) for DSPs. These second-
ary transitory states, as well as the direct nitrosylation of PTP active-site Cys residues
(SNO), protect PTPs from undergoing further irreversible oxidation reactions to SO2H
and SO3H forms. Irreversible PTP inactivation also occurs upon nitration of the catalytic
Cys residues with peroxynitrite (SNO2). Ultimately, the formation of these secondary
transitory states allows the redox cycle to be completed by cellular reductants, such as
glutathione, and PTPs to be reduced back to their active form by thioredoxins or
glutaredoxins.
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PTPs, protein kinases, and transcription factors (Rhee et al., 2003; Valko et al.,
2007). Regarding PTPs, the thiolate ion of the catalytic Cys residue readily
reacts with oxidants in vitro and in vivo resulting in the transient inactivation of
the enzyme and de facto facilitation of phosphotransfer events. PTP inactivation
occurs in vitro following incubation with superoxide (Barrett et al., 1999),
hydrogen peroxide (Denu and Tanner, 1998; Lee et al., 1998), peroxynitrite
(Takakura et al., 1999), and nitric oxide (Chen et al., 2008). In addition, PTP
oxidation is observed in cells in response to exogenous hydrogen peroxide
(Sullivan et al., 1994), upon NADPH oxidase activation by several growth
factor receptors (Boivin et al., 2008; Lee et al., 1998; Mahadev et al., 2001;
Meng et al., 2002), and in tumor lines (Lou et al., 2007) (Fig. 3.1B). Interest-
ingly, PTP oxidation has been shown to occur exclusively on the catalytic Cys
residue (Lou et al., 2007). The reversibility of oxidation is facilitated by the
rapid conversion of sulfenic acid to a cyclic sulfenamide in the classical PTPs
(Salmeen et al., 2003; Yang et al., 2007a) or to an intramolecular disulfide with
a vicinal Cys residue in DSPs (Buhrman et al., 2005; Salmeen and Barford,
2005). These transitory states, as well as PTP cysteinyl nitrosylation (Chen
et al., 2008; Li and Whorton, 2003), protect the enzyme from irreversible
oxidation and allow the redox cycle regulating PTP activity to be completed
by cellular reductants such as glutathione, thioredoxin, or glutaredoxin
(Barrett et al., 1999; Lee et al., 1998; Li and Whorton, 2003).

Although several oxidants have been shown to inactivate PTPs in vitro, it
appears that hydrogen peroxide is the relevant second messenger ROS mole-
cule in vivo. NADPH oxidases generate a highly reactive superoxide anion in
the extracellular milieu or inside endosomes, via a one electron reduction of
molecular oxygen. Although superoxide reacts toward protein thiols faster
than hydrogen peroxide, the latter possesses greater stability and diffusibility to
act on its targets in vivo (Brown and Griendling, 2009). Supporting this
concept, studies have shown that decomposition of hydrogen peroxide to
water and oxygen using catalase greatly attenuated growth factor signaling
(Sundaresan et al., 1995). Furthermore, inhibition of superoxide dismutase
(SOD) 1 (i.e., inhibiting production of hydrogen peroxide) impaired the
reversible oxidation of PTP1B upon EGFR activation in A431 epithelial
carcinoma cells (Juarez et al., 2008). Thus, these biophysical and biochemical
observations suggest that hydrogen peroxide is a second messenger molecule
that diffuses into the intracellular milieu, inhibits PTPs, and enhances
phosphorylation-dependent signaling in vivo (Rhee et al., 2003;Xu et al., 2002).

3. Detection Methods

Several methods have been utilized to measure cysteine oxidation.
Our interest being PTPs, reversible oxidation of this superfamily has been
studied using broad screening approaches that address the family as a whole,
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as well as methods that are specific for individual PTPs. PTP-specific
methods, such as the electrophoretic mobility shift assay in nonreducing
conditions (Kamata et al., 2005; Kwon et al., 2004; Leslie et al., 2003) or a
spectrophotometric assay using sulfenic acid reacting compounds (Denu
and Tanner, 1998) and PTP-specific analysis by mass spectrometry (Lou
et al., 2007), allow an investigator to focus on PTPs that are known to be
involved in a given pathway. However, other approaches, such as the
activity-based in-gel phosphatase assay (Meng et al., 2002, 2004), antibodies
directed against terminally oxidized PTP active-site Cys residues (Persson
et al., 2004), reactivity toward sulfhydryl-directed compounds (Boivin et al.,
2008; Kwon et al., 2005; Lee et al., 1998), or suicide substrates (Boivin et al.,
2008; Kumar et al., 2006), allow one to screen for novel targets of ROS
signaling.

4. General Principle of the Assay

The aim of this assay was to develop a chemical approach that allows
detection of all reversibly oxidized PTP superfamily members. To achieve
this goal, we devised a three-step strategy in which all, including less
abundant, PTPs can be enriched and detected in a gain of signal readout
that expands the dynamic range of detection (i.e., by measuring the rever-
sibly oxidized PTPs rather than the reduction in overall PTP reactivity that
accompanies oxidation and inhibition Wu and Terada, 2006). In addition,
this approach should be adaptable for proteomic screening or in situ visuali-
zation of oxidized PTPs. Contrary to existing techniques, the conditions set
up for our cysteinyl-labeling assay take advantage of the unique character-
istics of the PTP active site. We utilized a mildly acidic labeling buffer
(pH 5.5) and opted for a nondenaturing strategy, to exploit fully the active-
site architecture, and low pKa of the invariant catalytic Cys residue of PTPs
as the basis for a labeling strategy. Under these conditions, the thiolate ion of
the catalytic Cys residue acts as a potent nucleophile and nonspecific
labeling of other Cys (pKa 8.5), His, or Met residues is limited (Chung
and Lewis, 1986; Jullien and Garel, 1981; Lou et al., 2007). In addition,
keeping the PTPs in their folded, active conformation minimizes potential
labeling of buried residues.

The three-step strategy devised for our cysteinyl-labeling assay specifi-
cally biotinylates reversibly oxidized catalytic cysteines, allowing those
PTPs to be enriched by streptavidin pull-down (Fig. 3.2). Following a
physiological stimulus, the first step consists of cellular lysis performed
with a pH 5.5 buffer containing iodoacetic acid (IAA). This leads to
alkylation of the thiol of the active-site cysteine in those PTPs that were
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untouched by ROS, leaving the oxidized PTPs protected from alkylation.
As a second step, the cell extract is then cleared of the alkylating agent by
rapid desalting on size-exclusion chromatography and supplemented with a
reducing agent. This is crucial in reducing the reversibly oxidized and
inactivated PTPs, and in reactivating the nucleophilic potential of their
active-site Cys residues. Finally, the third step consists of a nucleophilic
attack of the active-site cysteinyl side chain of PTPs toward biotinylated
sulfhydryl-reactive compounds or biotinylated suicide substrates. We have
successfully employed iodoacetyl-polyethylene glycol (IAP) and a-bromo-
benzylphosphonate (BBP) (Kumar et al., 2004) as sulfhydryl-reactive com-
pound and biotinylated suicide substrate, respectively, for this purpose.
Once this second labeling step is completed, the biotinylated proteins are
enriched by streptavidin pull-down, subjected to SDS gel electrophoresis,
and identified by immunoblotting with PTP-specific or anti-biotin
antibodies.

PTP–S−

PTP–S–O2H
PTP–S–O3H

PTP–S–CH2COOH

PTP–S–OH
PTP–SN
PTP–SS

PTP–S–CH2COOH PTP–S–CH2COOH

PTP–S–IAP–biotin

IAP-biotinIAA
alkylation

TCEP/DTT
buffer exchange

(active)

PTP–S−

(active)

PTP–S−

(active)

(irreversibly inactivated)

(reversibly inactivated)

ROS

Stimuli

Figure 3.2 Schematic outline of the cysteinyl-labeling assay. In resting cells, active
PTPs possess an ionized sulfur atom at the catalytic Cys residue. This results from the
enzyme’s unique active-site architecture which lowers the pKa of this Cys residue, and
is essential for its reactivity toward phosphoamino acid residues, ROS, or certain
sulhydryl-reactive compounds. Following a ROS-promoting stimulus, specific PTPs
are inactivated by oxidation. Reversible oxidation [sulfenic acids (SOH), cyclic sulfe-
namides (SN), and intramolecular disulfides (SS)] are depicted in light grey, whereas
irreversible oxidation [sulfenic acid (SO2H) and sulfinic acid (SO3H)] are depicted in
bold. In the first step of the cysteinyl-labeling assay, cellular lysis is performed with a
degassed buffer at pH 5.5 containing iodoacetic acid (IAA). PTPs that remained in their
active state following cell stimulation react and are terminally inactivated by IAA,
whereas oxidized PTPs are protected from alkylation. The second step consists of a
buffer exchange to remove excess IAA from the lysate and to reduce the oxidized Cys
residues back to their thiolate form using TCEP [tris(2-carboxyethyl)phosphine] or
dithiothreitol (DTT). In the third step of the assay, a biotinylated sulphydryl-reactive
probe [iodoacetyl-polyethylene oxide (IAP)] is added to the reduced lysate to react with
reactivated PTPs. Purification by streptavidin pull-down and immunoblotting permits
identification of ROS-targeted PTPs.
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5. Solutions

Lysis buffer: 50 mM sodium acetate, 150 mM sodium chloride, 10% glycerol
(v/v), and degassed ddH2O. Refer to the instruction section to prepare the lysis
buffer.

IAA stock: 2M IAA in ethanol. Prepare immediately prior to use. Protect from light.
SOD stock: 250 U/ml in dH2O. Aliquot in 1.5 ml amber tubes, store at�20 �C.
Catalase stock: 125U/ml in dH2O.Aliquot in 1.5ml amber tubes, store at�20 �C.
IAP-biotin stock: 25 mM in dH2O

6. Preparation of the Lysis Buffer

Air oxygen dissolved in the lysis buffer is sufficient to cause spontaneous
oxidation and inactivation of PTPs in the absence of reducing agents (Tonks
et al., 1988; Zhu et al., 2001). Hence, it is crucial for the success of this assay to
degas the lysis buffer thoroughly prior to undertaking the assay. There are
several ways to degas buffers. We have opted for a boiling and vacuuming
step. Boil double distilled water (150–200 ml) for a one-hour period in a glass
bottle containing glass beads (3-mm glass beads, Cat. no. 11-312A, Fisher
Scientific). Once dissolved oxygen is partly released, close hermetically and
allow to cool down. Carefully transfer 80 ml of this partially degassed ddH2O
into a Büchner flask, add sodium acetate (final, 50 mM), sodium chloride
(final, 150 mM), and 10 ml glycerol (i.e., calculated for a final volume of
100 ml). Allow to mix under mild vacuuming conditions (i.e., 5–10 mmHg)
until the components are dissolved. The vacuuming at this step is aimed to
prevent regassing and should be mild in order to avoid evaporation of your
buffer: we usually allow the solution to dissolve with gentle stirring overnight
at 4 �C. Add 10 ml of a 10% nonoxidized NP-40 solution (Surfact-Amps
Nonidet P-40, Cat. no. 28324, Thermo Scientific) and rapidly adjust the pH
to 5.5 using 2 N HCl. We use nitrogen packaged NP-40 ampoules to avoid
detergent-induced PTP oxidation by peroxides contaminants. Then, transfer
20–25 ml of lysis buffer to a precooled 50-ml Büchner flask and degas with
mild stirring for 20 min on ice and 30–60 min at room temperature at
35–40 mmHg. Once the degassing is over (i.e., when bubbles stop surfacing,
and when bubbles at the interface have vanished) and the buffer presents a flat
surface for a 10 min period, close the flask hermetically using a Hoffman
open-side tubing clamp (Fisher Scientific) and transfer it into an argon-filled
anaerobic glove box (Fig. 3.3, hypoxic glove box, COY Laboratory products
Inc.). Immediately before use, transfer 10 ml of the lysis buffer in a 15 ml
foil-covered tube and supplement it with 2500 U catalase (final, 250 U/mL)
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(Cat. no. 219261, Calbiochem), 1250 U SOD (final, 125 U/mL) (Cat. no.
574593, Calbiochem), leupeptin (final, 5 mg/mL), aprotinin (final, 5 mg/mL),
andof freshly prepared IAA (final, 10mM) (Cat. no. 35603,ThermoScientific).

7. Preparation of the Hypoxic Glove Box

As a first step, place all the necessary equipment in the box (e.g.,
microcentrifuge tube rack, labeled 1.5-ml microcentrifuge tubes, pipets,
pipet tips, cell scrapers, and beakers). Equilibrate the anaerobic glove box
station with ultrapure argon gas while the lysis buffer is being prepared. Once
the 20–25 ml of lysis buffer is completely degassed, place the sealed Büchner
flask in the hypoxic glove box and complete it as detailed above. All steps,
including the completion of the lysis buffer and the cellular lysis, from the
moment the cells are scraped off their culture dish until the lysates are being
transferred to the shaker to complete the lysis and alkylation, are performed
under strict anaerobic conditions in the argon-equilibrated glove box.

8. Preparation of Cell Lysates

Prior to performing this assay, low-passage, healthy cells grown in 10%
serum, low-glucose DMEM are serum starved in low-glucose DMEM
without phenol red (Cat. no. D5921, Sigma Aldrich Inc.). Once the lysis

Figure 3.3 The hypoxic glove box used to generate cell lysate in an anaerobic
environment.
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buffer is assembled, stimulate the cells with a ROS-promoting stimulus of
choice and transfer the culture dish into the anaerobic chamber through an
airlock. Discard rapidly the excess DMEM from the dish. Remove the
remaining DMEM using a pipetman, and add 600 ml of IAA-supplemented
degassed lysis buffer to the 10-cm culture dish. Scrape and transfer the cells
into an amber 1.5-ml centrifuge tube (Cat. no. 05-408-134, Fisher Scien-
tific). Some cells are more resistant to lysis and can be disrupted through a
25-gauge needle, three times. Transfer the cells to a shaker for an hour at
25 �C to allow lysis and complete alkylation of the active PTPs. Then,
centrifuge the lysates at 14,000 � g for 5 min in a table top microcentrifuge
and determine the protein concentration of the supernatant by the method
of Bradford.

9. Cysteinyl-Labeling Assay

On your regular working area, apply slowly the cell lysate (0.6–1.0 mg
determined empirically depending on the cell line being used) to a size-
exclusion column (Zeba Desalt Spin Columns, 2 ml, Cat. no. 89889,
Thermo Scientific) previously equilibrated with three bed volumes of
IAA-free lysis buffer. Allow your lysate to enter into the resin bed. Proceed
to the buffer exchange by centrifuging at 1000� g 2 min, and transfer the
IAA-cleared lysate to clear microfuge tubes. Reduce your cell extract by
adding DTT (dithiothreitol, final 1M) or TCEP [tris(2-carboxyethyl)phos-
phine, final 1 M] for a 30 min period: keep the tubes in the dark when
shaking. Preclear the reduced lysates with 15 ml of streptavidin-Sepharose
(Cat. no. 17-5113-01, GEHealthcare) for 15min and transfer the precleared
extract to amber-colored microfuge tubes. Add IAP probe (iodoacetyl-
polyethylene glycol, final 5 mM) to the reduced lysate and place the tubes
on a shaker at 25 �C for an additional hour. In the final step of the assay,
transfer the samples to clear-colored microfuge tubes, and add streptavidin-
Sepharose beads to enrich the biotinylated PTPs by pull-down (25 ml of a
50% slurry, overnight at 4 �C on a rotating wheel). Briefly centrifuge the
beads (1 min, 4 �C), wash three times with 1 ml PBS, resuspend in 20 ml 4�
Laemmli sample buffer, and heat at 95 �C for 90–120 s.

10. Acute Stimulus-Induced Reversible

Oxidation of PTPs

We have previously performed the cysteinyl-labeling assay using angio-
myolipoma cells overexpressing platelet-derived growth factor (PDGF)-BB.
This sustained PDGF-BB expression system allowed us to identify SHP-2,
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PTEN, MKP-1, and PTP-LAR as downstream targets of ROS signaling in
angiomyolipomas (Boivin et al., 2008). However, we sought to verify whether
reversible oxidation of PTPs could be detected using this approach upon acute
growth factor stimulation in cell lines that are used commonly. ROS produc-
tion and SHP-2 reversible oxidation have previously been observed in Rat-1
fibroblasts following PDGF-BB stimulation (Meng and Tonks, 2003; Meng
et al., 2002). Hence, Rat-1 fibroblasts were cultured to confluency in low-
glucose DMEM supplemented with 10% fetal bovine serum and serum
deprived for a 16 h period in low-glucose DMEM without phenol red. Cells
were then incubated with 100 ng/ml PDGF-BB for 2 min and transferred in
the argon-equilibrated hypoxic glove box to be lysed with the degassed lysis
buffer. The cysteinyl-labeling assay was performed as described above and
proteins were separated by electrophoresis on a 10% SDS–polyacrylamide gel
and transferred electrophoretically onto nitrocellulose at 60 V and 4 �C for 2 h.
Following transfer, nitrocellulose membranes were blocked for 2 h in TBST
containing 5% nonfat milk powder and incubated for 16 h at 4 �Cwith PTEN
or SHP-2 antisera diluted in TBST containing 1% BSA. Following extensive
washing with TBST, membranes probed for PTEN and SHP-2 were briefly
reblocked for 5–10 min in TBST containing 5% nonfat milk powder (to
reduce the background from the secondary antibodies) and incubated for 2 h
with horseradish peroxidase (HRP)-conjugated secondary antibodies, washed
extensively with TBST and the immunoreactive bands were visualized by
ECL (Fig. 3.4A). Reversible oxidation of SHP-2 and PTEN was observed
upon PDGFR activation. Interestingly, IAP labeling of SHP-2 was not
observed in absence of PDGF-BB when IAA was left out of the lysis buffer.
This suggests that the active-site Cys residue of the autoinhibited closed form
of SHP-2 (Barford andNeel, 1998) is not available to reactwith the sulfhydryl-
reactive compound. Profiling of reversibly oxidized PTPs was also visualized
by reprobing the membrane with streptavidin–HRP (Fig. 3.4B). Interest-
ingly, probing for biotinylated PTPs using streptavidin–HRP revealed a
significant increase staining of several bands, consistent with reversible oxida-
tion of several PTPs.

11. Perspectives

Our approach, which involves a blocking step followed by reactivation
and labeling steps, is similar to the biotin-switch technique for identifying
S-nitrosylated proteins (Jaffrey and Snyder, 2001) and the acyl–biotinyl
exchange chemistry for identifying protein palmitoylation (Drisdel et al.,
2006). A similar protocol for identifying reversibly oxidized PTPs has been
established by Kwon et al. (2004, 2005), which utilizes neutral pH and
sodium dodecyl sulfate (i.e., an anionic surfactant) in order to denature
proteins from the cellular extract and for the alkylating agents to gain access
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to hidden sulfhydryl-reactive Cys residues. However, these denaturing
conditions disrupt the active-site architecture (and low pKa), thus making
the method less specific for PTPs. Another affinity-based approach employs
antibodies raised against the terminally oxidized VHCSAG peptide from the
PTP signature motif. This strategy also has potential to be applied for a
proteomic screening of reversibly oxidized PTPs (Persson et al., 2004).
However, the terminal oxidation of all reversibly oxidized PTPs, which is
essential for antibody recognition, does not allow distinction between
reversibly oxidized PTPs and the terminally oxidized PTPs that are found
at high levels in cancer cells (Lou et al., 2007). Direct sulfenic acid labeling
methods using dimedone or close derivatives have also been used to detect
reversible oxidation of proteins in vivo (Benitez and Allison, 1974; Charles
et al., 2007; Conway et al., 2004; Ellis and Poole, 1997; Leonard et al.,
2009). However, no reversibly oxidized PTPs have been identified yet
using this approach in complex protein extracts.

As we move beyond the sequence of the human genome, it is essential to
develop methods to define and characterize the proteome so as to decipher
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Figure 3.4 Use of biotinylated IAP probes to detect reversible oxidation of PTEN and
SHP-2 following acute stimulation of Rat-1 fibroblasts. Serum-deprived (16 h) Rat-1
fibroblasts were lysed in presence of 10 mM IAA without stimulation (lane 1) or
following a 2 min incubation with PDGF-BB at 37 �C (lane 2, 100 ng/ml), or lysed
in absence of IAA (lane 3) and subjected to the cysteinyl-labeling assay using a
biotinylated IAP probe. Biotinylated proteins were purified on streptavidin-Sepharose
beads, resolved by SDS–PAGE and probed using antibodies against PTEN or SHP-2 (A)
or streptavidin-HRP (B). Reversible PTP oxidation was significantly increased in
PDGF-BB stimulated cells, as measured with both probes.
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those enzymatic activities that underlie fundamental biological processes.
Hence, the conception of assays using protein modifying compounds that
allow specific enrichment and profiling of enzyme families within a com-
plex proteome is a cornerstone to achieve this objective. In addition, such
probes could also potentially be used in situ to identify the subcellular
localization of these activated or inactivated enzymes. Different PTP-specific
activity-based probes have been described for this purpose. Among them,
phosphotyrosine mimetics, such as 4-difluoromethylphenyl phosphate, have
been reported for the study of protein phosphatases (Betley et al., 2002;Wang
et al., 1994). The nucleophilic attack of 4-difluoromethylphenyl phosphate
by the PTP reactive thiolate ion leads to its dephosphorylation and the
production of a reactive quinone methide that alkylates nearby residues. In
contrast, the BBP that we have used in our previous study (Boivin et al.,
2008) is a suicide substrate probe for PTPs (Kumar et al., 2004). Hence, the
cysteinyl-phosphate bond formed between BBP and the PTP catalytic
cysteine provides increased labeling specificity. Both probes have yet to be
tested in approaches coupling the cysteinyl-labeling assay with proteomics-
based detection; however, our initial studies using biotinylated BBP as a
suicide substrate shows great promise and should allow us to obtain a cell-
specific molecular snapshot of the redox status of all PTP superfamily
members.

By combining cysteinyl labeling, to identify those PTPs that are oxidized
in response to a defined stimulus, with specific knockdown strategies and
the use of substrate trapping mutants (Flint et al., 1997), to define physio-
logical PTP substrate specificity, we have produced a strategy with which to
delineate and refine novel regulatory roles for PTPs in the control of cell
signaling. For signaling purposes, disrupting the expression of a PTP gene
by RNAi reproduces oxidation-mediated PTP inactivation and elevates the
phosphorylation of the sites targeted by this specific PTP, as well as down-
stream events in the signaling cascade. These changes can be studied by
immunoblotting of known targets or by measuring the phosphoproteome
using mass spectrometry (Hilger et al., 2009). In addition, this cysteinyl-
labeling assay may foreseeably be upgraded for in situ visualization of PTP
oxidation. Interestingly, a probe in which a BBP moiety linked to a
rhodamine B fluorophore has been used for detecting PTP activity
(Kumar et al., 2006). Thus, using a three-step approach in fixed cells in
which reactive PTPs are blocked, followed by reactivation of the oxidized
PTPs, and a labeling step involving a rhodamine-BBP probe could allow us
to visualize discrete sites of PTP reversible oxidation in vivo. Two similar
three-step methods have recently been used to monitor general thiol
oxidation (disulfide formation) in situ (Mastroberardino et al., 2008; Yang
et al., 2007b). Although those methods are aimed at general disulfide
formation, some technical modifications and the use of PTP-activity-
based probes should allow to detect the dynamic reversible oxidation of
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PTPs in situ. The growth factor-mediated dynamic ROS production, the
redox status of subcellular organelles, and the redox variations during the
cell cycle itself presumably all contribute to regulating PTP oxidation and
inactivation, overall protein phosphorylation, and signal transduction.
Hence, the imaging of discrete sites of PTP reversible oxidation, combined
with organelle-specific mass spectrometry should prove to be greatly
informative and provide insight into mechanisms of the redox biology.

12. Conclusion

Overall, there are over 100 PTP genes in the human genome; how-
ever, only a few of these enzymes have been characterized extensively. This
cysteinyl-labeling assay shows great promise in enabling us to perform
profiling of the redox regulation of the PTP superfamily. This direct insight
on regulation of all PTP members jointly with the strategies to delineate and
refine cell signaling pathways will prove to be useful in studying their role in
redox biology.
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Charles, R. L., Schröder, E., May, G., Free, P., Gaffney, P. R., Wait, R., Begum, S.,

Heads, R. J., and Eaton, P. (2007). Mol. Cell. Proteomics 6, 1473–1484.
Chen, Y. Y., Chu, H. M., Pan, K. T., Teng, C. H., Wang, D. L., Wang, A. H.,

Khoo, K. H., and Meng, T. C. (2008). J. Biol. Chem. 283, 35265–35272.
Chung, D. G., and Lewis, P. N. (1986). Biochemistry 25, 5036–5042.
Conway, M. E., Poole, L. B., and Hutson, S. M. (2004). Biochemistry 43, 7356–7364.
Czech, M. P., Lawrence, J. C. J., and Lynn, W. S. (1974). Proc. Natl. Acad. Sci. USA 71,

4173–4177.
Denu, J. M., and Dixon, J. E. (1998). Curr. Opin. Chem. Biol. 2, 633–641.
Denu, J. M., and Tanner, K. G. (1998). Biochemistry 37, 5633–5642.
Deshpande, T., Takagi, T., Hao, L., Buratowski, S., and Charbonneau, H. (1999). J. Biol.

Chem. 274, 16590–16594.

48 Benoit Boivin and Nicholas K. Tonks



Drisdel, R. C., Alexander, J. K., Sayeed, A., and Green, W. N. (2006). Methods 40,
127–134.

Ellis, H. R., and Poole, L. B. (1997). Biochemistry 36, 15013–15018.
Flint, A. J., Tiganis, T., Barford, D., and Tonks, N. K. (1997). Proc. Natl. Acad. Sci. USA 94,

1680–1685.
Hilger, M., Bonaldi, T., Gnad, F., and Mann, M. (2009).Mol. Cell. Proteomics 8, 1908–1920.
Jaffrey, S. R., and Snyder, S. H. (2001). Sci. STKE 86, 1–9.
Juarez, J. C., Manuia, M., Burnett, M. E., Betancourt, O., Boivin, B., Shaw, D. E.,
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Abstract

The peroxiredoxins (Prxs) are a family of thiol peroxidases that scavenge

hydroperoxides and peroxynitrite. The abundance and reactivity of these pro-

teins makes them primary targets for cellular H2O2. The catalytic cycle of typical

2-Cys Prxs involves formation of an intermolecular disulfide bond between

peroxidatic and resolving cysteines on opposing subunits. Rapid alterations in

the ratio of reduced monomer and oxidized dimer have been detected in the

cytoplasm and mitochondria of cultured cells exposed to various exogenous

and endogenous sources of oxidative stress. Here we describe immunoblot

methods to monitor the interconversion of individual 2-Cys Prxs in cultured

cells. We also outline an adaptation of this method to measure the extent to

which individual 2-Cys Prxs become hyper oxidized in treated cells. Together,

these methods enable the redox status of cellular Prxs to be assessed and

quantified in a rapid and robust manner.
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1. Introduction

The peroxiredoxins (Prxs) have received considerable attention in
recent years as regulators of cellularH2O2 andmodulators ofH2O2-dependent
signaling pathways (Hall et al., 2009; Rhee et al., 2005). Prxs are highly
abundant proteins constituting up to 1% of the total soluble protein in most
cells. Unlike other peroxidases that require a prosthetic heme group or
selenocysteine moiety, the Prxs use a conserved cysteine residue present as a
thiolate anion to decompose hydroperoxides. Recent kinetic studies have
revealed that many Prxs react with H2O2 at rates comparable to catalase or
glutathione peroxidase (k � 107–108 M�1 s�1) (Cox et al., 2009b; Ogusucu
et al., 2007; Parsonage et al., 2008; Peskin et al., 2007). As such, the Prxs are
increasingly being seen as primary targets of cellular H2O2 (Winterbourn and
Hampton, 2008).

The initial reaction of the peroxidatic cysteine with H2O2 forms a
sulfenic acid (CysP-SOH). The fate of this sulfenic acid differs depending
on whether the Prx is a typical 2-Cys, atypical 2-Cys or 1-Cys enzyme. The
most common class is the typical 2-Cys Prxs, which exist as obligate
homodimers orientated in a head-to-tail manner. The sulfenic acid con-
denses with the resolving cysteine of the second subunit to form an inter-
molecular disulfide bond (Fig. 4.1A ). The disulfide bonds in the oxidized
dimer are reduced by thioredoxin (Trx) to complete the catalytic cycle.
In contrast, atypical 2-Cys Prxs form an intramolecular disulfide bond upon
oxidation (Seo et al., 2000), whereas the 1-Cys Prxs form a mixed disulfide
with glutathione (Manevich et al., 2004).

One interesting aspect of these proteins is their sensitivity to hyperox-
idation, with H2O2 reacting with the sulfenic acid intermediate to form a
sulfinic acid (Fig. 4.1B). Intriguingly, eukaryotic typical 2-Cys Prxs have
evolved structural features that dramatically enhance susceptibility to hyper-
oxidation compared to their prokaryotic counterparts (Wood et al., 2003).
The hyperoxidized Prxs are enzymatically inactive, although they can be
regenerated slowly by the sulfinyl reductase sulfiredoxin (Biteau et al., 2003;
Jonsson and Lowther, 2007). It has been proposed that Prx hyperoxidation
may enable H2O2 levels to accumulate and function as second messengers
in cell signaling (Wood et al., 2003). Alternatively, studies suggest that the
hyperoxidation of Prxs may represent a molecular switch that abolishes
peroxidase activity, while enhancing chaperone activity ( Jang et al., 2004).

Cellular Prxs are maintained in their reduced form by the Trx system.
However, several studies have reported increases in the ratio of oxidized
to reduced Prxs through increased exposure to H2O2 (Baty et al., 2005;
Cox and Hampton, 2007; Cox et al., 2009a; Low et al., 2007), chloramines
(Stacey et al., 2009), auranofin (Cox et al., 2008a), isothiocyanates (Brown
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et al., 2008), hexavalent chromium (Myers and Myers, 2009), and induc-
tion of receptor-mediated apoptosis (Cox et al., 2008b). Prx oxidation has
also been observed in hearts during ischemia (Kumar et al., 2009) or upon
perfusion with H2O2 (Schroder et al., 2008). Mammals have six Prxs that
are widely distributed in different cellular compartments, including cytosol
(Prx 1, 2, and 6), mitochondria (Prx 3 and 5), endoplasmic reticulum
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Figure 4.1 Redox transformations of typical 2-Cys Prxs. (A) Catalytic cycle of the
typical 2-Cys Prxs. The peroxidatic cysteine (SPH) reacts with H2O2 to form a sulfenic
acid intermediate, which can condense with the resolving cysteine (SRH) on another
Prx to form an intermolecular disulfide. The oxidized Prx dimer is reduced by thiore-
doxin (Trx) to complete the catalytic cycle. Oxidized Trx is reduced by thioredoxin
reductase (TrxR) using NADPH as an electron donor. (B) Hyperoxidation of typical
2-Cys Prxs and retroreduction by Srx. In the presence of excess substrate, H2O2 reacts
with the sulfenic acid intermediate to form the hyperoxidized sulfinic acid. Hyperox-
idized Prxs are slowly repaired by the sulfinyl reductase enzyme Srx.
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(Prx 4), and peroxisomes (Prx 5). In some studies where Prx oxidation was
observed, it was restricted to a subset of Prxs, suggesting organelle speci-
ficity. Also, Prx oxidation occurred in the absence of widespread oxidative
damage, for example, protein carbonylation or lipid peroxidation. Analysis
of the redox transformations of endogenously expressed Prxs may provide
valuable insight as a marker of disruptions in redox homeostasis. The
methods described in this chapter provide a means to monitor the dimer-
ization or hyperoxidation of individual typical 2-Cys Prxs in cells or tissue
by immunoblotting under nonreducing conditions. These simple methods
are well suited to the testing of multiple samples in parallel and overcome
some of the technical challenges associated with previous methodologies.

2. Measurement of Prx Dimerization

2.1. Principle of the method

During their catalytic cycle, typical 2-Cys Prxs are oxidized to form an
intermolecular disulfide bond, with the oxidized protein running as a dimer
under nonreducing conditions (Fig. 4.2). The principle of the method is to
trap the oxidized and reduced forms during cell or tissue extraction and
monitor the proportions of monomer and dimer for each Prx with selective
antibodies.

A critical step in the process is rapid alkylation of reduced cysteines to
prevent artefactual Prx oxidation during sample preparation. Alkylation will
also prevent Trx from reducing oxidized Prxs. This is unlikely to be a
problem after cell lysis, but removal of cells from a source of oxidative stress
can lead to rapid reduction of oxidized Prxs (Low et al., 2007), and therefore
an underestimation of oxidized Prx levels.

While thiol-trapping by alkylation is common in redox proteomic
techniques, for Prxs this step is challenging. Investigations with purified
mammalian Prxs have shown that they react extremely rapidly with hydro-
peroxides, particularly H2O2 (k � 107M �1 s�1), but the rate of alkylation is
five to eight orders ofmagnitude slower (Cox et al., 2009b; Peskin et al., 2007).
N-Ethylmaleimide (NEM) is the most effective alkylating agent so far tested,
but even so adventitious peroxides present at low micromolar concentrations
in buffers will cause oxidation despite the presence of millimolar NEM.

There are a variety of approaches that can assist in limiting artefactual
oxidation. Protein denaturation or acidification dramatically reduces the
reactivity of the peroxidatic cysteine, thereby making alkylation more
competitive. While we have exploited this methodology with pure protein,
it is less applicable in complex cell extracts. We currently utilize three
other approaches to limit artefactual oxidation. First, the impact of

54 Andrew G. Cox et al.



adventitious peroxides is limited by preparing lysates in small volumes so
that Prx concentrations are higher than that of the peroxides. Second,
catalase is included in extract buffers to limit H2O2 levels. It should be
emphasized that the catalase is not effective at competing with the Prxs for
H2O2 present at low concentration, indeed endogenous peroxisomal cata-
lase will be released during cell lysis; rather it is used to remove H2O2 from
buffers before use. The final step for optimizing Prx alkylation is to add
NEM several minutes before cell lysis, thereby promoting alkylation before
the Prxs are released and exposed to exogenous peroxides. The length of
incubation time should be determined empirically for each cell type, and
should be long enough to enable effective alkylation but not so long as to
disrupt cell integrity and therefore prevent the ability to harvest and pellet
cells where necessary.

2.2. General method

The exact conditions for trapping Prxs have to be optimized for each cell
type, but here we offer specific protocols for cells grown in suspension and
adherent cells.

2.2.1. Alkylation of suspension cells

1. Culture cells under the experimental conditions of choice.
2. At the end of the incubation period, pellet cells (1 � 106) rapidly by

centrifugation at 10,000�g for 30 s.
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Figure 4.2 Redox immunoblot method to detect Prx oxidation. The method involves
alkylating reduced thiols on Prxs with NEM, then resolving the alkylated monomer
from the oxidized dimer by SDS–PAGE in nonreducing conditions.
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3. Remove the supernatant and resuspend in 100 ml of alkylation buffer
(40 mM HEPES, 50 mM NaCl, 1 mM EGTA, CompleteTM protease
inhibitors, pH 7.4, 10 mg/ml catalase, 100 mM NEM). Add the catalase
30 min prior to use, and the NEM immediately prior to use. Incubate at
room temperature for 10 min.

4. Add 4 ml of 25% CHAPS (1% final) to lyse the cells. The type of
detergent and most effective concentration may differ between cell
types. Incubate for 10 min with periodic vortex mixing.

5. Remove insoluble material by centrifugation at 16,000�g for 5 min.
Measure the protein concentration using the detergent-compatible
BioRadTM protein assay. Store at �80 �C before electrophoresis.

2.2.2. Alkylation of adherent cells

(A) For short-term treatments in which cells remain attached (i.e., no
‘‘floating cells’’):
1. Culture cells under the experimental conditions of choice.
2. Remove culture media and add sufficient alkylation buffer to cover

all of the adherent cells on the plate (e.g., 100 ml/well of a 24-well
plate). Incubate for 10 min at room temperature.

3. Add CHAPS directly to the well at a final concentration of 1%. The
type of detergent and most effective concentration may differ
between cell types. Incubate for 10 min then follow step 5 in 2.2.1

(B) For treatments that cause cells to detach from plasticware:
1. Culture cells under the experimental conditions of choice.
2. Collect ‘‘floating cells’’ into a centrifuge tube.
3. Wash adherent cells with PBS and cover bottom of plate with

0.05% trypsin solution containing EDTA (e.g., 100 ml/well of a
24-well plate). Incubate for 2 min.

4. Collect trypsinized cells and combine with ‘‘floating cells.’’ Pellet
cells rapidly by centrifugation at 10,000�g for 30 s. Follow steps 3–5
in 2.2.1 above.

2.2.3. Nonreducing electrophoresis and Prx Western blotting

1. Dilute protein extracts (5 mg final) in nonreducing sample buffer (62.5 mM
Tris–HCl, pH6.8, 10% glycerol, 2% SDS, and 0.025% bromophenol blue)
at a 2:1 ratio.

2. Resolve samples by SDS–PAGE in a 15% gel in running buffer (25 mM
Tris, 192 mM glycine, 0.1% SDS, pH 8.3).

3. Transfer proteins from SDS–PAGE gels to Hybond PVDF membranes
by Western blotting in blot buffer (25 mM Tris, 192 mM glycine, 10%
methanol) for 50 min at 100 V.
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4. Block PVDF membranes in 5% skim milk TBST20 (150 mM NaCl,
50 mM Tris–HCl, pH 8.0, and 0.05% Tween 20) for 1 h.

5. Wash and probe with the appropriate Prx primary antibody in 2% skim
milk TBST20 overnight at 4

�C. Rabbit polyclonal antibodies to Prx 1–3
can be obtained from Abfrontier (Seoul, Korea) or Abcam (Cambridge,
UK), and can be used at a concentration of 1 in 10,000.

6. Wash the blots thoroughly in TBST20 and probe with HRP-conjugated
goat antirabbit (1:20,000 dilution) antibodies in 2% skim milk TBST20

for 1 h.
7. Wash the membranes thoroughly in TBST20, and detect the bound

secondary antibody by a chemiluminescence system of choice.
8. Quantify the extent of oxidation by measuring the relative band densities

of monomer and dimer. The extent of oxidation is presented as a
percentage of the Prx in the oxidized state. As a control, gels can include
lanes with samples that have 5% b-mercaptoethanol added, to ensure
that the Prx is indeed reversibly oxidized.

2.3. Examples

The technique is illustrated with the Jurkat human T-lymphoma cell line
acquired from the American Type Culture Collection, Rockville, MD,
USA, and SV40-immortalized mouse embryonic fibroblasts (MEFs) gener-
ously provided by Dr. David Huang, WEHI, Melbourne, Australia.

Jurkat cells are grown in RPMI 1640 supplemented with 10% FBS,
100 U/ml penicillin, and 100 mg/ml and are maintained in a humidified
incubator at 37 �C and 5% CO2/air and passaged regularly to maintain
optimal growth (between 105 and 106 cells/ml). Jurkat cells are harvested
and resuspended in fresh media at a concentration of 1 � 106 cells/ml and
left to equilibrate for 30 min prior to treatment. MEFs are grown in DMEM
containing 10% FBS, 100 mM asparagine, 50 mM b-mercaptoethanol,
100 U/ml penicillin, and 100 mg/ml streptomycin. MEFs are maintained
at optimal growth by passaging every 3 days at a 1:6 ratio. Subculturing
involves aspiration of used medium, washing with PBS, aspiration and then
incubation of the cell monolayer with 0.05% trypsin–EDTA. After 2 min,
dissociated cells are counted, resuspended in fresh medium, and plated out.
MEFs are treated at 80% confluency in fresh DMEM containing 10% FBS.
MEFs are seeded the day before experimentation at 105 cells/well of a 24-
well plate.

In this example, Jurkat cells (1 � 106 per sample) were rapidly pelleted
by centrifugation and alkylated as described for suspension cells above.
MEFs were cultured in a 24-well plate and alkylated as described
for adherent cells (A) above. In our experience with various cell types,
Prxs are predominantly in the reduced form under resting conditions.
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The efficiency by which cellular Prxs are alkylated was determined by
altering the concentration of NEM present in the buffer (Fig. 4.3). Under
nonreducing conditions, monomeric Prx migrates at�21 kDa, whereas the
dimeric oxidized Prxs migrate at�42 kDa. It is apparent in both Jurkats and
MEFs that 100 mM NEM should be used for alkylation step, as lower
concentrations lead to impaired trapping of the reduced monomer and an
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Figure 4.3 Examining the efficiency of NEM alkylation in cultured cells. Jurkat cells
(A) and MEFs (B) were harvested in alkylation buffer containing different concentra-
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absence of 10 mg/ml catalase. MEFs were harvested as described in 2.2.2A. The redox
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indicates dimeric Prx, whereas ‘‘M’’ indicates monomeric Prx. Immunoblots shown are
representative of three independent experiments.
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increase in the amount of dimer. The absence of catalase in the NEM
alkylation buffer was tested in Jurkat cells. There was a subtle increase in
oxidation, especially when alkylation is inefficient (e.g., Prx 2 with 1 and
10 mM NEM).

Figure 4.4 demonstrates the ability of this method to measure Prx
dimerization following exposure of Jurkat cells to the TrxR inhibitor
auranofin. Inhibition of TrxR prevents the reduction of Prxs and leads to
accumulation of the oxidized dimer. Although auranofin exposure leads to
the oxidation of all Prxs, it is evident that the individual Prxs behave
differently, with mitochondrial Prx 3 being the most sensitive to oxidation.

3. Measurement of Prx Hyperoxidation

3.1. Principle of method

The hyperoxidation of typical 2-Cys Prxs can be monitored through an
adaptation of the method described above. It takes advantage of the fact that
in the absence of alkylation, reduced Prxs immediately dimerize following
cell lysis. However, hyperoxidized Prxs are unable to dimerize, and will
remain as monomers (Fig. 4.5).

D

M

D

M

D

M
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Prx 2

Prx 3

0 0.5 1 1.5 2 2.5 3 3.5 4 Auranofin (mM)

Figure 4.4 Exposure to the TrxR inhibitor auranofin leads to the accumulation of
oxidized Prxs. Jurkat cells were exposed to auranofin for 40 min before being harvested
in NEM alkylation buffer. The redox state of Prx 1–3 was determined by immunoblot-
ting in nonreducing conditions. ‘‘D’’ indicates dimeric Prx, whereas ‘‘M’’ indicates
monomeric Prx. Data adapted from Cox et al. (2008a), with permission.
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We described above the difficulty in alkylating reduced Prxs before they
are oxidized by adventitious peroxides. That complication is the basis of this
method, and is what makes it relatively simple. It is possible to check the
efficacy of this uncontrolled oxidation step by adding the reductant dithio-
threitol to a sample to reduce the Prxs, and then passing this material through
a Micro Bio-SpinÒ 6 chromatography spin column (Bio-Rad, Hercules,
CA, USA) into the extract buffer of choice to determine if complete oxida-
tion occurs. The greater the volume of lysate buffer the more effective
oxidation will be, but the sample should not be so dilute as to limit Prx
detection. In general we use a volume that yields a lysate with a protein
concentration of 1–2 mg/ml. We have also noted that spontaneous Prx
dimerization upon cell lysis is not as efficient with trypsinized cells.

3.2. General method

1. Culture cells under the experimental conditions of choice.
2. At the end of the incubation period, pellet cells (1 � 106) rapidly by

centrifugation at 10,000�g for 30 s.
3. Remove the supernatant and resuspend in 100 ml of lysis buffer (40 mM

HEPES, 50 mM NaCl, 1 mM EGTA, CompleteTM protease inhibitors,
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Figure 4.5 Redox immunoblot method to detect Prx hyperoxidation. The method
involves resolving cell extracts in nonreducing conditions and differentiating the
hyperoxidized monomer from the oxidized dimer.
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pH 7.4, no NEM) and add 4 ml of 25% CHAPS (1% final) to lyse the
cells. The type of detergent and most effective concentration may differ
between cell types.

4. Incubate at room temperature for 10 min with periodic vortex mixing.
5. Remove insoluble material by centrifugation at 16,000�g for 5 min.

Measure the protein concentration using the detergent-compatible
BioRadTM protein assay. Store at �80 �C before electrophoresis.

6. Performnonreducing electrophoresis andPrxWestern blotting as described
in section 2.2.3 above.

3.3. Examples

Figure 4.6 illustrates Prx hyperoxidation in Jurkat cells exposed to increas-
ing doses of H2O2. In this example, we compared the nonreducing immu-
noblot method with an alternate approach that uses an antibody raised
against the hyperoxidized cysteine-containing sequence (Woo et al.,
2003b). Although this antibody is useful, it cannot determine which Prx is
being hyperoxidized, nor can it determine the extent of hyperoxidation. In
contrast, the nonreducing methodology exhibits a similar sensitivity (both
methods can detect Prx hyperoxidation at 20 mM H2O2), while providing
information on the degree of hyperoxidation. Using this method, it is also
possible to determine which Prx family members are becoming
hyperoxidized.

4. Discussion

We have described a method for quantifying the interconversion of
typical 2-Cys Prxs between their three main redox forms: reduced, oxi-
dized, and hyperoxidized. The method was illustrated for cultured mam-
malian cells, but the principles have been adapted for use with purified
protein (Cox et al., 2009a,b; Peskin et al., 2007), isolated mitochondria
(Requejo et al., 2010), and whole tissue (Kumar et al., 2009; Schroder et al.,
2008). It should also be possible to explore this approach in model organ-
isms such as drosophila, nematodes, and zebrafish, depending on the avail-
ability of selective antibodies against the Prxs of these species.

Traditional measures of oxidative stress rely on measurement of end-
stage damage to lipid, proteins, and nucleic acids. The Prxs appear to have
antioxidant and signaling properties and may be key cellular redox sensors.
Measurement of their functional interconversions may enable small and
transient disruptions of redox homeostasis to be assessed. A variety of new
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generation redox-sensitive probes are coming into use. Older probes such as
dichlorofluorescein have major problems with regards specificity and sus-
ceptibility to artefactual oxidation (Bonini et al., 2006; Burkitt and
Wardman, 2001; Zielonka et al., 2008), that hopefully the new generation
can avoid (Muller, 2009). The Prxs have the advantage of being endoge-
nous and not requiring the introduction of probes that may alter cell
physiology. Furthermore, by monitoring the redox state of the individual
Prxs simultaneously, one can detect compartmentalized redox stress e.g.,
Prx 3 in mitochondria.

The most important step in the nonreducing immunoblot method for
detecting reversible oxidation is the alkylation of Prx active site cysteines
before they are exposed to adventitious H2O2. The most effective approach
is to introduce high levels of NEM before cell lysis. This becomes more
challenging with tissues, but as illustrated with reperfused hearts, immersion
of the heart in buffer containing NEM before extraction was considerably
more effective than just being present in the extract buffer (Kumar et al.,

0 5 10 20 40 100 200 400 H2O2 (mM)
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H

Prx-SO2H
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Figure 4.6 Hyperoxidation of Prxs in Jurkat cells exposed to H2O2. Jurkat cells were
exposed to H2O2 (0–400 mM) for 10 min before being harvested in extract buffer and
analyzed by nonreducing immunoblotting. ‘‘D’’ indicates dimeric Prx, whereas ‘‘H’’
indicates hyperoxidized Prx. Immunoblots shown are representative of three indepen-
dent experiments. Data adapted from Cox et al. (2009a), with permission.
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2009). This approach has the potential to cause cell changes before blocking
is complete, for example, differential alkylation through blocking of Trx
before Prx might be expected to promote Prx oxidation within the cell, but
in all of the systems we have investigated the majority of cellular Prxs are
captured in the reduced state under normal conditions.

Quantification of immunoblots is reliant on the Prx antibodies detecting
monomer and dimer with equal sensitivity. In some situations we have
obtained gels where the dimer appears to label more intensely than the
monomer. This could be caused by a variety of factors, including an
inherent difference in recognition by the primary antibody (potentially
amplified when antibody levels are too low), interference from colocalized
proteins or alterations in transfer efficiency. We have undertaken experi-
ments with purified Prxs, comparing protein staining with immunoblots,
and found the AbFrontier antibodies detect monomer and dimer with
similar efficiency. Where accurate quantification is vital, standards of
prepared mixtures of fully reduced (and alkylated) and oxidized Prxs
could be prepared to generate standard curves.

The sensitivity of the Prx hyperoxidation method would be limited by
the formation of a Prx dimer where one of the pair had a hyperoxidized
peroxidatic cysteine, because the complex would still run as a dimer under
nonreducing conditions. Although such complexes have been observed
with purified protein, the reducing environment of the cell appears to
prevent these species from accumulating (Cox et al., 2009a). Another
possible limitation of the hyperoxidation method is that it does not differ-
entiate between the sulfinic and sulfonic species. In some cases this may be
important, as the sulfonic species is not reduced by sulfiredoxin and exhibits
distinct properties (Lim et al., 2008; Seo et al., 2009).

There are several alternative methods that have been used to examine
the oxidation of Prxs. We have already discussed one immunological
approach, which detects hyperoxidized Prxs using an antibody raised against
the hyperoxidized cysteine-containing sequence (Woo et al., 2003b). There
is also a hyperoxidized antibody that has been raised specifically against the
sulfonic acid form of Prx in yeast (Lim et al., 2008). Other investigators have
used an immunochemical method that involves labeling the Prx sulfenic
acid intermediate with dimedone and detecting the unique adduct with a
specific antibody (Seo and Carroll, 2009). All of the other methods that have
been used to detect Prx oxidation utilize aspects of 2D SDS–PAGE and
mass spectrometry. Up until recently, the most commonly used method to
detect Prx hyperoxidation was with 2D SDS–PAGE and immunoblotting,
taking advantage of the fact that Prxs present in the sulfinic or sulfonic acid
forms, migrate with a more acidic pI (Mitsumoto et al., 2001; Rabilloud
et al., 2002; Woo et al., 2003a). Although the acidic shift assays have
provided a wealth of information regarding the hyperoxidation of Prxs,
they become labor-intensive when comparing multiple samples and are
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prone to interference from other posttranslational modifications such as
phosphorylation. Other proteomic approaches used to detect Prx oxidation
include sequential nonreducing/reducing SDS–PAGE (diagonal gel elec-
trophoresis) (Brennan et al., 2004) and the fluorescent labeling of reversibly
oxidized protein thiols with 5-iodoacetamide (Baty et al., 2005). While
these methods are not suitable for routine assessment of the redox state of
Prxs, they place the Prx changes within the context of global thiol changes
within cells. The nonreducing immunoblot methods described in this
chapter also have an important place in validating the results obtained
from the proteomic methods.
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Abstract

The cellular thiol redox state is a crucial mediator of metabolic, signaling

and transcriptional processes in cells, and an exquisite balance between the

oxidizing and reducing states is essential for the normal function and survival of

cells. Reactive oxygen species (ROS) are widely known to function as a kind of

second messenger for intracellular signaling and to modulate the thiol redox

state. Thiol reduction is mainly controlled by the thioredoxin (TRX) system and

glutathione (GSH) systems as scavengers of ROS and regulators of the protein

redox states. The thioredoxin system is composed of several related molecules

interacting through the cysteine residues at the active site, including thiore-

doxin, thioredoxin-2, a mitochondrial thioredoxin family, and transmembrane
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thioredoxin-related protein (TMX), an endoplasmic reticulum (ER)-specific thior-

edoxin family. Thioredoxin couples with thioredoxin-dependent peroxidases

(peroxiredoxin) to scavenge hydrogen peroxide. In addition, thioredoxin does

not simply act only as a scavenger of ROS but also as an important regulator of

oxidative stress response through protein–protein interaction. The interaction

of thioredoxin and thioredoxin-binding proteins such as thioredoxin-binding

protein-2 (TBP-2, also called as Txnip or VDUP1), apoptosis signal kinase

(ASK-1), redox factor 1 (Ref-1), Forkhead box class O 4 (FoxO4), and nod-like

receptor proteins (NLRPs) suggested unconventional functions of thioredoxin

and a novel mechanism of redox regulation. Here, we introduce the central

mechanism of thiol redox transition in cell signaling regulated by thioredoxin

and related molecules.

1. Functional Regulation of Redox-Sensitive

Proteins by Thiol Modification

Phosphorylation and dephosphorylation of protein through the pro-
tein kinase and protein phosphatase kinase form the core of the signal
transmission for the various physiological actions in the cell. Proteins
receive oxidation on cysteine residues by reactive oxygen species (ROS)
such as the H2O2, and the modulation causes protein functional change and
physiological changes in cellular signaling. The protein function changes by
thiol modification are a change in enzymatic activity, the induction of an
allosteric effect and a modulation of protein–protein interaction.When cells
are stimulated with ROS, many transcription factors (TFs) are also acti-
vated. However, higher doses of ROSmay not activate these transcriptional
factors, because they are highly susceptible to oxidation. Thus, the dosage of
the redox signal is an important factor in the modulation of cell function.
With respect to proteins, the thiol group of cysteinyl side chains is suscepti-
ble to a number of oxidative modifications, for instance, the formation of
inter- or intramolecular disulfides between thiols ((P)–S–S–P) or between
thiols and low-molecular-weight thiols such as glutathione (P–S–SG), the
oxidation to sulfenic (P–SOH), sulfinic (P–SO2H), and sulfonic (P–SO3H)
acid, and S-nitrosylation (Berndt et al., 2007). These modifications can alter
the functions of numerous proteins that contain cysteines of structural
importance, within their catalytic centers or at the interface of protein–
protein interactions. These cysteinyl regulations affect cell signaling such as
MAPKinase, Ca2þ signaling through PKCs and transcriptional factors
(Table 5.1).

To a great extent, the redox state of these cysteinyl residues is controlled
by the thioredoxin (TRX) and the glutathione (GRX) systems.
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1.1. Thioredoxin

Thioredoxin is a 12-kDa ubiquitous protein that has disulfide-reducing
activity. Two cysteine residues (Cys32 and Cys35) of the active site -Cys-
Gly-Pro-Cys- are responsible for this reducing activity. Thioredoxin was
originally identified as a hydrogen donor for ribonucleotide reductase in
Escherichia Coli (Holmgren, 1985). Decades of studies have indicated that
thioredoxin is highly conserved in many organisms, including from bacterial
organisms, plants, and mammals.We have identified human thioredoxin as an
adult T-cell leukemia-derived factor (ADF) from the supernatant of HTLV-I
infected T-cell line and named it the ADF, which was initially defined as an
autocrine lymphokine and IL-2 receptor-inducing factor (Tagaya et al., 1989).
Given its nature to respond to oxidative stresses, thioredoxin expression is
induced by a variety of physiochemical stimuli, including virus infection,
mitogen, UV-irradiation, hydrogen peroxide, ischemia reperfusion, which
wehave broadly reviewed (Masutani et al., 2005;Nakamura et al., 1997, 2006).
Natural metabolic or endocrine substances including hemin, estrogen, pros-
taglandins, sulforaphane, and cAMP can also induce the expression and secre-
tion of TRX. Geranylgeranylacetone (GGA), an acyclic polyisoprenoid used

Table 5.1 Signaling molecules regulated by redox-thiol modification in the cells

Classification Protein Function

Phosphorylation

enzyme

MEKK1, JNK Inactivation

Src, PKCs, PKA Activation

Dephosphorylation

enzyme

SHP-2, PTP1B Inactivation

Acetylatic enzyme FOXO4 Activation

Redox enzyme Thioredoxin, glutathione ASK1 regulation,

signal complex

(thioredoxin)

Small G protein P21ras Activation

Ca2þ signaling Ins (1,4,5) P3 receptor Activation

Glycolytic enzyme GAPDH Bind with Siah1 and

shuttle to nucleus

Protease Caspase-3 Activation

MMP-1, 8, 9 Inactivation

Metabolic enzyme SUMO E1, E2 Inactivation

Transcriptional

factors

NF-kB, AP-1 (c-Jun,

c-Fos), p53, ATF,

USF, Oct-2

Inactivation

Keap1,Creb Activation

Citation and modification from Berndt et al. (2007), Kamata and Hirata (1999), and Dansen et al. (2009).
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as an antiulcer drug, or tert-butylhydroquinone (tBHQ), an electrophile
stressor, can also induce TRX expression. A series of stress-responsive ele-
ments in the promoter region have been identified, including the oxidative
stress response element (ORE), antioxidant responsive element (ARE), cAMP
responsive element (CRE), xenobiotics responsive element (XRE), and Sp-1
(Bai et al., 2003; Han et al., 2003; Kim et al., 2001; Tonissen andWells, 1991;
Yodoi et al., 2002). Recently, we showed that fragrant unsaturated aldehydes
from edible plants are novel thioredoxin inducers, through activation of the
ARE in the promoter region and that they may be beneficial for protection
against oxidative stress-induced cellular damage (Masutani et al., 2009). In
addition to ATL, an elevation of serum thioredoxin was detected in patients
withHIV,HCV,HPV, or a variety of cancers (Fujii et al., 1991; Kinnula et al.,
2004;Miyazaki et al., 1998;Nakamura et al., 2000, 2001a; Sumida et al., 2000),
all of which are involved with increased oxidative stresses. In addition to the
mitogenic activity on lymphocytes, we broadly showed that extracellular
thioredoxin can harbor cytoprotective effects, cytokine-stimulating effects,
and antichemotactic effects in higher concentration (>1 mg/ml in circulation)
(Nakamura et al., 2006).

Thioredoxin-knockout in mice is lethal for the early development and
morphogenesis of the mouse embryo (Matsui et al., 1996), whereas thior-
edoxin-transgenic mice are more resistant to oxidative stress with longer life
spans, compared with wild-type mice (Mitsui et al., 2002). These mice
experiments suggested that thioredoxin is an essential gene for survival.
Additional information is available in the other volume of this issue
(Masutani and Yodoi, 2002; Nakamura et al., 2002; Nishinaka et al.,
2002; Sato et al., 1995).

2. Thiol Reduction by the Thioredoxin

Redox System

Redox-sensitive cysteines have been shown to regulate several cellular
signaling processes when cells are being exposed to oxidative stress. In the
majority of cases, cysteine-dependent regulation of signaling by oxidative
stress is due to the fact that many enzymes, such as lipids and protein
phosphatases, deubiquitinating enzymes, have a critical cysteine residue
within their catalytic center, oxidation of this cysteine residue results in
impaired enzymatic function.

The thioredoxin system and the glutathione system constitute the major
thiol-reducing systems (Holmgren, 1989). TRXs and GRXs comprise
the TRX family of dithiol-disulfide oxidoreductases that are characterized
by the TRX-like fold and a common dithiol/disulfide active site motif,
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-Cys-X-X-Cys-, located at the end of b-strand and at the beginning of an
a-helix (Martin, 1995).

2.1. Thiol-redox regulation by thioredoxin in kinase-mediated
cellular signal transduction

Recent studies have revealed that cellular signaling pathways are regulated by
the intracellular redox states. Reactive oxygen species (ROS) are widely
known as regulators of cell signaling through regulation of the protein-thiol
redox state. However, a high concentration ofROS induces cell dysfunction
or cell death, a low physiological concentration of ROS activates
cell proliferation, mobility, and gene expression. ROS acts as a second
messenger in cells. Key molecules in the defense against oxidative stress
(includingROS) are themembers of the thioredoxin-fold family of proteins.
Thioredoxins belong to corresponding systems containing NADP(H) and
thioredoxin reductase, and they maintain a reduced intracellular redox state
in mammalian cells by the reduction of protein thiols. It has been reported
that thioredoxin negatively regulates cellular signal transduction of apoptosis
signal-regulating kinase 1 (ASK1) through direct binding and inhibits the
conformation change ASK1 for active formation (Saitoh et al., 1998). ASK1,
also known as mitogen-activated protein kinase kinase kinase 5 (MAP3K5),
is a part of mitogen-activated protein kinase (MAPK) cascade, which triggers
the activation of c-Jun N-terminal kinase ( JNK). ASK1 can bind to thior-
edoxin only in the reduced, but not oxidized form, since the dithiol-disulfide
active site of thioredoxin is involved in the association. In the reducing
environment, thioredoxin is associated with ASK1, giving rise to the inhibi-
tion of ASK1-mediated apoptosis. However, in the oxidizing environment,
ASK1 is released from the ASK1–thioredoxin complex, giving rise to cell
apoptosis. This association/dissociation process is a typical type of redox
regulation conducted by thioredoxin. Thioredoxin NADP(H)-dependent
reduction is required to maintain the activity of phosphatase and tensin
homologue deleted from chromosome 10 (PTEN). The thioredoxin,
NADP(H), thioredoxin reductase system reduced oxidized-form protein
tyrosine phosphatase 1B (PTP1B), which is a member of the sensor protein
family for ROS and suppressed H2O2 induced PTP1B inactivation (Lee
et al., 1998). We also reported that thioredoxin is critical for inhibiting the
p38 MAPK pathway and cytokine production (Hashimoto et al., 1999;
Nakamura et al., 2001b). Recently, we have shown that thioredoxin over-
expression showed elevation on the ERK1/2 phosphorylation levels over
the entire range of S-nitrosoglutathione (GSNO) concentrations (Arai et al.,
2008), and thioredoxin knockdown inactivated EGF-induced ERK
phosphorylation in MCF-7 breast cancer and A549 lung cancer cells
(Mochizuki et al., 2009). Further investigation is required to clarify the
issue of thioredoxin-dependent redox regulation in ERK signaling.
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2.2. Thiol-redox regulation by thioredoxin in nuclear
receptors and transcription factors-mediated cellular
signal transduction

Reducing condition is also very important for the regulation of DNA-
binding activities of TFs. Redox-regulated TF or nuclear receptor (NR)
with increased DNA-binding abilities, translocate from the cytoplasm to the
nucleus in response to stress or ligand-bindings, for the transcriptional
regulation. It was thought initially and demonstrated that thioredoxin
shuttles between these two compartments, presumably providing a reducing
environment for these targets when necessary.

Previously, we showed that thioredoxin enhances the DNA-binding
activity of TFs such as NF-kB (Hirota et al., 1999a), AP-1 (Hirota et al.,
1997), p53 (Ueno et al., 1999), and polyoma virus enhancer-binding pro-
tein-2 (PEBP-2) (Akamatsu et al., 1997). The NF-kB p50 and p65/RelA
subunits have a well-conserved cysteine on its DNA-binding domain.
A direct interaction between thioredoxin and NF-kB has been shown in
in vitro cross-linking assay and nuclear magnetic resonance (NMR) studies
(Hirota et al., 1999b; Qin et al., 1995). In the cytoplasm, TRX blocks the
degradation of I-kB and suppresses NF-kB signaling, whereas in the
nucleus, thioredoxin enhances NF-kB translocational activities by enhanc-
ing its DNA-binding capability (Hirota et al., 1999a). Thioredoxin
enhances the DNA-binding activity and transactivation of activator pro-
tein-1 (AP-1) through Redox factor-1 (Ref-1), which was identified as a
factor of restoring AP-1 DNA-binding activity and is identical to an AP-
endonuclease (Xanthoudakis et al., 1992). The direct interaction between
thioredoxin and Ref-1 has been shown in in vitro cross-linking assay and
mammalian two-hybrid assay (Hirota et al., 1997). Thioredoxin is associated
with Ref-1 through the redox active cysteines and coexpression of thior-
edoxin and Ref-1 enhances the transactivation of AP-1. Thioredoxin
regulated Ref-1 activation also promotes the DNA binding of PEBP-
2 and p53. We previously showed that thioredoxin and Ref-1 enhances
p53-dependent p21 activation for DNA repair (Ueno et al., 1999). The
thioredoxin-dependent redox regulation of p53 activity is coupled with the
oxidative stress response and p53-dependent DNA repair mechanism. The
interaction of hypoxia-inducible factor (HIF) and coactivators may also be a
target of redox regulation. The C-terminal activation domain of HIF-1a
and its related factors have a specific cysteine. The expression of thioredoxin
and Ref-1 enhanced the interaction of these factors with a coactivator,
CREB-binding protein (CBP)/p300 (Ema et al., 1999). Recently, thior-
edoxin was also reported to aid ERa in regulating the expression of estrogen
responsive genes by direct protein–protein interaction (Rao et al., 2009).
Moreover, reduced thioredoxin was reported to increase the XRE binding
of Ah receptor heterodimers (Ireland et al., 1995). In fact, the thiol group
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associated with metals, including the highly conserved zinc-finger structure
in the DBD domain of NRs, has been postulated to be one of strongest
nucleophiles in cells (Beato et al., 1995; Makino et al., 1996; Mangelsdorf
et al., 1995), suggesting a broader significance of thioredoxin in the regula-
tion of NR-mediated signal transduction. Of particular interest, as also
described in the introduction, thioredoxin can also be upregulated upon
high estrogen exposure (Maruyama et al., 1999; Sahlin et al., 1997), suggest-
ing a putative positive feedback in the TRX-mediated ER signaling.

Redox regulation appears to be involved in various steps in the activa-
tion of TFs. In yeast, Yap1 and Skn7 cooperate on the yeast thioredoxin
promoter to induce transcription in response to oxidative stress. Cysteine
residues in the nuclear export signal (NES)-like sequence of the Yap1p
regulatory domain serve as a sensor for the oxidative stress (Kuge et al.,
1998). In the thioredoxin-deficient mutant, Yap1p was constitutively con-
centrated in the nucleus and the level of expression of the Yap1 target genes
was high (Izawa et al., 1999). Taken together, redox regulation through
thioredoxin is critical for the control of cell signaling and gene transcription.

3. Thioredoxin Superfamily

The thioredoxin-like active site motif (-Cys-X-X-Cys-) is found in
several proteins classified in the thioredoxin superfamily (Matsuo et al.,
2002) and located in various cellular components, such as the mitochondria
(Spyrou et al., 1997; Tanaka et al., 2002), the nucleus (Kurooka et al., 1997),
and the endoplasmic reticulum (ER) (Ferrari and Soling, 1999; Matsuo
et al., 2001). The mitochondrial thioredoxin family thioredoxin-2 (TRX-2)
prevents apoptosis through the regulation of Bcl-xL protein and other
mitochondrial proteins (Holmgren and Reichard, 1967; Ritz et al., 2000;
Tanaka et al., 2002; Wang et al., 2006; Zhu et al., 2008) and nucleus
thioredoxin family, nucleoredoxin controls cell polarity and development
through Wnt-b-catenin signaling (Funato et al., 2006; Hirota et al., 2000).
We previously identified the ER-localized thioredoxin family protein,
transmembrane thioredoxin-related protein (TMX). TMX contains one
catalytic thioredoxin-like domain with a unique active site motif,
-Cys-Pro-Ala-Cys-, and a single transmembrane region. TMX orthologs
have been found in other animal species, including mammals, Drosophila
melanogaster, and Caenorhabditis (Ko and Chow, 2002) but not in plants,
fungi, or prokaryotes. The thioredoxin-like domain of TMX is present in
the ER lumen, and shows reductase and isomerase activity in vitro (Matsuo
et al., 2004). Recently, we reported TMX interacts with the MHC class I
heavy chain and prevents the ER to cytosol retrotranslocation of misfolded
class I HC (Heavy Chain) targeted for proteasome degradation (Matsuo
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et al., 2009). These findings suggest a specific role of TMX in ER stress and
its mechanism of action in redox-based ER quality control. Localization-
specific thioredoxin family proteins may contribute to redox and the related
signal homeostasis. Further investigation is required to clarify their physio-
logical roles in the organelle-specific redox regulation.

4. Reversible Redox and Signal Regulation by

Thioredoxin and Thioredoxin-binding

Protein-2 (TBP-2)

As an endogenous negative regulator of thioredoxin, TBP-2 was iden-
tified in the yeast two-hybrid assay (Holmgren et al., 2005; Masutani
and Yodoi, 2002; Nishiyama et al., 1999). TBP-2 was also given the name
thioredoxin interacting protein (Txnip) (Bodnar et al., 2002) or vitamin-D3
upregulating protein (VDUP1) (Chen and DeLuca, 1994). TBP-2 directly
bind thioredoxin to inhibit thioredoxin-reducing activity (Nishiyama et al.,
1999). Two TBP-2 cysteines are important for thioredoxin binding through
a disulfide exchange reaction between oxidized TBP-2 and reduced thior-
edoxin (Patwari et al., 2006), suggesting that the thioreodxin–TBP-2 complex
is important for redox dependant cell function.

Interestingly, TBP-2 is a member of the a-arrestin protein family,
containing two characteristic arrestin-like domains with PxxP sequence,
which is a known binding motif for SH3-domains containing proteins, and
the PPXY sequence is a known binding motif for the WW domain
(Alvarez, 2008; Oka et al., 2006b; Patwari et al., 2006, 2009). We also
showed that TBP-2 interacts with importin-a (Nishinaka et al., 2004a),
while another group suggested its interaction with the SMRT-mSin3-
HDAC corepressor complex or JAB1 (Han et al., 2003; Jeon et al., 2005).
These results suggest that TBP-2 is an important molecule as a scaffold
protein. Evidence suggesting that TBP-2 plays an important role in a wide
variety of biological functions are growing, such as the regulation of cell
death, growth, differentiation, and energy metabolism (Ahsan et al., 2006;
Aitken et al., 2004; Chen et al., 2008b; Corbett, 2008; Lee et al., 2005;
Nishinaka et al., 2004b; Oka et al., 2009). We reported that gene disruption
of TBP-2 in mice results in a predisposition to death with severe bleeding,
hypoglycemia, hyperinsulinemia, and liver steatosis during fasting (Oka
et al., 2006a). Other groups also showed the similar phenotype in Hcb-19
mice, which has a nonsense mutation of the TBP-2 gene (Hui et al., 2004).
These reports clearly suggest that TBP-2 is an important molecule in
glucose and lipid metabolism in vivo. Furthermore, a recent reports have
shown that TBP-2 regulates glucose uptake in human skeletal muscle
(Parikh et al., 2007), hepatic glucose production (Chutkow et al., 2008),
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and pancreatic b-cell apoptosis (Chen et al., 2008a,b). We and other groups
demonstrated that TBP-2-deficient mice showed increased insulin sensitiv-
ity (Chutkow et al., 2008; Hui et al., 2008; Oka et al., 2009) and insulin
secretion (Hui et al., 2004; Oka et al., 2009). These reports raise the
possibility that there is a fundamental novel redox regulatory mechanism
occurring through thioredoxin and TBP-2 complex in cell and whole body
metabolism. Very recently, with our collaborators, we elucidated the ROS
induction of the formation of cysteine-thiol disulfide-dependent complexes
of Forkhead box class O (FoxO) and the p300/CBP acetyltransferase,
and showed that the modulation of FoxO biological activity by p300/
CBP-mediated acetylation is fully dependent on the formation of this
redox-dependent complex (Dansen et al., 2009). This complex contains
thioredoxin and we showed coimmunoprecipitated complexes of FoxO4
and p300 with a buffer supplemented with active recombinant human
thioredoxin almost completely abolished the interaction and that, in the
presence of endogenous thioredoxin inhibitor, TBP-2, the interaction of
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Foxo4Cys477 and p300 was stronger (Dansen et al., 2009). These results
suggest that the redox-sensitive cysteines bridge p300/CBP-mediated acet-
ylation regulated by thioredoxin and the TBP-2 complex link cellular redox
status to the activity of the longevity protein FoxO.

It has been reported that the thioredoxin, TBP-2, and Dnajb5 complex
modulates class II HDACs in response to oxidative stresses, regulating
cardiac hypertrophy (Ago et al., 2008) in the heart. TBP-2 has been
reported to dissociate the thioredoxin and nod-like receptor proteins
(NLRP3) inflammasome complex in macrophage under oxidative stress
when responding to ROS. Collectively, the complex formation of thio-
redoxin and TBP-2 axis may be a novel mechanism for biological function
in the redox and cellular signal transition, related to responses to various
factors, tissues structure, and type or timing.

5. Conclusion

Thioredoxin and the related molecules are important for the regula-
tion of thiol-redox transition and related cellular signaling. The various
functions of thioredoxin and related molecules for the redox transition
and cellular signaling are summarized in Fig. 5.1. Thioredoxin regulates
redox-dependent cell function through direct interaction with other
proteins, including TBP-2. Further elucidation of the mechanism of the
thioredoxin central protein complex under the various environments is
required to understand how cells and the whole body integrate the various
redox signals.
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dysfunction and tissue injury. In particular, cysteine residues play critical roles

in maintaining the functional and structural integrity of numerous proteins in

the mitochondrion and throughout the cell. To define changes in mitochondrial

protein thiol status, proteomic approaches have been developed in which

unmodified, reduced thiols (i.e., R–SH or thiolate species R–S�) are tagged

with thiol-labeling reagents that can be visualized following gel electrophoresis

and immunoblotting techniques. Herein, we describe the use of one thiol-

labeling approach in combination with blue native gel electrophoresis (BN-

PAGE) to detect reactive thiol groups within mitochondrial proteins including

those of the oxidative phosphorylation (OxPhos) system. Labeling or ‘‘tagging’’

of protein thiol groups in combination with various gel electrophoresis and

proteomics techniques is a valuable way to measure alterations in cellular or

organelle thiol proteomes in response to drug treatment, disease state, or

metabolic/oxidative stress.

1. Introduction

Mitochondrial dysfunction, manifested by the inability to maintain
cellular ATP levels, has been linked to a number of pathologies and diseases.
As both a source for the formation and target of modifications mediated by
reactive oxygen, nitrogen, and lipid species (ROS, RNS, and RLS), the
mitochondrion is also recognized as a critical site in cellular stress responses.
An emerging and novel aspect of mitochondrial function is the role this
organelle plays in regulating key signaling pathways, which impact cellular
responses to metabolic, hypoxic, and oxidative stress. While the sequence of
events leading to toxicant and disease induced mitochondrial dysfunction
are not fully known, accumulating evidence suggests that posttranslational
modification of critical functional groups within mitochondrial proteins by
reactive species may alter mitochondrial and cellular systems including
energy metabolism and redox signaling. Specifically, mitochondrial protein
thiols have received a significant amount of attention in the posttranslational
modification arena as these alterations can regulate several mitochondrial
functions (Costa et al., 2003; Dahm et al., 2006). Therefore, the ability to
detect, identify, and structurally characterize mitochondrial protein thiols
that might be susceptible to oxidative modifications is critical to under-
standing the molecular mechanisms contributing to oxidative damage and
mitochondrial dysfunction in pathobiology.

Studies show that reactive species (i.e., ROS, RNS, and RLS) modify
critical amino acid residues thereby disrupting the structure and catalytic
function of proteins. These toxic effects in mitochondria largely stem from
the diffusion of nitric oxide (NO) into mitochondria and its reaction with
superoxide (O2

��) to generate more reactive species such as peroxynitrite
(ONOO�), other secondary RNS, and RLS. A number of reversible and
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irreversible modifications to cysteine residues are known to occur upon the
interaction of the free sulfhydryl groups with reactive species (Ying et al.,
2007). Reversible modifications to thiols include the formation of nitro-
sothiols, sulfenic acids, and protein mixed disulfides. Similarly, cysteines can
be irreversibly oxidized to higher oxidation states such as sulfinic and
sulfonic acids, as well as modified via the adduction of electrophilic lipids
like 4-hydroxynonenal. Each of these modifications has the potential to
elicit a unique biologic response that may disrupt mitochondrial function.
Reversible modifications may also be important as they may ‘‘protect’’
vulnerable thiol groups from permanent modification. Emerging evidence
has linked the oxidation and modification of mitochondrial protein thiols
with alterations in respiration, energy metabolism, oxidant production, and
permeability transition (Costa et al., 2003; Dahm et al., 2006; Lemasters
et al., 2002). Previously, we reported a chronic alcohol-dependent loss of
function of the mitochondrial low Km aldehyde dehydrogenase from cyste-
ine modifications (Venkatraman et al., 2004b). This is noteworthy because
inactivation of a key detoxification enzyme like aldehyde dehydrogenase
would lead to the accumulation of acetaldehyde and other RLS, which
themselves have been shown to inactivate proteins through cysteine mod-
ifications (Doorn et al., 2006).

To determine the role of posttranslational protein thiol modifications
that control mitochondrial functions, methods are needed to detect and
analyze changes in mitochondrial protein thiol status. With the upsurge in
proteomics technology advancements, the ability to detect and identify
specific mitochondrial protein thiols susceptible to posttranslational mod-
ifications has become more realistic (Torta et al., 2008; Witze et al., 2007).
Typically, these approaches incorporate methodologies using thiol ‘‘label-
ing’’ or ‘‘tagging’’ reagents in combination with gel electrophoresis techni-
ques (Hill et al., 2009; Kettenhofen et al., 2008); however, some recent
studies are now forgoing the electrophoresis step and going straight to mass
spectrometry identification (Sethuraman et al., 2004). One weakness of
some of these approaches is that because many of the thiol-labeling reagents
are membrane impermeable they cannot be used in fully functional mito-
chondria but only in mitochondrial extracts. Therefore, information about
the redox status of protein thiols in the intact respiring mitochondrion
cannot be experimentally gathered. To address this problem, Murphy and
colleagues developed an approach using novel molecules to selectively label
reduced (unmodified) protein thiol groups within mitochondria (Lin et al.,
2002). Specifically, a lipophilic, cationic compound 4-iodobutyl triphenyl-
phosphonium (IBTP) was synthesized and accumulates in mitochondria as a
function of the large membrane potential across the mitochondrial inner
membrane and the positive charge on the triphenylphosphonium (TPP)
moiety. Thiolate groups (R–S�) on mitochondrial proteins will displace the
iodo group from the TPP moiety resulting in a TPP-tagged protein thiol
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(Lin et al., 2002). These ‘‘tagged’’ proteins are then easily detected following
gel electrophoresis and immunoblotting with an antibody developed against
the TTP group. Therefore, protein thiol groups that have been oxidized or
modified as a consequence of oxidative stress can be detected and identified
using immunoblotting where decreased labeling with IBTP is shown by
decreased anti-TPP immunoreactivity (i.e., signal) on the blot (Lin et al.,
2002; Venkatraman et al., 2004b). Therefore, this approach has the distinct
advantage of enabling detection of the thiol redox state of specific mito-
chondrial proteins in functional isolated mitochondria and intact cells.

To address the impacts of hepatotoxicants and disease on liver mito-
chondria protein thiols, we have used the IBTP thiol tagging strategy
developed by Murphy and colleagues in combination with blue native gel
electrophoresis (BN-PAGE). BN-PAGE was chosen for these studies in an
attempt to focus analyses of thiols on those proteins that comprise the
oxidative phosphorylation (OxPhos) system. While BN-PAGE offers
advantages over other gel electrophoresis techniques, some limitations
were identified and discussed. This chapter describes the approaches and
techniques used to examine the mitochondrial protein thiol proteome in
liver mitochondria with a goal to apply these methods to pathologies
associated with mitochondrial dysfunction in liver.

2. Mitochondria Isolation and Protein

Thiol Labeling

2.1. Preparation of mitochondria from liver

Mitochondria are prepared from fresh liver tissue using standard differential
centrifugation techniques as described in Bailey et al. (2001, 2006). Briefly,
fresh liver tissue is chopped into tiny pieces and then gently disrupted (i.e.,
homogenized) in 10 vol/g liver ice-cold isolation buffer (0.25 M sucrose,
5 mMTris–HCl, 1 mM EDTA, pH 7.4) using a motor-driven teflon-coated
pestle (serrated bottom) and glass homogenizer. A cocktail of protease
inhibitors is also added to the isolation buffer to prevent protein degrada-
tion. The liver homogenate is centrifuged at 560�g (10 min, 4 �C) to
remove the nucleus and other cellular debris. The postnuclear supernatant
is collected and centrifuged at 8500�g (10 min, 4 �C) to isolate the
mitochondrial fraction. The postmitochondrial supernatant can be dis-
carded or saved to prepare cytosol and microsomal fractions. It is important
at this stage that the mitochondrial fraction (i.e., pellet) is subjected to three
wash steps (i.e., gentle resuspension/centrifugation at 8500�g) to obtain a
more pure and highly functional aliquot of mitochondria. After the last
wash step the mitochondrial pellet is resuspended in a small volume of buffer
to obtain a protein concentration of approximately 30–50 mg protein/ml.
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Note that it is important that mitochondria are kept cold at all times
during liver harvest, homogenization, centrifugation, and wash steps. This
is easily facilitated by performing mitochondrial isolation in a cold room at
4 �C. Immediately after isolation, mitochondrial functionality (i.e., respira-
tion) must be measured to demonstrate high-respiratory capacity and cou-
pling. Liver mitochondria isolated from control animals (rats or mice)
should have respiratory control ratios [state 3 (ADP-dependent)/state 4
(ADP-independent) respiration] in the range of 5–8 using glutamate/malate
or succinate as oxidizable substrates. Using this approach, mitochondrial
protein yield is typically 25–30 mg mitochondrial protein/g wet liver and
cytochrome c oxidase and citrate synthase activities should be determined as
additional markers of mitochondrial purity and yield (Bailey et al., 2006;
Venkatraman et al., 2004a). It is vitally important that mitochondria used for
thiol labeling and proteomics studies are functional (i.e., coupled) and pure
(Zhang et al., 2008). Mitochondria kept on ice remain functional and
‘‘viable’’ for 2–3 h allowing sufficient time to perform a number of func-
tional assays including protein thiol-labeling studies. Readers should refer to
other methodologies for preparation of mitochondria from other tissues.

2.2. Labeling of reduced (i.e., unmodified) mitochondrial
protein thiols using IBTP

For IBTP labeling, 0.5–1.0 mg of mitochondrial protein is pipetted into a
test tube or microcentrifuge tube containing 1 ml mitochondrial respiration
buffer (130 mM KCl, 2 mM KH2PO4, 3 mM HEPES, 2 mM MgCl2, and
1 mM EGTA, pH 7.2) and 10 ml 1M succinate is added (Venkatraman et al.,
2004b). The mitochondrial suspension is allowed to incubate for 3 min at
37 �C to allow mitochondria to respire and establish a membrane potential.
After this initial 3 min incubation, 5 ml of a 5 mM IBTP solution (prepared
in ethanol) is added to the mitochondrial suspension, gently mixed by
rotation of the tube, and allowed to incubate for an additional 10 min at
37 �C. The labeling reaction is stopped by the addition of 2 ml of 1 mM
FCCP, a mitochondrial protonophore that leads to uncoupling and dissi-
pates the mitochondrial membrane potential. As the uptake of IBTP into
mitochondria is dependent on the membrane potential, the addition of
FCCP prevents further accumulation of IBTP, which essentially stops the
labeling reaction. Mitochondria are then centrifuged at 10,000�g
for 10 min at 4 �C. The supernatant is removed and the mitochondrial
pellet is stored at �80 �C before being used in gel electrophoresis and
immunoblotting experiments.

A scheme illustrating the IBTP-labeling protocol is provided in Fig. 6.1A.
Again, this methodology is essentially the same as that used in Lin et al. (2002)
and Venkatraman et al. (2004b). Moreover, an example showing the extent
of IBTP labeling is provided in Fig. 6.1B using a low-resolution, global
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separation of mitochondrial proteins by SDS–PAGE and immunoblotting
against IBTP-labeled proteins. The authors highly recommend that a low-
resolution SDS–PAGE approach be used before attempting more high-
resolution ‘‘2D’’ proteomics experiments to demonstrate first whether
there are large differences in labeling among treatments and second whether
there are labeling inconsistencies in replicates within treatments. This helps
validate the reproducibility of the labeling reaction. As shown in the IBTP
blot panel (Fig. 6.1B, right panel), there are several IBTP-reactive protein
bands within the liver mitochondrial compartment as was shown previously
(Venkatraman et al., 2004b), and as expected, labeling with IBTP
was prevented by pretreating mitochondria with FCCP; that is, no IBTP
uptake demonstrated by an absence of labeling in uncoupled mitochondria.
Previously, we have shown that IBTP labeling is also specific for protein thiol
groups because pretreatment of mitochondria with the thiol-alkylating agent
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Mito (1mg/ml)+ respiration buffer
+ substrate

IBTP (5mM) incubation for 10min

Stop reaction with FCCP (1mM)

Centrifuge mito, store labeled
pellets at –80°C

Gel electrophoresis and
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Figure 6.1 Scheme illustrating IBTP-labeling protocol of protein thiols with repre-
sentative 1D SDS–PAGE gels and immunoblots of IBTP-labeled liver mitochondria.
Panel A: a brief step-by-step description of the procedure used to label mitochondrial
protein thiol groups with the reagent IBTP. Panel B: representative 1D SDS–PAGE gels
and immunoblots of liver mitochondria subjected to IBTP-labeling procedure
described in text. Mitochondrial protein (10 mg) was separated on 10% gel by SDS–
PAGE followed by immunoblotting with anti-TPP antiserum. Note that IBTP labeling
with and without pretreatment with FCCP had no effect on protein resolution (see gel
image).
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iodoacetamide blocks labeling (Venkatraman et al., 2004b). Taken together,
these results and others (Lin et al., 2002; Sethuraman et al., 2004; Venkatraman
et al., 2004b) show that the labeling of mitochondrial proteins by IBTP is
membrane potential-dependent and specific for protein thiol groups.

3. Application of Blue Native-PAGE for the

Isolation of Oxidative Phosphorylation

Protein Subunits and Other Proteins

Associated with the Complexes

In the low-resolution SDS–PAGE gel and blot shown in Fig. 6.1, the
detection and identification of individual proteins labeled by IBTP is likely
to be masked by comigration of proteins with identical molecular weights.
In light of this, we have more routinely used the high-resolution 2D
proteomic approaches (e.g., 2D isoelectric focusing (IEF)/SDS–PAGE)
for identifying changes to the mitochondrial proteome with regards to
alterations in protein abundance or posttranslational modifications
(Venkatraman et al., 2004a). While 2D IEF/SDS–PAGE proteomics is
well-suited for the separation of the more hydrophilic, matrix proteins of
the mitochondrion, analyses of the more basic and hydrophobic inner
membrane proteins is hampered because these proteins precipitate at the
basic end of the IEF gel and hence cannot be separated on gels (Bailey et al.,
2005). In attempts to circumvent this problem when studying the mito-
chondrial proteome, many laboratories have adapted the BN-PAGE
approach to aid high-resolution analyses of the OxPhos complexes and
other associated proteins. Additional information regarding history, devel-
opment, and theory behind the development of BN-PAGE is presented in
papers of Schägger and von Jagow (Schagger and von Jagow, 1991;
Schagger et al., 1994). In this approach, the five OxPhos complexes and
other proteins associated with the inner membrane are maintained intact in
their ‘‘native’’ and active state during the first dimension gel electrophoresis
step (1D BN-PAGE). The protein complexes can then be cut from the 1D
gel and transferred to a denaturing second dimension gel (2D BN-PAGE) to
separate the OxPhos complexes into their individual protein subunits.
A scheme illustrating this procedure is provided in Fig. 6.2.

3.1. Preparation and running of 1D BN-PAGE gels

For 1D BN-PAGE proteomics, remove the needed number of 1.0 mg
mitochondrial pellets from the �80 �C freezer, place on ice, and prepare
samples as described in Andringa et al. (2009) and Brookes et al. (2002).
Briefly, each 1.0 mg mitochondria sample is resuspended in 100 ml
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Figure 6.2 Scheme showing investigation of the mitochondrial protein thiol proteome
by BN-PAGE proteomics. This diagram illustrates the five major steps used to detect
thiols in proteins that makeup and are associated with the OxPhos system complexes.
In this technique, mitochondria subjected to the IBTP-labeling protocol described in
Fig. 6.1 are exposed to a mixture of mild detergents and buffers to extract the protein
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BN-PAGE extraction buffer (0.75 M aminocaproic acid, 50 mM BisTris,
pH 7.0) and 12.5 ml 10% (w/v) N-dodecyl-b-D-maltoside. Mitochondria
are subjected to gentle up-and-down pipetting (on ice) to dissociate protein
complexes from the inner membrane. Samples should also be gently vor-
texed every 5 min for 30–45 min in total to aid in the extraction procedure
while keeping samples on ice between vortex steps. Note that incubation
time in the extraction buffer should be optimized per sample type to ensure
maximal release of intact OxPhos complexes. The mitochondrial extracts
are centrifuged at 17,500�g for 5 min at 4 �C to pellet any nondissolved
material/debris with the supernatant removed to a fresh tube. After the
protein concentration of the mitochondrial extract has been determined,
6.3 ml of cold Coomassie Brilliant Blue buffer (0.5M aminocaproic acid and
5% Coomassie Brilliant Blue G-250, pH 7.0) is added to each tube of
�100 ml of mitochondrial extract and gently mix. Samples (75–250 mg/
sample well) should be loaded immediately onto the 1D BN-PAGE gel after
the addition of Coomassie Blue G-250. The sample wells within the
stacking gel should be filled with cold ‘‘Hi-Blue’’ cathode buffer (50 mM
Tricine, 15 mM BisTris, and 0.02% Coomassie Brilliant Blue G-250,
pH 7.0). The recipes needed for the preparation of 1D BN-PAGE gels
are shown in Table 6.1.

For electrophoresis, most commercially available units can be adapted
and used to perform BN-PAGE. Fill the inner (i.e., upper) buffer chamber
with cold ‘‘Hi-Blue’’ cathode buffer and the outer chamber with cold
anode buffer (50 mM BisTris, pH 7.0). Electrophoresis is performed in
the cold (4 �C) at 40 V for 1 h or until samples have migrated from the
stacking gel into the resolving gel. Once the sample (dye front) has migrated
into the resolving gel, the cathode buffer is changed to cold ‘‘Low-Blue’’
cathode buffer (50 mM Tricine, 15 mM BisTris, and 0.002% Coomassie
Brilliant Blue G-250, pH 7.0) and electrophoresis is continued for an addi-
tional 3–5 h at 80 V or until the dye front reaches the bottom of the gel.
If duplicate gels are run (one for protein stain and one for immunoblotting)

complexes from the inner membrane (step 1). The extracted or ‘‘released’’ protein
complexes are subjected to 1D native gel electrophoresis (step 2). During the 1D native
electrophoresis step, the five OxPhos complexes remain intact and functional. After 1D
BN-PAGE, each individual protein complex band is cut from the gel and placed on a 2D
denaturing gel (step 3) where the individual polypeptides that comprise, and are
associated with, each complex are separated vertically by molecular weight (step 4).
At this stage in the experimental procedure, the protein gels can be stained for protein
or be subjected to standard immunoblotting techniques so that IBTP-labeled protein
can be detected (step 5). Both protein gels and blots can undergo image analysis to
determine protein abundance and thiol-labeling intensity in mitochondrial proteins
from tissue of interest. Remember that a decrease in IBTP-labeling intensity can be
interpreted to mean that there has been an increase in oxidized/modified thiols within
proteins as only the reduced thiol group binds the IBTP reagent.
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the gel being used for protein staining can be incubated with a Coomassie
blue stain (0.3 g Coomassie Blue R-250, 100 ml glacial acetic acid, 250 ml
isopropanol, and 650 ml ultrapure H2O) overnight to visualize the intact
complexes in the 1D BN-PAGE gel. Destaining is typically performed
with 10% glacial acetic acid. Gels processed for 2D BN-PAGE and immu-
noblotting are subjected to the procedures described in the following
sections. An example of a 1D BN-PAGE from liver mitochondria is shown
in Fig. 6.2, step 2.

3.2. Separation of the protein complexes into their individual
protein subunits using 2D BN-PAGE

The second dimension (2D) BN-PAGE gel step can be performed imme-
diately after 1D gels or at a later time. After electrophoresis, remove the gel
from the apparatus and place gel on a fresh sheet of laboratory Parafilm or
clean glass. Separate each gel lane from the rest of the gel and cut the
individual complexes (I, II, III, IV, and V) from each lane. Note that we
typically cannot adequately visualize and retrieve Complex II from gels.
Store each complex gel piece in a microcentrifuge tube at �80 �C until
ready to perform the 2D gel step. Table 6.2 shows the recipe needed to
prepare one 1.5-mm-thick 2D BN-PAGE gel. Make sure to leave a 1.0 cm
gap at the top of the resolving gel for placement of gel pieces.

Once the 2D gel has polymerized, carefully unclamp the gel, raise the gel
plates up in the clamps, refasten the clamps, and then place the top, that is,
1–2 cm gap of the gel plate sandwich onto an angled hot plate or heat block.
Pour approximately 4–5 ml of freshly made warm agarose solution (100 mg
lowmelting temperature agarose, 1 ml 10% SDS, 100 ml b-mercaptoethanol
into 9.0 ml ultrapure H2O) into the gap between the gel plates. Using the

Table 6.1 Recipe for 1D BN-PAGE gels

Resolving gel solutions Stacking gel solution

Light—5% Heavy—12% 4%

Protogel (ml) 0.66 1.60 0.60

Water (ml) 1.97 0.56 2.40

3� Gel Buffera (ml) 1.34 1.34 1.50

Glycerol (ml) – 0.47 –

10% AMPS (ml) 26.0 26.0 70.0

TEMED (ml) 4.0 4.0 9.0

a The 3� Gel Buffer contains 1.5M aminocaproic acid, 150 mM BisTris. Adjust pH to 7.0 at 4 �C and
store at room temperature. Protogel is a 37.5:1 acrylamide to bisacrylamide stabilized solution (30%)
(National Diagnostics, Atlanta, GA) and AMPS is ammonium persulfate solution. Gradient gels can be
prepared using a standard gradient-maker apparatus.
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back gel plate as a ‘‘staging area’’ and the agarose as a ‘‘lubricant,’’ gently
slide the gel slice down between the gel plates until it is in place on top of
the SDS–PAGE resolving gel. Once the gel slice is in place, remove the gel
assembly from the hot plate, insert a single ‘‘tooth’’ of a gel comb on the end
to serve as a well for molecular weight markers and allow agarose to set (see
panel 2D denaturing gel, Fig. 6.2, step 3). After the agarose solution has
cooled and hardened, remove excess agarose from the top of the gel plate
with a razor blade and then overlay the gel with a thin layer of freshly made
SDS/b-mercaptoethanol solution (20 ml b-mercaptoethanol, 200 ml 10%
SDS into 1780 ml ultrapure H2O) every 5–10 min for 30 min to denature
proteins present in gel slice. When comparing multiple treatment groups,
several individual slices (i.e., individual complex pieces) can be placed side-
by-side on the same gel to be run and analyzed together. This allows for
minimization of gel-to-gel variability and also allows for direct comparison
of effects of treatment on that complex. For electrophoresis, the gel electro-
phoresis apparatus is assembled and the inner (i.e., upper) buffer chamber is
filled with 2D cathode buffer (100 mM Tris, 100 mM Tricine, and 0.1%
SDS, pH 8.25) and the outer chamber is filled with 2D anode buffer
(200 mM Tris, pH 8.9 with HCl). Molecular weight markers are placed
in the ‘‘homemade’’ well and the gels are run at 30 V for 45 min followed by
110 V for 1.5–2 h, or until the blue dye front reaches the bottom of the gel.
At this point gels can now be stained for protein content using any protein
dye (Coomassie Blue or SYPROÒ Ruby, Invitrogen, Carlsbad, CA) or
processed for immunoblotting analysis. For our studies, we typically stain
for total protein content using SYPROÒ Ruby by first fixing gels (40%
methanol, 10% glacial acetic acid, H2O) for 1 h at room temperature. Gels
are then stained overnight at room temperature with shaking in approxi-
mately 30 ml SYPROÒ Ruby stain followed by destaining (10% methanol,
7% glacial acetic acid, H2O) with multiple changes (approximately once per
hour for up to 4 h) while shaking at room temperature. A representative 2D
BN-PAGE gel is shown for Complex I in Fig. 6.2 along with an immuno-
blot of IBTP immunoreactive protein thiol groups (steps 4 and 5).

Table 6.2 Recipe for 2D BN-PAGE gels

2D BN-PAGE Gel Buffera (ml) 2.98

Protogel (ml) 2.98

H2O (ml) 2.31

Glycerol (ml) 0.72

10% AMPS (ml) 60.0

TEMED (ml) 6.00

a The 2D BN-PAGE Gel Buffer contains 3 M Tris–HCl and 0.3% SDS, pH
8.45. Store buffer at room temperature.
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4. Detection of IBTP-Labeled Protein Thiols in

Protein Complexes

4.1. Immunoblotting protocol for gels

After electrophoresis is completed, the gel is removed from between the
plates, the agarose stacking gel is discarded, and the gel is soaked in transfer
buffer (24mMTris base, 194mM glycine, 20%methanol inH2O, pH 8–8.5)
for 15 min. Typically, we use nitrocellulose membrane for immunoblots;
however, other membrane media can be used. Membranes are incubated in
transfer buffer for 5 min before assembling the immunoblot apparatus.
Again, most commercially available ‘‘wet/tank’’ immunoblotting units can
be used at this step in the experimental protocol. Immunoblot transfers are
set to run at 350 mA for 1 h. During the transfer time period a 5% (w/v)
nonfat milk blocking buffer is prepared in 1� TBS-T (10� TBS-T is
prepared: 0.2 M Tris pH 7.4, 9% (w/v) NaCl, H2O, 0.5% Tween-20 and
then diluted 1:10 with H2O for use in washes). After transfer is complete,
blots are removed and blocked overnight at 4 �Cwith rotation in the nonfat
milk blocking buffer. On the next day blots are removed from blocking
buffer and washed 2 � 5 min with 1� TBS-T to remove excess blocking
buffer. The anti-TPP antibody (kindly provided by Dr. M. P. Murphy) is
diluted in 1% (w/v) BSA in 1� TBS-T to 1:10,000 (e.g., 1 ml antibody into
10 ml buffer) and blots are incubated with shaking for 1 h at room tempera-
ture. After primary antibody incubation, blots are washed for 15 min in 1�
TBS-T, followed by 4 � 5 min washes in 1� TBS-T. The secondary
antibody (goat antirabbit) is prepared in 1% BSA blocking buffer at a dilution
of 1:5000 (i.e., 1 ml antibody into 5 ml buffer) and blots are incubated with
shaking for 1 h at room temperature. After incubation with the secondary
antibody, blots are washed in 1� TBS-T for 15 min followed by 6 � 5 min
washes. Washed blots are exposed to chemiluminescent substrate (Super-
Signal West Pico Chemiluminescent substrate, Pierce Biotechnology) for
1–2 min. After the blots have been exposed to chemiluminescent substrates
they can then be imaged using film with increasing exposure time points or
using a chemiluminescent imager, for example, ChemiDoc XRS (Bio-Rad
Laboratories, Hercules CA). The ChemiDoc XRS system and comparable
systems allow immunoblots to be imaged at multiple time points like with
film; however, images can be captured using an image acquisition setting that
allows for ‘‘movies’’ of exposure to be created. These ‘‘movies’’ build the
acquisition of the chemiluminescent image on top of one another to allow
for accumulated images of each band to be measured. This may facilitate
analysis and help to ensure that the image closest to saturation, but not
oversaturation of the camera pixels, is acquired and used for image analysis
of blots.
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5. Analysis and Mass Spectrometry

Identification of Protein

5.1. Imaging and analysis of gels and blots

Analysis of 2D protein gels and IBTP blots is carried out using procedures
described more fully in Bailey et al. (2006) and Venkatraman et al. (2004a,b).
Briefly, images of 2DBN-PAGE gels can be exposed on an imager instrument,
for example, Bio-RadChemiDocXRS imager, using the appropriate filters for
either Coomassie Blue or SYPROÒ Ruby stain. The total protein gel images
for each complex band (Fig. 6.3) can be analyzed usingQuantity One software
(Bio-Rad Laboratories, Hercules, CA) or any other comparable imaging soft-
ware package. For imaging, the density of individual protein bands is deter-
mined and used to calculate the total protein density for each gel lane (data not
shown). This type of analysis is needed when comparing control mitochondria
to treatment mitochondria. Thus, any potential differences in total protein or
individual bands will be known. Similarly, immunoblots are also imaged
(Fig. 6.3) and analyzed using the same approach. Again, this type of analysis is
needed when trying to determine differences in IBTP thiol-labeling intensity
between treatment and control mitochondria. Using this approach, we
detected several IBTP-reactive bands within each complex band (Fig. 6.3).
For example, 12 IBTP-reactive bands were detected in the gel band for
Complex I (panel A), 9 IBTP-reactive bands were detected in the gel band
for Complex III (panel B), 11 IBTP-reactive bands were detected in the gel
band for Complex IV (panel C), and 9 IBTP-reactive bands were detected in
the gel band for Complex V (panel D). Currently, the identity of these IBTP-
reactive protein(s) is unknown. Studies are underway to identify these proteins
using the mass spectrometry methods described in the following section
(Section 5.2). One nontrivial aspect of this experiment is the ability to match
protein bands between gels and blots with 100% certainty. To help in this
matching process, it might be important to consider a more high-resolution
separation of the proteins—a ‘‘3D’’ approach—as described by Brookes and
colleagues (Tompkins et al., 2006), especially as multiple proteins of similar
molecular weights are likely to be present in each individual protein band.
In this ‘‘3D’’ approach, the protein band for each complex is cut from the 1D
BN-PAGE gel, homogenized, and proteins are extracted from the gel band in a
buffer containing urea, thiourea, detergents, and ampholytes used for IEF. The
extracted proteins are then applied to 2D IEF gel strips (pH ¼ 3–10); the strips
are allowed to rehydrate overnight with IEF performed the followingmorning
by standard protocols. After IEF, the gel strips are then applied to the top of an
SDS–PAGE gel with proteins separated based on molecular weight. Thus,
complex and associated complex proteins are separated in this technique in
three dimensions: BN-PAGE ! IEF ! SDS–PAGE; resulting in a ‘‘3D’’
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Figure 6.3 Detection of IBTP-labeled mitochondrial proteins using 2D BN-PAGE
proteomics. Representative gels and IBTP immunoblots are shown for proteins
within the major protein bands (Complexes I, III, IV, and V) resolved using 2D BN-
PAGE as described in Fig. 6.2. Proteins identified within each complex band are
labeled numerically and listed in their corresponding protein ID table (Tables 6.3–
6.6). Panel A: proteins present within Complex I band; protein IDs included in
Table 6.3. Panel B: proteins present within Complex III band; protein IDs included
in Table 6.4. Panel C: proteins present within Complex IV band; protein IDs included in
Table 6.5. Panel D: proteins present within Complex V band, proteins IDs included
in Table 6.6. Note that two different types of molecular weight markers were included
on gels and blots. Prestainedmarkers were used for immunoblots (Full RangeMolecular
Weight, GE Healthcare and Life Sciences, Piscataway, NJ) whereas molecular weight
markers compatible with protein staining techniques (SYPROÒ Ruby) were used on
protein gels (SDS–PAGE standards, Bio-Rad).

96 Kelly K. Andringa and Shannon M. Bailey



high-resolution protein map. And, like the experiments described in the
current method, gels can be subjected to immunoblotting to probe for changes
in thiol status using the same IBTP-labeled mitochondrial samples (Tompkins
et al., 2006). However, as shown by Brookes and colleagues, this ‘‘3D’’ separa-
tion of Complex I resulted in only a few proteins being resolved
on conventional 2D IEF/SDS–PAGE. Again, this is probably due to the
incompatibility of these hydrophobic and basic proteins on IEF gels. Clearly,
future studies need to be aimed at improving methodologies for proteomics
analyses of OxPhos proteins with specific emphasis on posttranslational mod-
ifications identification.

5.2. Mass spectrometry identification of proteins

Proteins can be identified using standard mass spectrometry techniques
available in most mass spectrometry core facilities (www.uab.edu/
proteomics). Herein, proteins were identified by cutting bands from gels
and performing matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry by standard methods (Andringa et al.,
2009; Brookes et al., 2002; Venkatraman et al., 2004a). Briefly, trypsin
digestion of protein samples was performed at 37 �C with the resulting
solution extracted in a 50/50 solution of 5% formic acid and acetonitrile.
The sample supernatants were collected and SpeedVac dried, resuspended
in 0.1% formic acid, desalted, and diluted 1:10 with saturated a-cyano-4-
hydroxycinnamic acid matrix before being applied to the MALDI-TOF
target plates. Peptides were analyzed with a Voyager De-Pro mass spec-
trometer in positive mode. Spectra were analyzed using Voyage Explorer
software and the peptide masses of identified proteins were entered into
MASCOT database (www.matrixscience.com) and the NCBI database was
searched to match the peptide fragments with parent proteins. Proteins
identified from these specific gels were classified using the Universal Protein
Resource website (www.uniprot.org) maintained by UniProt Consortium.
Proteins identified from gels shown in Fig. 6.3 are presented in Tables 6.3–6.6
for each of the complex bands.

It is important to identify the proteins that are present within the complex
bands so that attempts can be made to match proteins in gels to IBTP-labeled
proteins present in blots. Moreover, it should not be assumed that the proteins
present within the complex band will be exclusively those known polypep-
tides that comprise the OxPhos complexes. Indeed, this is the case in this
experimental method as many of the proteins identified within the individual
complex bands are not complex proteins (Tables 6.3–6.6). For example, only
10 of 45þComplex I proteins, 5 of 11Complex III proteins, 2 of 13Complex
IV proteins, and 6 of 16þComplex V proteins were identified using this BN-
PAGE approach. This finding is not unlike what we and others have seen
when using other modified BN-PAGE methods (Andringa et al., 2009;
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Table 6.3 Proteins identified within the Complex I band

Band

number Protein designation MOWSE

MW

(kDa)

Accession

number

1 Carbamoyl-phosphate

synthetase 1

132 164.5 gij8393186

2 Carbamoyl-phosphate

synthetase 1

254 164.5 gij8393186

3 Pyruvate carboxylase 160 129.7 gij31543464
4 Aminoadipate-

semialdehyde

synthase precursor

128 103.4 gij109473207

5 Aconitase 2 104 85.4 gij40538860
6 NADH dehydrogenase

(ubiquinone) Fe–S

protein 1, 75 kDa

215 79.4 gij53850628

Hydroxyacyl-

coenzyme A

dehydrogenase/

3-ketoacyl-

coenzyme A

thiolase/enoyl-

coenzyme A

hydratase

215 82.6 gij60688124

7 Calcium-binding

mitochondrial

carrier protein

Aralar2

123 74.4 gij62646841

8 ND

9 Propionyl coenzyme A

carboxylase, beta

polypeptide

167 58.6 gij51260066

10 ATP synthase alpha

subunit

126 58.8 gij203055

11 ATP synthase beta

subunit

138 51.2 gij1374715

12 NADH dehydrogenase

(ubiquinone) Fe–S

protein 2

143 52.5 gij58865384

13 Ubiquinol-

cytochrome-c

reductase complex

core protein 2

89 48.4 gij418146

14 Glutamate

oxaloacetate

transaminase 2

121 47.3 gij6980972
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Table 6.3 (continued)

Band

number Protein designation MOWSE

MW

(kDa)

Accession

number

15 Glutamate

oxaloacetate

transaminase 2

121 47.3 gij6980972

16 NADH dehydrogenase

(ubiquinone) 1

alpha subcomplex, 9

95 41.8 gij60688426

17 Malate dehydrogenase 81 35.6 gij42476181
18 ND

19 ATP synthase gamma

chain

97 30.2 gij728931

20 ND

21 NADH dehydrogenase

(ubiquinone) Fe–S

protein 3

122 30.2 gij27702072

22 24-kDa mitochondrial

NADH

dehydrogenase

precursor

97 26.5 gij205628

23 NADH-ubiquinone

oxidoreductase

PDSW subunit

89 21.0 gij109487851

24 Mitochondrial ATP

synthase, O subunit

102 23.4 gij20302061

25 NADH dehydrogenase

(ubiquinone) 1 beta

subcomplex, 5

85 21.6 gij34856800

26 NADH dehydrogenase

(ubiquinone) 1 beta

subcomplex, 4,

15 kDa

85 14.9 gij62660147

27 NADH dehydrogenase

(ubiquinone) 1,

subunit C2

88 14.4 gij57164133

28 NADH dehydrogenase

(ubiquinone) 1

alpha subcomplex, 2

85 10.8 gij27682913

Proteins listed within table were identified using MALDI-TOF as described in text. The band number is
the same used to denote the protein bands shown in Fig. 6.3, panel A. The mass is measured in kDa and
the MOWSE score is an algorithmic calculation used to assign a statistical weight to each peptide match;
thus, a higher MOWSE score implies higher statistical certainty of the match being correct. Accession
number is a unique NCBI label given to proteins.
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Table 6.4 Proteins identified within the Complex III band

Band

number Protein MOWSE

MW

(kDa)

Accession

number

1 Carbamoyl-phosphate

synthetase 1

1054 164.5 gij8393186

2 Carbamoyl-phosphate

synthetase 1

1206 164.5 gij8393186

3 Carbamoyl-phosphate

synthetase 1

559 164.5 gij8393186

4 Aldehyde

dehydrogenase 1

family, member L2

1093 101.6 gij109480409

5 Mitochondrial

trifunctional

protein, alpha

subunit

843 82.6 gij148747393

6 Stress-70 protein,

mitochondrial

precursor

607 73.7 gij3122170

7 Acyl-coenzyme A

dehydrogenase, very

long chain

640 70.7 gij6978435

8 Heat shock protein 1 783 60.9 gij11560024
9 Glutamate

dehydrogenase 1

867 61.3 gij6980956

10 Aldehyde

dehydrogenase 2

833 56.4 gij14192933

11 Alanine-glyoxylate

aminotransferase 2

3-Hydroxy-3-

methylglutaryl-

coenzyme A

synthase 2

529

527

57.2

56.8

gij13929196
gij27465521

12 Ubiquinol-

cytochrome-c

reductase core

protein 1

476 52.8 gij51948476

13 Ubiquinol-

cytochrome-c

reductase core

protein 2

511 48.4 gij55741544

14 Malate dehydrogenase 368 35.6 gij42476181
15 Cytochrome c-1 166 35.4 gij34866853
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Table 6.4 (continued)

Band

number Protein MOWSE

MW

(kDa)

Accession

number

16 Ubiquinol-

cytochrome-c

reductase, Rieske

iron–sulfur

polypeptide 1

167 29.4 gij57114330

17 Microsomal

glutathione

S-transferase 1

58 17.4 gij19705453

18 Ubiquinol-

cytochrome-c

reductase binding

protein

74 13.5 gij34866011

19 ND

Proteins listed within table were identified using MALDI-TOF as described in text. The band number is
the same used to denote the protein bands shown in Fig. 6.3, panel B. The mass is measured in kDa and
the MOWSE score is an algorithmic calculation used to assign a statistical weight to each peptide match;
thus, a higher MOWSE score implies higher statistical certainty of the match being correct. Accession
number is a unique NCBI label given to proteins.

Table 6.5 Proteins identified within the Complex IV band

Band

number Protein MOWSE

MW

(kDa)

Accession

number

1 Carbamoyl-phosphate

synthetase 1

1400 164.5 gij8393186

2 Carbamoyl-phosphate

synthetase 1

2169 164.5 gij8393186

3 Carbamoyl-phosphate

synthetase 1

1382 164.5 gij8393186

4 Dimethylglycine

dehydrogenase

923 95.9 gij55742723

5 Acyl-CoA synthetase

long-chain family

member 1

1027 78.2 gij25742739

6 Succinate

dehydrogenase

complex, subunit A,

flavoprotein

1054 71.6 gij18426858

7 Heat shock protein 1 683 60.9 gij11560024
(continued )
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Brookes et al., 2002) in which many non-OxPhos proteins are present in gels.
To circumvent this problem, one might choose to use an alternative approach
inwhich theOxPhos complexes are separated by liquid phase high-throughput
chromatography.This approachhas beenused successfully to isolateComplex I
on a Superose 6 column (Burwell et al., 2006).Moreover, improved isolationof
complex proteins might be achieved by using the recently developed ‘‘Immu-
nocapture’’ methodology of Dr. Roderick Capaldi and colleagues to purify
OxPhos complexes proteins from mitochondrial samples (Keeney et al., 2006;

Table 6.5 (continued)

Band

number Protein MOWSE

MW

(kDa)

Accession

number

8 Aldehyde

dehydrogenase

803 48.2 gij16073616

9 3-Hydroxy-3-

methylglutaryl-

coenzyme A

synthase 2

840 56.9 gij27465521

10 Acetyl-coenzyme A

acyltransferase 2

858 41.8 gij149027156

11 Acetyl-coenzyme A

acyltransferase 2

698 41.8 gij149027156

12 Ornithine

transcarbamylase

461 39.9 gij6981312

13 Electron transferring

flavoprotein, alpha

polypeptide

Malate dehydrogenase

583

577

34.9

35.6

gij57527204
gij42476181

14 Electron-transfer-

flavoprotein, beta

polypeptide

550 27.7 gij51948412

15 Ornithine

transcarbamylase

304

304

39.9

39.9

gij205892
gij6981312

16 Peptidylprolyl

isomerase F

264 21.8 gij26892289

17 Cytochrome-c-oxidase

subunit IV isoform 1

244 19.5 gij8393180

18 Cytochrome-c-oxidase

subunit 5A

216 16.0 gij117099

Proteins listed within table were identified using MALDI-TOF as described in text. The band number is
the same used to denote the protein bands shown in Fig. 6.3, panel C. The mass is measured in kDa and
the MOWSE score is an algorithmic calculation used to assign a statistical weight to each peptide match;
thus, a higher MOWSE score implies higher statistical certainty of the match being correct. Accession
number is a unique NCBI label given to proteins.
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Table 6.6 Proteins identified within the Complex V band

Band

number Protein MOWSE

MW

(kDa)

Accession

number

1 Carbamoyl-phosphate

synthetase 1

2065 164.5 gij8393186

2 Carbamoyl-phosphate

synthetase 1

1235 164.5 gij8393186

3 Aldehyde

dehydrogenase 1

family, member L2

946 101.7 gij109480409

4 Mitochondrial

trifunctional

protein, alpha

subunit

798 82.6 gij148747393

5 Calcium-binding

mitochondrial

carrier protein

Aralar2

627 74.4 gij62646841

6 Chaperonin 60 757 60.8 gij1778213
7 Chain A, Rat Liver

F1-ATPase

978 55.2 gij93279422

8 Ubiquinol-

cytochrome-c

reductase core

protein 2

685 48.4 gij55741544

9 Glutamate

oxaloacetate

transaminase 2

622 47.3 gij6980972

10 ND

11 Malate dehydrogenase 778 35.7 gij42476181
12 ATP synthase gamma

chain

449 30.2 gij728931

13 Electron-transfer-

flavoprotein, beta

polypeptide

222 27.7 gij51948412

14 3-Hydroxyacyl-CoA

dehydrogenase

type-2

375 27.3 gij7387724

15 ATP synthase, Hþ
transporting,

mitochondrial F0

complex, subunit b,

isoform 1

345 28.9 gij19705465

(continued )
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Schilling et al., 2005). This ‘‘pull-down’’ approach has been used to successfully
resolve up to 42 proteins of the Complex I subproteome. With this said,
however, the interesting feature of the BN-PAGE approach is that because
the first dimension is done under native (nondenaturing) conditions usingmild
detergent extraction, this allows for protein:protein interactions to remain
intact so that unique binding partners among the OxPhos complexes and
othermatrix proteins can be identified. Identifying these interactionswill likely
be important for increased understanding of alterations in mitochondria in
diseases with different mitochondrial protein-interaction ‘‘fingerprints’’ being
identified in diseased versus healthy tissue.

6. Other Considerations

In addition to some of the caveats presented in previous sections, it is
important to briefly elaborate on the alternative mechanisms that might be
responsible for decrease in the IBTP signal in immunoblots. A decrease in the
IBTP signal could be due to: (1) a modification of a specific protein thiol by a
redox-dependent mechanism. In this case, one would then need to identify
the protein showing decreased thiol labeling by mass spectrometry. Ideally,
the specific site and type of modification would be determined, but this is

Table 6.6 (continued)

Band

number Protein MOWSE

MW

(kDa)

Accession

number

16 ATP synthase, Hþ
transporting,

mitochondrial F0

complex, subunit d

464 18.8 gij9506411

17 ND

18 ATP synthase, Hþ
transporting,

mitochondrial F0

complex, subunit E

253 8.3 gij17978459

19 ATP synthase, Hþ
transporting,

subunit-epsilon

112 5.6 gij258789

Proteins listed within table were identified using MALDI-TOF as described in text. The band number is
the same used to denote the protein bands shown in Fig. 6.3, panel D. The mass is measured in kDa and
the MOWSE score is an algorithmic calculation used to assign a statistical weight to each peptide match;
thus, a higher MOWSE score implies higher statistical certainty of the match being correct. Accession
number is a unique NCBI label given to proteins.
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likely to be only possible for the more abundant mitochondrial proteins.
Furthermore, it should be emphasized that this approach only allows one to
determine that a protein thiol has been modified; it does not provide any
information on the type of modification; (2) a decrease in the total amount of
the specific thiol-labeled protein. This issue can be addressed by measuring
the protein amount in the corresponding protein band or spot on the
SYPROÒ Ruby stained gel. For example, because we observed no alco-
hol-dependent change in total aldehyde dehydrogenase protein, the decrease
in IBTP signal in the protein could then be attributed to oxidation/modifi-
cation of protein cysteinyl groups (Venkatraman et al., 2004b); and (3) a
change in the mitochondrial membrane potential. Because IBTP accumula-
tion into mitochondria is dependent on the mitochondria membrane poten-
tial, it could be argued that decreased labeling of proteins might be due to
decreased uptake of IBTP. Therefore, it is important to measure whether
differences in mitochondrial membrane potential exist between control and
experimental groups and to test global thiol labeling between control
and experimental groups by low-resolution gel electrophoresis (Fig. 6.1). In
addition to these changes, it is also possible that one might see increased IBTP
labeling in treatment groups due to increased reactivity of thiols after exposure
to oxidants or toxicants (Andringa et al., 2008). This might result as a conse-
quence of a conformational change in the protein resulting in the exposure of a
thiol group rendering it more reactive either by increasing its accessibility or
decreasing the pKa by moving the cysteine closer to charged amino acids.

As the OxPhos system is comprised of a discrete number of proteins
(approximately 90), these types of analyses are focused on a limited set of
known proteins. In light of this, and the fact that many of these proteins
have been characterized structurally and functionally, once one has identi-
fied a posttranslational modification immediate knowledge into how these
changes might affect key functions of the respiratory complex is possible.
Moreover, using the methods recently developed by Landar and colleagues,
the amount of thiol modification in a specific protein can be accurately
quantified and directly correlated with protein activity (Hill et al., 2009).
It is possible that some of the proteins identified as being modified will be
present in lower amounts. This might indicate that posttranslational mod-
ifications of thiols interfere with assembly of the OxPhos complexes leading
to increased clearance of modified proteins.

7. Conclusion

Using the protocol described herein it will be possible for laboratories
to begin to detect and possibly identify specific alterations in mitochondrial
protein thiol groups that impact mitochondrial function and contribute to
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normal physiology and pathophysiology. It has been proposed by many
groups that oxidative and nitrosative stress induced by toxicants and disease
contributes to mitochondrial dysfunction via oxidation and/or modification
of protein cysteinyl groups. Due to the elevated pH in the mitochondrial
matrix, the reactivity of protein thiols is increased making them more
susceptible to oxidative modification than proteins present in other cellular
compartments. Indeed, previous studies from our laboratory and others
demonstrate that cysteine resides that are targeted are potentially involved
in increased pathobiology from hepatoxicants like ethanol and acetamino-
phen (Andringa et al., 2008; Moon et al., 2006; Venkatraman et al., 2004b).
While the presence of these posttranslational modifications in proteins
predicts that the structure and/or function of a protein may be altered,
the crucial finding is whether there is a significant decrease or possible
increase in activity. Thus, functional assays, if available, must be performed
for those proteins identified as containing significant increases in posttrans-
lational modifications. Only then can a direct link between protein modifi-
cation and function be made.
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Abstract

Mitochondrial thioredoxin reductase (TrxR2) maintains thioredoxin (Trx2) in a

reduced state and plays a critical role in mitochondrial and cellular functions.

TrxR2 has been identified in many different tissues and can be purified to

homogeneity from whole organs and isolated mitochondria.

Here we describe the detailed steps required to purify this enzyme.

A different initial procedure is needed, according to whether purification starts

from whole organs or from isolated and purified mitochondria. In the first case,

acid precipitation is a critical preliminary step to separate mitochondrial
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thioredoxin reductase from the cytosolic isoform. Preparation involves ammo-

nium sulfate fractionation, heating, and freeze/thaw cycles, followed by chro-

matographic passages involving DEAE-Sephacel, 20,50-ADP-Sepharose 4B

affinity, and o-Aminohexyl-Sepharose 4B columns. The 20,50-ADP-Sepharose
4B affinity step can be repeated to remove any contaminating glutathione

reductase completely. Although several methods are available to detect the

activity of this enzyme, reduction of DTNB is an easy and inexpensive test that

can be applied not only to the highly purified enzyme but also to lysed

mitochondria, provided non-TrxR2-dependent reaction rates are subtracted.

TrxR2, like TrxR1, can be inhibited by several different and chemically unrelated

substances, usually acting on the C-terminal containing the cysteine–

selenocysteine active site. Many of these inhibitors react preferentially with

the reduced form of the C-terminal tail. This condition can be evaluated by

estimating enzyme activity after removal of the inhibitor by gel filtration of the

enzyme preincubated in oxidizing or reducing conditions. Inhibition of thiore-

doxin reductase has important consequences for cell viability and can lead to

apoptosis. Inhibition of TrxR2 causes large production of hydrogen peroxide,

which diffuses from the mitochondrion to the cytosol and is responsible for

most of the signaling events observed. Methods to measure hydrogen peroxide

in isolated mitochondria or cultured cells are described.

1. Introduction

Thioredoxin reductases (TrxR; EC 1.8.1.9) belong to the pyridine
nucleotide disulfide oxidoreductase family, and their major function
is to maintain thioredoxins in a reduced state. Mammalian thioredoxin
reductases (high-Mr thioredoxin reductases) are homodimeric enzymes
containing a C-terminal selenocysteine involved in catalytic activity
(Arnér and Holmgren, 2000; Mustacich and Powis, 2000; Tamura and
Stadtman, 1996). In mammals, three major isoforms of thioredoxin reduc-
tase have been found, cytosolic (TrxR1), mitochondrial (TrxR2, also called
TR3 or TRb), and testis-specific (TGR) (Arnér, 2009). However, several
splice variants of TrxR1 and TrxR2 have been also identified (Arnér, 2009).
Interestingly, at variance with the predominant isoform, splice variants of
TrxR2 lacking the mitochondrial signaling peptide have been found located
in the cytosol (Turanov et al., 2006). Other splice forms of TrxR2 are a
protein variant subunit with a shorter interface domain (Miranda-Vizuete
and Spyrou, 2002) and another version whose overexpression induces cell
apoptosis (Chang et al., 2005). The presence of several different splice
variants for thioredoxin reductase makes analysis of its expression
and functions rather complex. Disruption of TrxR2 gene is associated
with embryonic death, suggesting a crucial role played by this enzyme,
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particularly in hematopoiesis and heart function (Conrad et al., 2004).
The three-dimensional structure of mouse TrxR2 has been solved and
found comparable to that of TrxR1 and glutathione reductase (Biterova
et al., 2005). In addition to thioredoxin, and like its cytosolic counterpart,
TrxR2 is able to reduce several different unrelated substrates such as DTNB
(5,50-dithiobis(2-nitrobenzoic acid)), selenite, and alloxan (Rigobello et al.,
1998). It has also been identified in many different tissues (Kawai et al.,
2000; Kim et al., 1999; Lescure et al., 1999; Miranda-Vizuete et al., 1999a,b)
and isolated and purified to homogeneity from rat liver (Lee et al., 1999), rat
liver mitochondria (Rigobello et al., 1998), and mitochondria from bovine
adrenal cortex (Watabe et al., 1999).

2. Purification of Thioredoxin Reductase from

Isolated Mitochondria, Cultured Cells,

and Whole Organs

Mitochondrial thioredoxin reductase can be purified after preliminary
preparation of isolated mitochondria or starting directly from whole organs
or cultured cells (Fig. 7.1).

2.1. Preparation and purification of mitochondria

Mitochondria can be isolated from tissue homogenates or disrupted cells
with conventional procedures involving differential centrifugation (see
previous volumes of this series, e.g., vol. 10, describing detailed preparations
of mitochondria). Briefly, after centrifugation of nuclei and unbroken cells
at 800�g for 5 min, mitochondria can be obtained from the supernatant
after centrifugation at 8000�g for 10 min. Pellets can be resuspended and
recentrifuged at 10,000�g to wash the mitochondria, which are finally
resuspended in a small volume of medium.

Crude rat liver mitochondrial suspensions can be further purified by the
silica colloid Percoll which, by centrifugation, results in a density gradient. The
method of Hovius et al. (1990) with a few modifications (Rigobello et al.,
2001) is described. Mitochondria (5 ml of about 60 mg ml�1 suspension) are
layered on top of centrifuge tubes containing 45 ml of 30% (v/v) Percoll in
0.225Mmannitol and 1 mM EGTA buffered with 25 mMHEPES (pH 7.4).
Samples are centrifuged at 95,000�g for 30 min. Mitochondria can be col-
lected in the lower fraction at the relative density of 1.070/1.100 g ml�1 and
washed twice with the desired medium, as previously described.
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2.2. Freeze/thaw cycles and disruption of mitochondria

To obtain a sufficient amount of TrxR2 from isolated mitochondria, it is
necessary to start from a concentration of 5–6 g of mitochondrial proteins,
based on the biuret procedure. We usually start from about 100 ml of
a suspension of 50–60 mg protein ml�1. Preparations can be collected
over time and stored at �20 �C, even for months. Further processing of
mitochondria before the chromatographic steps can be based on sonic
irradiation followed by ammonium sulfate and heat treatment, as described
in a previous chapter in this series (Bindoli and Rigobello, 2002). Here we
describe an alternative procedure based on mitochondria disruption with
Triton X-100 (Watabe et al., 1999) which provides higher yields. Frozen
stored mitochondria are thawed, pooled, and diluted with distilled water
(1:1) containing an antiprotease cocktail (‘‘Complete’’ Roche, Mannheim,
Germany) and 0.2% Triton X-100. They are then subjected to three freeze/
thaw cycles (at �70 �C), followed by homogenization in Ultra Turrax
( Janke & Kunkel, Staufen, Germany), twice for 30 s each. The resulting

Isolated organs
liver, heart, kidney, brain

Tissue
homogenate

Cell
cultures

Cell lysate

Acid
precipitation

Acid
precipitation

DEAE-sephacel
linear gradient

2�,5�-ADP-sepharose
step gradient

2�,5�-ADP-sepharose
step gradient

2�,5�-ADP-sepharose
linear gradient TrxR2

w -aminohexyl-sepharose
linear gradient

Isolated mitochondria

Percoll purification

Detergent treatment

Heat treatment

Ammonium sulfate
fractionation

Figure 7.1 Diagram showing major steps for purification of TrxR2 from whole
organs, isolated mitochondria or cell cultures.
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suspension is centrifuged at 12,000�g for 60 min at 5 �C. Pellets are
discarded, and the supernatant used for further purification of the enzyme.

2.3. Heat treatment

The obtained preparation is heated at 60 �C for 3 min and rapidly cooled
in an ice bath at 4 �C. Precipitated proteins are then removed by centrifu-
gation at 105,000�g for 1 h at 5 �C.

2.4. Ammonium sulfate fractionation

The following purification steps are based on modifications of the methods
originally described by Luthman and Holmgren (1982) for thioredoxin
reductase from rat liver cytosol and Williams et al. (1967) for Escherichia coli.
The clear supernatant obtained after heating is fractionated with ammonium
sulfate in two saturation steps. The first stage is 0–50% (w/v) ammonium
sulfate fractionation. Precipitated proteins are centrifuged at 37,000�g for
30 min at 5 �C. Pellets are dissolved in 10 mM Tris–HCl (pH 7.5) containing
1 mM EDTA and extensively dialyzed overnight against the same buffer. This
enzyme preparation is collected and used for the further chromatographic
purification steps. The supernatant obtained after the previous centrifugation
can be subjected to a further fractionation step with ammonium sulfate,
achieving 85% saturation. Thioredoxin reductase activity is still present in
the 50–85% fraction, but is heavily contaminated with glutathione reductase.
It is therefore preferable to avoid using it for further purification.

2.5. DEAE-Sephacel chromatography

The dialyzed enzyme preparation is concentrated by ultrafiltration under
argon through an Amicon YM/10 membrane and transferred to an anion
exchange DEAE-Sephacel column (4 � 16 cm) preequilibrated with
10 mM Tris–HCl (pH 7.5) containing 1 mM EDTA. The column is eluted
with 500 ml linear gradient (from 0.0 to 0.3M) of NaCl in the same buffer.
Fractions of 10 ml are collected. Aliquots of these fractions are used
to estimate thioredoxin reductase by DTNB method (see below) and
protein content by measuring absorbance at 280 nm. Fractions eluted in
the 0.13–0.15 M NaCl interval reveal the highest activity of thioredoxin
reductase and are pooled and concentrated by ultrafiltration under argon
through an Amicon YM/10 membrane. Concentrated samples are dialyzed
overnight against 50 mM Tris–HCl (pH 7.5) buffer containing 1 mM
EDTA.
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2.6. 20,50-ADP-Sepharose 4B affinity chromatography

The resulting dialyzed enzyme solution is applied to a 20,50-ADP-Sepharose
4B affinity chromatography column (0.8 � 10 cm), preequilibrated with
50 mM Tris–HCl buffer (pH 7.5) containing 1 mM EDTA. The enzyme
is then eluted with three discontinuous gradient steps of Na,K-phosphate
(0.3 and 0.5 M) and NaCl (0.8 M), in 50 mM Tris–HCl buffer (pH 7.5)
containing 1 mM EDTA (Fig. 7.2A). Fractions of 2.5 ml are collected
and aliquots used to estimate TrxR2 by DTNBmethod and protein content
at 280 nm. The Na,K-phosphate steps allow the residual TrxR1 to
be eluted. Mitochondrial thioredoxin reductase fractions are eluted at
0.8MNaCl (Fig. 7.2A), pooled, and concentrated, as described previously,
in the presence of 0.2% (w/v) octylglucoside (n-octyl-b-D-glucopyrano-
side) to prevent loss of enzyme activity. Subsequently, the concentrated
fraction is dialyzed with 50 mM Tris–HCl buffer (pH 7.5) containing 1 mM
EDTA. At this stage, the degree of purity can be assessed by SDS–PAGE.

2.7. o-Aminohexyl-Sepharose 4B

Enzyme preparation can be further purified in ano-Aminohexyl-Sepharose
4B column (0.8 � 5 cm) equilibrated with 50 mM Tris–HCl buffer
(pH 7.5) and 1 mM EDTA. The enzymatic fraction is eluted with a linear
gradient of NaCl (0.0–0.8 M). The flow rate is 0.8 ml min�1 and fractions
of 2 ml are collected. Pooled fractions are concentrated and dialyzed as
described above. Another way of purification of the dialyzed preparation
obtained after 20,50-ADP-Sepharose 4B affinity is based on fast protein
liquid chromatography (FPLC, Pharmacia, Piscataway, NJ). Samples
are applied to a Superdex-200 column equilibrated with 20 mM Tris–
HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 10 mM mercaptoethanol,
and 50 mM PMSF (phenylmethylsulfonyl fluoride). Fractions are collected
at a flow rate of 0.4 ml min�1.

2.8. Rechromatography on 20,50-ADP-Sepharose 4B

This step is designed to remove contaminating glutathione reductase. If at
the end of the o-Aminohexyl-Sepharose 4B step, the sample still retains
glutathione reductase activity, further chromatography on 20,50-ADP-
Sepharose 4B is required. The dialyzed enzyme is eluted with 50 mM Tris
buffer (pH 7.5) containing 1 mM EDTA at a linear gradient from 0.6 to
1.0MNaCl in the same buffer (Fig. 7.2B). Fractions of 1.2 ml are collected
at a flow rate of 0.5 ml min�1.
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Figure 7.2 (A) Chromatographic purification of mitochondrial thioredoxin reductase
by 20,50-ADP-Sepharose 4B affinity chromatography. (B) The o-hexyl column eluate is
applied to a 20,50-ADP-Sepharose column with a continuous gradient of NaCl. As
shown in (B), thioredoxin reductase can be completely separated by glutathione
reductase (GR). TrxR2 is estimated by DTNB method, and GR is measured in 0.2 M
Tris–HCl buffer (pH 8.1), 1 mM EDTA, 1 mM GSSG and 0.25 mM NADPH. Absor-
bance is estimated at 340 nm (eM ¼ 6220 M�1 cm�1).
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2.9. Purification of TrxR2 from whole organs or cultured cells

Lee et al. (1999) describe a procedure involving acidification to pH 5 of rat
liver homogenate, which allows separation and purification of TrxR2
directly from the liver without any preliminary purification of mitochon-
dria. Rat liver is extensively homogenized with Ultra Turrax in 20 mM
Tris–HCl buffer (pH 7.8) in the presence of 1 mM EDTA and protease
inhibitors (‘‘Complete’’ Roche), followed by further homogenization in a
glass-teflon tissue grinder. After centrifugation at 70,000�g for 30 min, the
resulting supernatant is brought to pH 5.0 by adding 1 M acetic acid
dropwise. The resulting cloudy suspension is again centrifuged at
70,000�g for 30 min and the pellet, resuspended and neutralized, is used
as a source of TrxR2. The supernatant contains most of TrxR1. This
method is convenient when organs are available in small quantity as may
occur with brain, kidney, and heart, and it is consequently difficult to obtain
a sufficient amount of mitochondria. The resulting enzyme is slightly less
pure, but the yield is satisfactory. Figure 7.3 shows SDS–PAGE and West-
ern blotting separation of TrxR2 obtained from various tissues; by compar-
ison, a sample obtained after preliminary preparation of rat liver
mitochondria is also shown (Liver*). This procedure can also be used for
cultured cells. Both tissues and cultured cells can be frozen. Cells (at 108

density) are lysed with RIPA buffer modified as follows: 150 mM NaCl,
50 mM Tris–HCl (pH 7.4), 1% Triton X-100, 0.1% SDS, 0.5% DOC,
1 mM NaF, 1 mM EDTA, and immediately before use, an antiprotease
cocktail (‘‘Complete’’ Roche) containing PMSF is added. Samples are
subjected to acid precipitation as described above for rat liver.

55kDa

A

B

MW Liver*
Liver

Kidney

Heart
Brain

Figure 7.3 SDS–PAGE (A) and Western blotting (B) of mitochondrial thioredoxin
reductase prepared from various organs. Purified enzyme obtained from 20,50-ADP
Sepharose column is separated by polyacrylamide gel electrophoresis, followed by
Coomassie brilliant blue staining (A). Polypeptide bands showing molecular weight
of about 54 kDa are detected. In (B) proteins are transferred to nitrocellulose mem-
brane and revealed with anti-TrxR2 antibody. Asterisk (*): TrxR2 obtained from
previously isolated rat liver mitochondria.
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3. Estimation of Thioredoxin Reductase Activity

In mitochondria prepared from tissues or lysed cells, TrxR2 activity
can easily be estimated by DTNB reduction. It has long been known
that mitochondria are able to reduce low molecular weight disulfides. In
particular, the NADPH-dependent DTNB reductase activity of crude mito-
chondrial fractions or purified mitochondrial matrix is essentially attributed to
thioredoxin reductase activity (Lenartowicz and Wudarczyk, 1995). Either
freshly isolated or previously frozen mitochondria can be used for TrxR2
estimation. Mitochondria (5 mg in 200 ml of 0.2M phosphate buffer (pH 7.4)
containing 5 mM EDTA) are treated for 1 h at 0 �C with 75 mM CHAPS
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) and sub-
jected to occasional vortexing. Then, 1 mg protein is transferred to both
sample and reference cuvettes containing the same medium and added with
1 mM DTNB. The reaction is started by adding 0.25 mM NADPH to the
sample cuvette and absorbance is determined for a few minutes at 412 nm
(eM 13,600 M�1 cm�1). Enzyme activity is expressed as nmol min�1 mg�1

protein and is calculated by taking into account the fact that 1 mol of NADPH
yields 2 mol of TNB anion (reduced DTNB). DTNB stock solution can be
prepared by bringing the acidic suspension to pH 7.0 by careful addition of
1 M Tris-base, avoiding any local rise above pH 9 to prevent cleavage of the
disulfide. Freeze/thaw cycles in the presence of detergent can improve the
result of the assay. Mitochondria can also be disrupted by sonic irradiation
instead of detergent. Besides, TrxR2 can be measured in the mitochondrial
matrix fraction obtained after sonic irradiation followed by centrifugation
at 100,000�g for 60 min, to remove mitochondrial membranes. Low
concentrations of gold(I) complexes such as auranofin or arsenite are strong
inhibitors of thioredoxin reductases (Gromer et al., 1998; Hill et al., 1997;
Luthman and Holmgren, 1982; Tamura and Stadtman, 1996) and this prop-
erty can therefore be exploited to estimate NADPH-dependent DTNB
reductase activity other than that of thioredoxin reductase (Hill et al., 1997).
Therefore, to a second sample containing all the above reagents, 1–2 mM
auranofin (or aurothioglucose, or any other gold(I)complex) is added. The
absorbance after addition of NADPH can be subtracted from that of the
sample run in the absence of inhibitor. The resulting differential absorbance
allows calculation of enzyme activity due solely to TrxR2.

To estimate the activity of the purified enzyme, the same methods
employed for cytosolic thioredoxin reductase can be used. They have been
thoroughly described in previous issues of this series (Arnér et al., 1999;
Gromer et al., 2002; Holmgren and Björnstedt, 1995). The simplest and
least expensive method to assess purified TrxR2 is reduction of DTNB,
which can be performed in the same conditions as those described above for
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lysed mitochondria. Other methods rely upon NADPH oxidation or insulin
reduction mediated by thioredoxin (Arnér et al., 1999). Spectrophotometric
methods can be properly modified to be adapted to microplate readers. This
procedure is used for the samples eluted from chromatographic columns.

4. Inhibitor Studies of Thioredoxin Reductase

Due to the highly accessible and reactive C-terminal residue contain-
ing a cysteine–selenocysteine group, thioredoxin reductase can easily be
inhibited by several chemically unrelated substances. Inhibitors include
heavy and transition metals and metal complexes, alkylating agents, dini-
trohalobenzenes, quinones, flavonoids, and other polyphenols (Arnér,
2009). In particular, gold complexes are potent inhibitors acting in the
nanomolar range of concentration (Gromer et al., 1998). Many of these
inhibitors are already established or potential antitumor agents, making this
enzyme an interesting molecular target for cancer chemotherapy (Arnér,
2009; Bindoli et al., 2009; Urig and Becker, 2006). The preventive reduc-
tion of TrxR2 by NADPH is a critical condition which makes most
inhibitors effective. In contrast, oxidized enzyme prevents inhibition. On
this basis, it is possible to assess the potential interaction of several different
inhibitors with the C-terminal active site of TrxR.

Mitochondrial thioredoxin reductase is incubated in 0.2 M Na,K-phos-
phate buffer (pH 7.4), 5 mM EDTA in the presence or absence of 0.025 mM
NADPH. Preincubation is carried out for 1.5 min and then inhibitors are
added at the desired concentrations to a final volume of 60 ml which is applied
to a desalting column (Micro Bio-Spin, Bio-Rad Laboratories) and centri-
fuged at 1000�g for 5 min. The filtering procedure can be repeated, in order
to ensure complete removal of the inhibitor. The eluate is directly used to
estimate TrxR2 by DTNB method. As shown in Fig. 7.4, only samples
preincubated in reducing conditions show strong inhibition of TrxR2, indi-
cating that preliminary reduction of the catalytic site is a critical condition for
inhibitor effectiveness. However, a few inhibitors do not require reducing
conditions and presumably interactwith a site other than theC-terminal active
site. The tightness of the binding of the inhibitor to the enzyme is also an
important feature to be considered when this assay is performed.

5. Role in Cell Signaling

Inhibition of mitochondrial thioredoxin reductase leads to oxidation
of downstream enzymes such as thioredoxin and peroxiredoxin. This oxi-
dation is essentially due to a concentration increase in hydrogen peroxide
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produced by the respiratory complexes and no longer removed by the
inhibited thioredoxin system. In addition, both mitochondrial thioredoxin
(Trx2) and peroxiredoxin (Prx3) have been shown to be more sensitive to
oxidation than the corresponding cytosolic isoforms (Chen et al., 2006;
Cox et al., 2008). The increased concentration of mitochondrial hydrogen
peroxide, which in turn can be released to the cytosol, has important
consequences for cell signaling and apoptosis (Bindoli et al., 2009). Hydro-
gen peroxide, forming after inhibition of TrxR2, can be estimated in
isolated mitochondria with the highly specific fluorescent probe Amplex
Red (10-acetyl-3,7-dihydroxyphenoxazine). The assay is based on oxida-
tion of the probe by horseradish peroxidase (HRP), activated by hydrogen
peroxide (Mohanty et al., 1997).

Mitochondria (1 mg ml�1), incubated in the presence of inhibitors
of TrxR2 in proper medium (e.g., 0.1M sucrose, 50 mM KCl, 0.5 mM Na,
K-phosphate, 20mMHEPES/Tris buffer (pH 7.4) and respiratory substrates),
are supplemented with 10 mM Amplex Red and 0.1 units ml�1 of HRP.
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Figure 7.4 Reducing conditions of TrxR2 are critical for occurrence of inhibition.
TrxR2 is incubated with an inhibitor (e.g., 1 mM auranofin), in the absence or presence
of NADPH. Inhibitor is removed by gel filtration. Thioredoxin reductase is estimated
by DTNB procedure. As shown, only prereduction of cysteine–selenocysteine active
site causes a strong inhibition by auranofin.
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The increase in fluorescence is followed spectrofluorometrically at 544 nm
(lEx) and 620 nm (lEm). Either a fluorometer or a microplate reader can be
used. AH2O2 concentration standard curve can be obtained by adding known
amounts of hydrogen peroxide to the medium, supplemented with Amplex
Red and HRP.

In cultured cells, formation of hydrogen peroxide is assessed with
the fluorogenic probes CM-DCFH2-DA (chloromethyl-20,70-dihydrodi-
chlorofluorescein) or DHR-123 (dihydrorhodamine 123) (Molecular Probes,
Eugene, OR, USA), according to Royall and Ischiropoulos (1993). Cells
(at 2 � 104 density) arewashed in phosphate-buffered saline (PBS) containing
10 mM glucose and loaded with 10 mM CM-DCFH2-DA or 15 mM DHR-
123 for 20 min in the dark. After washing in the same medium, cells are
incubated in the desired conditions with the various inhibitors. Fluorescence
increase is estimated in a multiwell fluorescence plate reader at 485 nm (lEx)
and 527 nm (lEm). Interestingly, DHR-123 is considered a probe mainly
monitoring hydrogen peroxide of mitochondrial origin.
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Spyrou, G. (1999a). Human mitochondrial thioredoxin reductase. cDNA cloning,
expression and genomic organization. Eur. J. Biochem. 261, 405–412.

Miranda-Vizuete, A., Damdimopoulos, A. E., and Spyrou, G. (1999b). cCDNA cloning,
expression and chromosomal localization of the mouse mitochondrial thioredoxin reduc-
tase gene. Biochim. Biophys. Acta 1447, 113–118.

Mohanty, J. G., Jaffe, J. S., Schulman, E. S., and Raible, D. G. (1997). A highly sensitive
fluorescent micro-assay of H2O2 release from activated human leukocytes using a
dihydroxyphenoxazine derivative. J. Immunol. Methods 202, 133–141.

Mustacich, D., and Powis, G. (2000). Thioredoxin reductase. Biochem. J. 346, 1–8.
Rigobello, M. P., Callegaro, M. T., Barzon, E., Benetti, M., and Bindoli, A. (1998).

Purification of mitochondrial thioredoxin reductase and its involvement in the redox
regulation of membrane permeability. Free Radic. Biol. Med. 24, 370–376.

Rigobello, M. P., Donella-Deana, A., Cesaro, L., and Bindoli, A. (2001). Distribution of
protein disulphide isomerase in rat liver mitochondria. Biochem. J. 356, 567–570.

Royall, J. A., and Ischiropoulos, H. (1993). Evaluation of 20,70-dichlorofluorescein and
dihydrorhodamine 123 as fluorescent probes for intracellular H2O2 in cultured endothe-
lial cells. Arch. Biochem. Biophys. 302, 348–355.

Mitochondrial Thioredoxin Reductase 121



Tamura, T., and Stadtman, T. C. (1996). A new selenoprotein from human lung adenocar-
cinoma cells: Purification, properties, and thioredoxin reductase activity. Proc. Natl. Acad.
Sci. USA 93, 1006–1011.

Turanov, A. A., Su, D., and Gladyshev, V. N. (2006). Characterization of alternative
cytosolic forms and cellular targets of mouse mitochondrial thioredoxin reductase.
J. Biol. Chem. 281, 22953–22963.

Urig, S., and Becker, K. (2006). On the potential of thioredoxin reductase inhibitors for
cancer therapy. Semin. Cancer Biol. 16, 452–465.

Watabe, S., Makino, Y., Ogawa, K., Hiroi, T., Yamamoto, Y., and Takahashi, S. Y. (1999).
Mitochondrial thioredoxin reductase in bovine adrenal cortex. Its purification, proper-
ties, nucleotide/aminoacid sequences, and identification of selenocysteine. Eur. J. Bio-
chem. 264, 74–84.

Williams, C. H., Jr., Zanetti, G., Arscott, L. D., and McAllister, J. K. (1967). Lipoamide
dehydrogenase, glutathione reductase, thioredoxin reductase, and thioredoxin. J. Biol.
Chem. 242, 5226–5231.

122 Maria Pia Rigobello and Alberto Bindoli



C H A P T E R E I G H T

Measuring Mitochondrial Protein

Thiol Redox State

Raquel Requejo,* Edward T. Chouchani,* Thomas R. Hurd,*

Katja E. Menger,* Mark B. Hampton,† and Michael P. Murphy*

Contents

1. Introduction 124

2. Quantification of Mitochondrial Protein Thiols 127

3. Quantification of Glutathionylation of Mitochondrial Proteins 130

3.1. Quantification of protein-bound glutathione 131

3.2. Recycling assay for measurement of mitochondrial GSH,

GSSG, and protein-bound GSH 132

3.3. Identification of glutathionylated proteins and

cysteine residues 133

4. Assessment of S-Nitrosated Protein Thiols 135

4.1. Quantification of protein S-nitrosothiols 136

4.2. Selective labeling of S-nitrosated mitochondrial protein thiols 137

5. Measurement of the Thioredoxin and Peroxiredoxin Redox States 139

5.1. Western blotting to measure reduced and oxidized

peroxiredoxin 3 140

5.2. Measuring thioredoxin redox poise using the PEGylation assay 140

6. Conclusions 143

Acknowledgments 144

References 144

Abstract

Protein thiols are an important component of mammalian intramitochondrial

antioxidant defenses owing to their selective interaction with reactive oxygen

and nitrogen species (ROS and RNS). Reversible modifications of protein thiols

resulting from these interactions are also an important aspect of redox signal

transduction. Therefore, to assess how mitochondria respond to oxidative

stress and act as nodes in redox signaling pathways, it is important to measure

general changes to protein thiol redox states and also to identify the specific
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mitochondrial thiol proteins involved. Here we outline some of the approaches

that can be used to accomplish these goals and thereby infer the multiple roles

of mammalian mitochondrial protein thiols in antioxidant defense and redox

signaling.

1. Introduction

Mitochondria are central to much of metabolism and are also a major
source of reactive oxygen species (ROS) within the cell; consequently,
there is considerable interest in mitochondrial interactions with ROS
under both normal and pathological conditions (Balaban et al., 2005;
Finkel, 2005; Murphy, 2009). The proximal ROS produced in mitochon-
dria is superoxide (O2

��), which is rapidly converted to hydrogen peroxide
(H2O2) by the action of manganese superoxide dismutase (MnSOD) in the
mitochondrial matrix (Murphy, 2009). A major way in which mitochondria
deal with and respond to H2O2 is through a series of thiol defense systems
that exist within the mitochondrial matrix (Fig. 8.1) (Costa et al., 2003;
Hurd et al., 2005a,b; Schafer and Buettner, 2001). The mitochondrial
glutathione system comprises glutathione peroxidases 1 and 4 (Gpx 1
and 4) which degrade peroxides, converting glutathione (GSH) to glutathi-
one disulfide (GSSG), which is subsequently reduced back to GSH by the
action of glutathione reductase (GR), thereby maintaining a high
mitochondrial GSH/GSSG ratio. Within mitochondria there are two per-
oxiredoxins (Prxs), Prx3 and Prx5, which degrade H2O2 (Cox et al., 2010a;
Rhee et al., 2005). The Prxs are maintained in their active, reduced state by
the action of thioredoxin 2 (Trx2), which is in turn reduced by thioredoxin
reductase 2 (TrxR2) (Arner and Holmgren, 2000; Lee et al., 1999; Miranda-
Vizuete et al., 1999; Spyrou et al., 1997). For both GR and TrxR2 activity
the necessary reduction potential is supplied by NADPH. In mitochondria
the NADPH/NADP ratio is maintained in a highly reduced state by the
action of the transhydrogenase and by NADPH-dependent dehydrogenases
such as isocitrate dehydrogenase (Costa et al., 2003). The high abundance
and reactivity of Prx3 will ensure it is a major target of mitochondrial H2O2

when compared with Gx; however, the importance of Prx3 as an antioxi-
dant will be dependent on the efficiency of turnover by the Trx system
(Cox et al., 2009b, 2010a). Thus, the redox poise of the GSH/GSSG,
Prx3ox/Prx3red, and Trx2ox/Trx2red redox couples are important represen-
tations of the state of mitochondrial antioxidant defenses, and also provide
an indication of the exposure of mitochondria to H2O2.

The H2O2 that evades the peroxidases gives rise to many other ROS—
including the hydroxyl radical—and can initiate the formation of a range of
oxygen and carbon centered radicals all of which contribute to damage of
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proteins, lipids, and nucleic acids (Beckman and Ames, 1998; Winterbourn,
2008). In addition, in the presence of nitric oxide (NO�), O2

�� can form the
damaging RNS (reactive nitrogen species) peroxynitrite (ONOO�) (Szabo
et al., 2007). This range of ROS and RNS can react with exposed thiols on
the surface of proteins leading to a number of thiol modifications, which
include sulfenic, sulfinic, and sulfonic acids; S-nitrosothiols (SNOs); and
sulfenylamides (Fig. 8.2). Many of these oxidative modifications to protein
thiols are rapidly reversed through reactions with other protein thiols, with
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Figure 8.1 The thiol antioxidant defense system of mitochondria. Mitochondria are
the primary cellular consumers of oxygen and some components of the electron
transport chain are capable of generating superoxide (O2
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Trx2, or with GSH (Fig. 8.2). In the case of GSH, the reaction is catalyzed
by glutaredoxin 2 (Grx2), illustrating the important role played by this
protein in antioxidant defenses (Lillig et al., 2004).

In addition to their involvement in antioxidant defense and protein
repair, the recycling of oxidatively modified and S-nitrosated protein thiols
by GSH and Trx2 may enable the reversible redox regulation of protein
activity, whereby the activity of a protein can respond to its local redox
environment (Delaunay et al., 2002; Janssen-Heininger et al., 2008). It is
possible that these redox modifications to protein thiols—some of which
are shown in Fig. 8.2—brought about by exposure to H2O2 or NO�

metabolites may be an important mode of redox signaling within mito-
chondria. Similarly, it may be that protein thiols are modified indirectly,
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Figure 8.2 Redox modifications to protein thiols and mechanisms of their reversal.
A protein model is used to show the oxidative modifications on protein thiols that are
produced by ROS. Oxidation by ROS such as �NO2, O2

��, �OH, and ONOO� can
generate a thiyl radical which can be irreversibly oxidized to sulfinic or sulfonic acids
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126 Raquel Requejo et al.



through ROS flux affecting the redox state of antioxidant systems such as
Prx3, Trx2, or the GSH pool which in turn modify target thiol proteins and
thereby allow their activity to respond to the redox environment ( Janssen-
Heininger et al., 2008). It is likely that only a small subset of protein thiols
will be involved in these putative redox signaling pathways, with the local
environment of certain protein thiols rendering them either particularly
reactive, or stabilizing modified thiols in order to facilitate redox signaling
(Winterbourn and Hampton, 2008).

To summarize, reversible oxidative modification to mitochondrial
protein thiols plays an important role in defending mitochondria from
oxidative damage and may also be important in redox signaling. As both
processes contribute to a range of physiological and pathological situations, it
is important to be able to measure both the overall protein thiol redox status
within mitochondria and assess the thiol redox state of individual proteins.
The latter must include methods for the identification of those proteins,
which may be crucial in protecting mitochondria from oxidative damage,
and also those that may be important nodes in redox signaling. Here we
outline some of the methods that can be used to address these issues.

2. Quantification of Mitochondrial

Protein Thiols

A vital first step in many investigations concerned with mitochondrial
protein thiols is to quantify the proportion that exist in a reduced state as
well as those that have been modified in the ways shown in Fig. 8.2. Surface
protein thiols that are exposed to solvent are those most likely to undergo
redox modification and therefore be involved in antioxidant defense and
redox signaling. This contrasts with the many other cysteine residues that
have structural roles within proteins, such as in iron–sulfur centers.
To quantify the total amount of solvent-exposed thiols, we gently lyse
mitochondria in mild detergents or by freeze–thawing under conditions
that do not lead to protein denaturation. After removing low-molecular-
weight thiols by centrifugal gel filtration the total exposed thiols are quan-
tified by the dithionitrobenzoic acid (DTNB) assay (Ellman and Lysko,
1979). In addition, it is also useful to measure the total number of protein
thiols, which is accomplished by fully denaturing proteins with sodium
dodecyl sulfate (SDS) prior to filtration and quantification with DTNB.
Here we describe how we carry out these measurements on isolated
mitochondria prepared from rat liver or hearts by homogenization followed
by differential centrifugation (Chappell and Hansford, 1972). These
methods can be easily applied to a number of other systems including a
variety of subcellular fractions.
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To measure how exposure to oxidative stress affects the quantity
of exposed protein thiols, we typically incubate isolated liver or heart
mitochondria (1–2 mg protein/ml) in an appropriate mitochondrial incu-
bation buffer (e.g., 120 mM KCl, 10 mMHEPES, 1 mM EGTA, pH 7.2 in
the presence of respiratory substrates, e.g., 10 mM succinate and 4 �g
rotenone/ml at 37 �C; alternatively in a sucrose-based buffer) in the pres-
ence and absence of the prooxidant of interest. Following incubation, the
mitochondria are pelleted by centrifugation (15,000�g for 10 s) and the
pellet is then lysed by three freeze/thaw cycles (3 min in a dry ice/ethanol
bath followed by 3 min at 30 �C). To obtain the fully reduced protein thiol
state as a reference, parallel samples are treated with dithiothreitol (DTT;
1 mM) for 10 min at RT. All preparations are then subjected to centrifugal
gel filtration to remove contaminating low-molecular-weight thiols such as
GSH, and also to remove DTT from the fully reduced samples. In addition,
this procedure excludes low-molecular-weight reductants such as NADPH
and NADH that would otherwise lead to extensive artifactual DTNB
reduction in the presence of native proteins. Centrifugal gel filtration is
done using a spin column (Micro Bio-Spin 6, Bio-Rad) that has been
preequilibrated with the incubation buffer containing 1% dodecyl maltoside
(DDM), a mild detergent that does not denature samples but solubilizes
membrane proteins. Protein thiols are then quantified using the DTNB
assay (Ellman and Lysko, 1979). For this, samples (10 �l) are diluted (1:17)
with 170 �l DTNB buffer (10 mM DTNB, 0.1 mM NaH2PO4, pH 8),
incubated for 30 min at RT in a 96-well plate and theA412 measured using a
plate reader (SpectraMax Plus 384), relative to a standard curve of
0–250 �MGSH. In parallel the protein concentration is measured to correct
for any sample loss during preparation. This is done using the bicinchoninic
acid (BCA) assay with bovine serum albumin (BSA) as a standard (Smith
et al., 1985). The final data are expressed as nmol protein thiols/mg protein.
The overall procedure is illustrated in Fig. 8.3. To measure total protein
thiols, rather than only those exposed to the solvent, the protocol is similar,
except that SDS (2%, v/v) is added to samples to fully denature the proteins
and to expose all protein thiols (if the incubation medium contains high
levels of potassium that interfere with SDS solubility, then lithium dode-
cylsulfate can be used instead). The mechanism of denaturing proteins is not
critical as incubation with 8 M urea gave similar total protein thiol content
as using 2% SDS (data not shown). A number of controls should be carried
out to ensure that the measurements are specific to thiols. For example,
pretreatment of mitochondria with 50 mM N-ethylmaleimide (NEM) for
10 min at 37 �C prior to isolation leads to loss of >93% of exposed thiols
and >95% of total thiols. Some caveats of this method are that it is difficult
to entirely eliminate artifactual oxidation of proteins during sample workup;
however, the levels of protein thiols in samples that are not treated with
DTT are similar to those that are DTT-treated. A further possible concern is
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that centrifugal filtration may lead to the selective loss of certain categories
or sizes of proteins during the workup. However, alternative measurements
where the low-molecular-weight thiols are instead removed by overnight
dialysis give similar amounts of protein thiols. Nonetheless, this procedure is
significantly more time consuming than the method outlined above, intro-
ducing the additional complication that the long incubation may introduce
further oxidation.

In our case, these measurements show that fully reduced liver or heart
mitochondria contain approximately 50–70 nmol thiols/mg protein in total
and that about 70% of these protein thiols are exposed. This indicates that
the exposed thiol content of mitochondria is high, and significantly greater
than that of GSH, suggesting that within the mitochondrial matrix the
quantitatively dominant thiols are those on the surface of proteins, rather
than GSH. The proportion of exposed protein thiols that are lost on
exposure to oxidative stress can be significant, for example exposure to
diamide leads to loss of up to 30% of exposed thiols in isolated mitochon-
dria. This finding implies that surface protein thiols may play an important
role as antioxidant defenses within the cell (Requejo et al., 2010). In
contrast, exposure to the mitochondria-targeted S-nitrosating agent,
MitoSNO leads to negligible loss of total exposed thiols consistent with it
S-nitrosating a very small proportion of available cysteine residues (Prime
et al., 2009). Measurements of total and exposed protein thiols should be
done in parallel with other more sensitive measures of mitochondrial thiol
status to help infer whether the modification was specific to a given protein
or small group of proteins, or if the modification was part of a general
oxidation of protein thiols.

3. Quantification of Glutathionylation of

Mitochondrial Proteins

The reversible glutathionylation of proteins is a critical part of the
response to oxidative damage. It occurs transiently to protein thiols that
have been oxidized to thiyl radicals, sulfenic acids, and S-nitrosothiols, with
the consequence that it prevents the formation of higher thiol oxidation states
on protein thiols, such as sulfinic and sulfonic acids that cannot be readily
reversed. The glutathionylated protein thiol is then deglutathionylated within
mitochondria by the action of GSH and Grx2, thereby facilitating the recy-
cling of exposed protein thiols after oxidative stress (Lillig et al., 2004).
In addition, it is likely that some protein thiols are more persistently glutathio-
nylated, either by the relatively slow deglutathionylation of particular thiol
residues, or by glutathionylation in response to an increase in the GSSG/GSH
ratio, catalyzed by Grx2 (Beer et al., 2004). Glutathionylation may be a
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posttranslational modification akin to phosphorylation affecting enzymes,
transcription factors, and transporters by enabling them to respond reversibly
to the ambient GSH/GSSG ratio (Hurd et al., 2005a). To assess the impor-
tance of protein glutathionylation in redox regulation and antioxidant defense,
it is important to be able to quantify the binding of glutathione to proteins.
It would also be useful to identify both the proteins affected and the cysteine
residues involved. Here we outline some of the methods that can be used to
quantify the binding of GSH to mitochondrial proteins and also help identify
the proteins and cysteine residues affected.

3.1. Quantification of protein-bound glutathione

One sensitive way to quantify binding of GSH to proteins is to incubate the
samples with radiolabeled GSH and measure the amount of radioactivity
bound to protein by scintillation counting. This approach is most easily
applied to samples in which all proteins are exposed to the incubation
medium, such as isolated mitochondrial membranes—mitochondrial frag-
ments that are prepared by disruption of heart mitochondria (Beer et al.,
2004; Taylor et al., 2003). This approach can be used to study the binding of
GSSG to mitochondrial protein thiols in response to a variable GSH/GSSG
ratio. Therefore, it is essential to first ensure that the commercially available
[3H]GSH, which is provided as a solution with excess DTT, has the DTT
removed by extraction with ethyl acetate (Hurd et al., 2008). Additionally,
it is critical that the [3H]GSH is preincubated in the incubation solution so
as to come to equilibrium with the GSH/GSSG ratio before mixing with
mitochondrial membranes. For example, [3H]GSH (100 mM, 19,246 Bq/
mmol, 37 MBq/ml from American Radiolabelled Chemicals Inc.) can be
diluted 1:1 with 20 mM unlabeled GSSG to make a 10 mM [3H]GSSG
stock solution. This is equilibrated for 30 min and the equilibration con-
firmed by thin layer chromatography followed by autoradiography. The
equilibrated [3H]GSSG can then be incubated with mitochondrial mem-
branes (1 mg protein/ml), in KCl incubation buffer at 30–37 �C in the
presence of 2 mM succinate and 4 �g/ml rotenone. To assess binding of
[3H]GSSG to membranes at the end of the incubation, the membrane
suspension is divided in two with one half incubated with 1 mM DTT
and the other with carrier for 2 min. Then the membranes are pelleted by
centrifugation (15,000�g for 2 min), washed in incubation buffer, and the
protein pellets dissolved in 50 �l 20% Triton X-100 by vortexing and
suspended in 3 ml Fluoran-Safe 2 scintillant. The [3H]GSH content is
subsequently measured using a Tri-Carb 2 800 TR Perkin Elmer scintilla-
tion counter with appropriate quench correction. Samples of the original
[3H]GSSG stock solution are measured in parallel to determine the specific
activity of the [3H]GSSG and thereby determine the number of nmol of
GSH bound to protein. The difference between the samples with and
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without DTT permits correction for nonspecific binding and occlusion of
the incubation medium in the pellet. Parallel measurement of the protein
content of the membrane pellet by the BCA assay enables the amount of
GSH bound per milligram protein to be determined. These methods have
been used to confirm that GSSG leads to glutathionylation of protein thiols
in membranes and that Grx2 can rapidly catalyze this reaction (Beer et al.,
2004; Taylor et al., 2003). Interestingly, the parallel measurement of the
number of exposed protein thiols by the methods described above shows
that GSSG leads to loss of far more reduced thiols than are glutathionylated.
This could indicate that glutathionylation is a transient intermediate that
leads to protein disulfides, suggesting that this mechanism is an important
aspect of the interaction of GSSG with protein thiols (Beer et al., 2004).

It is possible to extend the measurements described above to assess the
binding of GSH to proteins within isolated intact mitochondria (Hurd et al.,
2008). To do this, mitochondria are first incubated with a stock solution of
[3H]GSH to allow for its uptake. Mitochondria are washed to remove
external [3H]GSH and the [3H]GSH-loaded samples are then incubated
under conditions that may lead to oxidative stress. Following incubation,
mitochondria are pelleted by centrifugation and the DTT-sensitive radio-
activity bound to proteins is assessed as described above for membranes.
However, as the [3H]GSH taken up is very significantly diluted by the
1–5 mM GSH pool within the mitochondria, the extent of labeling of
proteins is low. In addition, to quantify the amount of GSH bound to
protein it is necessary to isolate the internal GSH pool and quantify both its
[3H] content and its GSH content in order to determine its specific activity
and thereby calculate the amount of GSH bound to the protein. Conse-
quently, this procedure is not done routinely for isolated mitochondria.

3.2. Recycling assay for measurement of mitochondrial GSH,
GSSG, and protein-bound GSH

To more effectively quantify the binding of GSH to the mitochondrial
proteins under oxidative stress, the glutathione recycling assay is used
(Anderson, 1985). For this, mitochondria are incubated under standard
incubation conditions as described previously, and exposed to a redox
challenge. The mitochondria are then pelleted and the amount of pro-
tein-bound GSH and the amount of GSH and GSSG in the matrix are
measured using a detailed protocol described below.

Mitochondria are pelleted by centrifugation, the pellets (0.5 mg protein)
are resuspended in 100 �l of 5% (w/v) 5-sulfosalicylic acid and 0.2% (w/v)
Triton X-100 by vortexing, and the samples are centrifuged (15,000�g,
10min). Tomeasure total GSH andGSSG the recycling assay is adapted for a
96-well plate reader (Scarlett et al., 1996). To determine the total glutathione
equivalents (GSH þ 2GSSG), 10 �l of supernatant or 10 �l of standard
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(0–70 �MGSH in 5% (w/v) 5-sulfosalicylic acid) is incubated in triplicate in
285 �l of recycling assay buffer (125 mM NaPi (pH 7.5), 5.5 mM EDTA,
183 �M NADPH, and 0.5 mM DTNB) with 0.7 U/ml GR and the slopes
are read (A405 for 10 min; SpectraMax Plus 384; Molecular Devices). GSSG
is measured by incubating 60 �l of supernatant or standard (0–20 �M GSSG
in 5% (w/v) 5-sulfosalicylic acid) in 3.4 �l of 2-vinylpyridine and 2.8 �l
triethanolamine sealed under argon at 4 �C for 1 h with agitation. Samples in
triplicate (10–20 ml) are then added to 285 �l of recycling assay buffer with
3.5 U/ml GR and analyzed as described above.

To measure the amount of GSH bound to protein, the pellet following
centrifugation of mitochondria that had been lysed in sulfosalicylic acid is
analyzed. To do this the protein pellets are washed in 5% sulfosalicylic acid
before being resuspended in 65 �l 8M urea. Fifteen microliters of Tris–HCl
(200mM, pH 7.4) is then added to adjust the pH of the solution to 7.4 before
the addition of 20 �l sodium borohydride (10% (w/v) in Tris–HCl). The
sodium borohydride starts to decompose as soon as it is prepared and
therefore needs to be made immediately prior to use. Samples are vortexed
and incubated at 40 �C for 30min, with at least one additional vortexing step
applied during this time, while the eppendorf lids also are opened intermit-
tently to relieve the pressure from evolving hydrogen gas. To remove
borohydride, which interferes with the assay, and to reprecipitate proteins,
25 �l 5% sulfosalicyclic acid is added, the samples are vortexed and left at
room temperature with the tube lids off for 15 min, followed by 15 min on
ice to facilitate protein precipitation. The tubes are centrifuged (15,000�g
for 2 min) and the amount of released GSH is determined using the recycling
assay. For this, standards are prepared from a stock 10 mMGSSG solution in
water that is diluted to give a 100 �MGSSG stock in 5% sulfosalicyclic acid.
These standards are used to make a range of stock solutions of 0, 10, 20, 40,
80, 100, 200, and 400 �M GSSG. These standards are treated with urea
and sodium borohydride as described for the sample preparation above.
In addition, the concentration of GR in the assay needs is increased to
20 U/ml (instead of 4 U/ml) to account for the presence of urea.

These assays can be used routinely to quantify the extent of protein
glutathionylation in isolated mitochondria. As with the methods described
in the previous section, these procedures can also be adapted to other
systems including intact cells in culture, although in these circumstances it
will give an overall average of the various GSH pools.

3.3. Identification of glutathionylated proteins and
cysteine residues

In addition to quantifying protein glutathionylation it is often important to
identify those proteins that are glutathionylated under conditions of oxidative
stress or redox signaling. There are a number of ways to do this in
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mitochondrial systems. Mitochondrial membranes can be incubated with
[3H]GSSG, followed by separation of membrane proteins by nonreducing
SDS–PAGE or BN–PAGE and visualization by autoradiography (Beer et al.,
2004). Following nonreducing eletrophoresis and transfer to a blotting
membrane, it is also possible to identify glutathionylated proteins on western
blots with antibodies specific for glutathionylated cysteine residues (Beer et al.,
2004; Hurd et al., 2008). However, it should be noted that the antibodies
currently available are artifact prone and can lead to both false positives and
false negatives. So, we suggest that any candidate proteins identified by these
antibodies should be confirmed by labeling with [3H]GSH.

In our studies we have moved toward a candidate protein approach,
focusing on complex I. This is done by isolating complex I by BN–PAGE
then resolving its component subunits in the second dimension followed by
visualization of those glutathionylated by autoradiography or by immuno-
blotting (Hurd et al., 2008). The identities of the glutathionylated proteins
were then confirmed by using specific antibodies or by peptide mass
fingerprinting (Hurd et al., 2008). While we have not done so, this proce-
dure can be extended to 2-D gel systems to pick up novel proteins that may
be glutathionylated.

The most definitive way of establishing that a protein is glutathionylated
is to use mass spectrometry. Usually, this will be done by measuring the mass
shift resulting from glutathionylation of a cysteine-containing peptide from
a protease digest of a candidate protein. For example, we have found that it
is possible to identify the glutathionylation of a particular cysteine residue
within complex I by gel electrophoresis followed by mass spectrometry
(Hurd et al., 2008). Complex I is first isolated from oxidatively stressed
mitochondria by BN–PAGE (Schagger, 1995; Schagger and von Jagow,
1991). To do this, mitochondria (0.5 mg protein in incubation medium) are
treated with a prooxidant such as diamide and then with 50 mM NEM for
5 min. The mitochondria are pelleted by centrifugation (15,000�g for
2 min) and the pellet is resuspended in 60 �l extraction buffer (1% DDM,
0.75 M e-amino-n-caproic acid (ACA), 50 mM Bis-Tris–HCl, pH 7.0
(4 �C)), incubated on ice for 15 min and then clarified by centrifugation
in an AirfugeTM (Beckman Coulter) at 17 psi (�100,000�g) for 15 min.
Then, 3.5 �l sample buffer (5% (w/v) Coomassie blue G 250 (Serva,
Germany), 500 mM ACA) is added and samples are resolved on a 1-mm-
thick 5–12% acrylamide gradient gel containing 0–0.2% (w/v) glycerol,
1.5 M ACA, 150 mM Bis-Tris–HCl pH 7.0 (4 �C), overlaid with a 3.9%
acrylamide stacking gel in the same buffer. The anode buffer is 50 mM Bis-
Tris pH 7.0 (4 �C) and the cathode buffer is 0.02% (w/v) Coomassie blue G
250, 50 mM tricine, 15 mM Bis-Tris pH 7.0 (4 �C). Gels are run at 4 �C for
1 h at 100 V and then overnight at 40 V in cathode buffer without
Coomassie blue. Complex I bands are then excised and incubated for
5 min at room temperature in 125 mM Tris–HCl (pH 7.0), 1% SDS and
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50 mM NEM before insertion into the wells of a 3.7% acrylamide stacking
gel in 0.13M Tris–HCl pH 6.8, overlaid on a 1 mm thick SDS–PAGE gel.
SDS–PAGE is done using either a 12.5% acrylamide linear gel, or a 5–20%
acrylamide gradient gel containing 0–15% (w/v) sucrose and 0.375M Tris–
HCl, pH 8.8. Stacking gel is then polymerized around the excised bands and
proteins separated by electrophoresis at 100–120 V in a MiniProtean system
(Bio-Rad) using 25 mM Tris, 0.192 M glycine, 0.1% SDS, pH 8.3 as
running buffer.

Following SDS–PAGE, protein bands are excised with a razor blade,
transferred to a 0.5 ml tube that had been prewashed with 50%methanol and
digested by ‘‘in-gel’’ cleavage (Wilm et al., 1996). To do this, the gel slice is
washed in HPLC grade water (100 �l) for 30 min; 20 mMTris–HCl, pH 7.0
(100 �l) for 30 min; 100 �l 50% acetonitrile, 20 mM Tris–HCl, pH 7.0
(100 �l) for 30min; 100% acetonitrile (20 �l) for 10min. Gel pieces are dried
completely in a Speed Vac at 37 �C for �20 min, then rehydrated
with 3–7 �l 20 mM Tris–HCl, pH 7.0, 5 mM CaCl2 containing trypsin
12.5 ng/�l (Roche Applied Science), or with 25 ng/�l sequencing grade
endoproteinase Asp-N (Roche Applied Science) in 20 mM Tris–HCl, pH
7.0, and digested overnight at 37 �C. Subsequently, peptides are extracted
from the gel with 4% formic acid (ARISTAR grade, Merck)/60% acetoni-
trile (Romil). All digests are examined in a MALDI-TOF-TOF mass
spectrometer (Model 4700 Proteomics Analyzer, Applied Biosystems)
using a-cyano-hydroxy-trans-cinnamic acid as thematrix. Peptide sequences
are obtained by tandemMS in aMALDI-TOF-TOFmass spectrometer, and
peptide masses and fragmentation data are compared against the National
Center for Biotechnology Information (NCBI) database using MASCOT
(http://www.matrixscience.com; Perkins et al., 1999).

These procedures confirm that a certain subunit of complex I is glu-
tathionylated under conditions of oxidative stress and allows for the identi-
fication of the cysteine residues involved (Hurd et al., 2008). While these
procedures are time consuming and must be adapted to the particular
protein under investigation, they provide definitive evidence that a candi-
date protein is glutathionylated within mitochondria.

4. Assessment of S-Nitrosated Protein Thiols

The S-nitrosation of mitochondrial protein thiols to form SNOs may
be an important modification in both redox signaling and antioxidant
defense (Galkin and Moncada, 2007; Hogg, 2002; Janssen-Heininger
et al., 2008; Moncada and Erusalimsky, 2002). This thiol alteration is
selective and may be relatively persistent, in that the S-nitrosated thiols
are retained after their formation (Dahm et al., 2006; Prime et al., 2009).
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These modifications may also be transient, with the initial S-nitrosated
protein thiol rapidly converted to other redox forms such as sulfenic acids,
glutathionylated proteins, sulfenylamides, or protein disulfides (Dahm et al.,
2006; Janssen-Heininger et al., 2008). In turn, many of these modifications
can be rapidly reduced back to protein thiols, as is outlined in Fig. 8.3. It is
important to both quantify the extent of protein S-nitrosation and also to
identify the proteins that have been S-nitrosated to best understand the
nature and consequences of this unique modification in physiological and
pathological scenarios. Some of the ways in which this can be accomplished
in mitochondria are outlined below.

4.1. Quantification of protein S-nitrosothiols

In our laboratory we use a chemiluminescence assay to quantify protein
S-nitrosothiol formation (Feelisch et al., 2002). Sample protein is first treated
with excess NEM to alkylate all free thiols and thus minimize the loss of
SNOs during sample workup. Protein-SNOs are then reacted with acidic
iodine/iodide to release NO� that then reacts with ozone, and the resulting
chemiluminescence is measured relative to nitrite standards. Samples are
treated with sufanilimide to derivatize any contaminating nitrite and prevent
it from contributing to the chemiluminescent signal. Samples are also treated
with or without HgCl2 to selectively degrade any protein-SNOs, and the
difference between the samples is calculated to be the signal due to protein-
SNOs, thereby eliminating any background due to other modifications such
as nitrosoamines. Typical procedures for the assessment of the S-nitrosation
of mitochondria and cells are given below.

After incubation with an S-nitrosating agent such as the mitochondria-
targeted SNOMitoSNO (Prime et al., 2009) or S-nitroso-N-acetylpenicilla-
mine (SNAP), the mitochondrial suspension is supplemented with 10 mM
NEM and 1 min later pelleted by centrifugation (15,000�g for 2 min),
resuspended in 1 ml KCl incubation medium supplemented with 10 mM
NEM, and pelleted once more. The pellet is then resuspended in 1 ml 25 mM
HEPES, pH 7.2, 100 �M DTPA, 10 �M neocuproine, and 10 mM NEM,
snap-frozen on dry ice/ethanol, freeze/thawed (3�) and stored at �20 �C
until analysis. For measurements on adherent cell layers, the incubation
medium is removed then the cell layer is washed in PBS/10 mM NEM,
then scraped into 1 ml PBS/NEM and snap-frozen on dry ice/ethanol,
freeze/thawed (3�) and stored at �20 �C until analysis. Samples (225–
450 �l) are thawed rapidly just prior to analysis and made up to a final volume
of 250–500 �l containing 0.1MHCl and 0.5% sulfanilamide � 0.2% HgCl2
and incubated in the dark for 30 min. Then, duplicate 100–500 �l samples are
injected into 20 ml of an acidic I�/I2 solution (33 mM KI, 14 mM I2 in 38%
(v/v) acetic acid) through which bubbled helium carries the released NO
through a 1 M NaOH trap to the analyzer (EcoMedics CLD 88 Exhalyzer)
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where it is mixed with ozone and the chemiluminescence measured. The
peak area is compared to a standard curve generated from NaNO2 standards.
As HgCl2 selectively degrades SNOs, the SNO content is the difference
between the samples with and without HgCl2.

This assay enables the ready quantification of protein SNOs in mito-
chondria and cells. The parallel measurement of exposed protein thiols
indicates that S-nitrosating agents such as MitoSNO and SNAP only
S-nitrosate a small proportion of the available protein thiols (Prime et al.,
2009). This suggests that there may be some specificity in the protein thiols
that can be selectively S-nitrosated. In the next section the selective visuali-
zation of these proteins is addressed.

4.2. Selective labeling of S-nitrosated mitochondrial
protein thiols

As only a small proportion of mitochondrial proteins are persistently
S-nitrosated and these modifications are likely of physiological and pathologi-
cal interest (Prime et al., 2009), it would be useful to selectively visualize these
proteins for identification purposes. To do this we use a technique developed
by Hogg and colleagues as an improvement of the biotin switch method
(Wang et al., 2008). Following incubation with an S-nitrosating agent, free
thiols are blocked by addition of excess NEM. The NEM is then removed by
centrifugal gel filtration and the SNOs are selectively reduced by exposure to
copper(II) sulfate and ascorbate. This leads to the formation of Cu(I) which
selectively reduces the SNO bond, leaving other thiol modifications unaf-
fected. The exposed thiols are then reacted with a cysteine-reactive tag such as
maleimide conjugated to a fluorophore, which enables the sensitive detection
of S-nitrosated protein thiols. These proteins can subsequently be separated by
electrophoresis and visualized by fluorescent scanning of the gel. An example
of this technique applied to isolated mitochondria is given below.

Isolated rat liver or heart mitochondria (2mg protein/ml) are suspended in
KCl incubation medium supplemented with 10 mM succinate and 4 �g/ml
rotenone and are incubated with no additions, 10 �MMitoSNO or 500 �M
diamide at 37 �C for 5 min with occasional mixing. Mitochondria are then
pelleted by centrifugation and resuspended in a blocking buffer containing
10 mM HEPES, pH 7.7, 1 mM EDTA, 1 mM DTPA, 10 �M neocuproine,
1% SDS, and 50 mMNEM. This blocking reaction is carried out for 5 min at
37 �C. The reactionmixture is then passed three times throughMicroBioSpin
Columns (6 kDa cutoff, Bio-Rad) to removeNEM.Cy3maleimide (200�M;
Amersham product number PA 13131), 1 mM ascorbate and 10 �M CuSO4

are added and the mixture gently vortexed and then incubated for 30 min at
37 �C.The protein (10�g) is then separated on a 12.5%SDS–PAGE gel. After
electrophoresis, the fluorescent gel image is acquired with a Typhoon 9410
variable mode imager scanning for Cy3 fluorescence at 532 nm (Fig. 8.4).
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This technique can also be used to assess S-nitrosation of individual respiratory
complexes in bovine heart mitochondrial membranes (Prime et al., 2009). For
this, membranes (250 �g protein/ml) are incubated in KCl incubation
medium � 75 �M MitoSNO at 37 �C for 5 min with occasional mixing.
Then 10 mM NEM is added and incubated for 5 min at 40 �C. The
membranes are then pelleted by centrifugation and washed three times in
1 ml PBS buffer and then resuspended in 100 �l PBS supplemented with
200 �M Cy3 maleimide, 1 mM ascorbate, and 10 �M CuSO4 and incubated
for 30 min at 37 �C. The individual respiratory complexes are then separated
byBN–PAGE as described in the previous section. Following electrophoresis,
the gel image is acquired as described above.

In both the above cases the proteins affected showed up very sensitively
due to fluorescent labeling. It is possible to adapt the BN–PAGE approach by
cutting out the protien band and running it in the second dimension by
conventional SDS–PAGE and then identifying the proteins by cutting out
the spot and using mass spectrometry. Additionally, for complex mitochon-
drial mixtures it is possible to adapt 2-D gel procedures to identify those
proteins that are modified by S-nitrosation. Thus, these procedures and
possible extensions of them should enable the identification of specific pro-
teins that are S-nitrosated within mitochondria in response to various stimuli.

5. Measurement of the Thioredoxin and

Peroxiredoxin Redox States

The approaches outlined so far indicate how to quantify general
markers of thiol redox changes within mitochondria, including those of
the exposed and total protein thiols, the extent of S-nitrosation and the
GSH/GSSG, and glutathionylated protein status. In addition, the redox
state of critical protein couples can be assessed to indicate further the

sample, S-nitrosated protein thiols are selectively degraded by ascorbate and copper in
the presence of a fluorescently labeled maleimide dye. When comparing untreated rat
heart mitochondria to those treated with the mitochondria-targeted NO-donor
MitoSNO that are subsequently resolved by SDS–PAGE and scanned for Cy3 fluores-
cence (B), significant tagging of protein thiols is selectively observed in the MitoSNO
treated samples only. Lack of a significant fluorescent signal in both control and diamide
treated samples highlights the selectivity of protein S-nitrosothiol reduction using this
method. (C) Resolving the mitochondrial respiratory complexes by BN–PAGE follow-
ing tagging of S-nitrosated protein thiols shows that complex I is S-nitrosated by
MitoSNO. Complex V is labeled in both conditions from this analysis, perhaps due to
occluded thiols that were unresponsive to initial NEM treatment becoming exposed
later in the workup and reacting with the fluorescent maleimide equally in both
conditions.
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mitochondrial thiol status. Two protein couples are of most use in this way
as they are central to mitochondrial redox chemistry.

5.1. Western blotting to measure reduced and oxidized
peroxiredoxin 3

Prx3 is a major regulator of mitochondrial H2O2 (Cox et al., 2010a). The
enzyme undergoes a cycle where the peroxidatic cysteine within the active
site reacts with H2O2 to form a sulfenic acid, which subsequently reacts with a
resolving thiol on another Prx3 monomer to form an intermolecular dimer.
The disulfide is then reduced back to the reduced form by Trx2. However, in
some instances of increased oxidative stress the ratio of reduced to disulfide
linked Prx3 dimer decreases and is thus a sensitive indication of the extent of
H2O2 flux and the overall thiol redox state of mitochondria (Brown et al.,
2008; Cox et al., 2008a,b, 2009a; Kumar et al., 2009). This ratio can be easily
assessed by separating the dimer and monomer by nonreducing SDS–PAGE
followed by immunoblotting. The procedure is described in detail in a
companion article in this volume (Chapter 4, Cox et al., 2010b).

Here we illustrate the ability of the assay to detect changes in the redox
state of Prx3 in isolated mitochondria (Fig. 8.5). Rat liver mitochondria
(5 mg protein/ml in 250 mM sucrose, 10 mM HEPES, pH 7.4, 1 mM
EGTA, 0.01% BSA) were incubated for 10 min at 37 �C in the presence of
selected respiratory substrates and inhibitors. To prevent the oxidation of
Prx3 during processing, a 200 �l sample was first quenched with 800 �l
buffer containing NEM (250 mM sucrose, 10 mM HEPES, pH 7.8, 1 mM
EGTA, 125 mMNEM, 10 �g/ml catalase) for 10 min at 37 �C. Mitochon-
dria were then pelleted by centrifugation and resuspended in sample buffer
including NEM (25 mM Tris–HCl, pH 7.0, 5% glycerol, 100 mM NEM,
10 �g/ml catalase). After 5 min, 1% SDS was added to lyse the mitochon-
dria. Samples were then separated by nonreducing SDS–PAGE and West-
ern blotted for Prx3 as described (Chapter 4, Cox et al., 2010b).

5.2. Measuring thioredoxin redox poise using the
PEGylation assay

A second protein that provides insight into the thiol redox environment
within mitochondria is Trx2 (Arner and Holmgren, 2000; Lee et al., 1999;
Miranda-Vizuete et al., 1999; Spyrou et al., 1997). Trx2 plays an important
role in the maintenance of the protein redox state within mitochondria.
It exists in both an oxidized form characterized by an intramolecular disulfide,
and a reduced form in which the dithiol is capable of reducing other protein
disulfides. Reduction of other protein thiols by Trx2 regenerates the oxidized
form which can then be reduced by TrxR2. Therefore, the ratio of the
reduced to oxidized forms of Trx2 will indicate the steady state level of the
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mitochondrial Trx2 pool. A number of assays for assessing the Trx2 redox
state have been devised that function by separating these two redox forms by
electrophoresis on native or urea gels and then identifying them by immuno-
blotting (Bersani et al., 2002; Chen et al., 2002). We have found that
selectively tagging the oxidized form of Trx2 with maleimide-modified
polyethylene glycol (PEG) polymers of 2 kDa introduces a significant size
difference between the reduced and oxidized forms and means that they can
be separated on conventional SDS–PAGE. The Trx2 is then transferred to a
blotting membrane and visualized using specific antibodies. This procedure
has the advantage that, depending on the selectivity and affinity of the
antibodies used, the redox poise of the Trx2 pool can be assessed in complex
mixtures without any requirement for purification. In this it is vital to ensure
that the quenching of the reduced form of Trx2 occurs rapidly and that there
is no artifactual oxidation or reduction during workup to ensure that the
measured ratio reflects that inside the mitochondria in steady state conditions.

The principle of this assay is described in Fig. 8.5. After exposure to a
prooxidant, isolated mitochondria are treated with NEM to block exposed
thiols, subsequently lysed, and proteins denatured with SDS. After NEM is
removed by centrifugal gel filtration and all oxidized thiols are reduced by
the addition of DTT. The reduced thiols are then reacted with maleimide
polyethylene glycol (mPEG2). This results in a molecular weight shift of
about 4 kDa for the fully oxidized compared to the fully reduced Trx2, and
for the monothiol a molecular weight shift of about 2 kDa. Samples are
separated by reducing SDS–PAGE, transferred to PVDF and individual
Trx2 bands detected with the aTrx2 antibody and suitable secondary
antibody. These experiments are carried out using isolated mitochondria
or cultured cells, but the method should be easily adaptable to other starting
materials such as whole organisms such as flies and nematodes. An example
of assessing the Trx2 redox state in isolated mitochondria is given below.

Mitochondria are incubated under standard conditions (e.g.,1 mg
protein/ml in SHE buffer, 250 mM sucrose, 10 mM HEPES, 1 mM EGTA,
pH 7.4) in the presence and absence of a redox challenge such as diamide.
Following incubation, 25–50 mM NEM is added to prevent spontaneous
oxidation of thiols. Mitochondria are then isolated by centrifugation and the
pellet is resuspended in 50 �l SHE buffer containing 50 mMNEM incubated
for 5 min at 37 �C. Then SDS (1% w/v) is added and the suspension is
incubated for another 2.5 min at 37 �C. Following alkylation, NEM is
removed with a size exclusion chromatography column (Micro Bio-SpinÒ

6 Chromatography Columns, Bio-Rad) preequilibrated with SHE buffer
containing SDS 1% (w/v). Samples are then reduced with 2.5 mM DTT for
10 min at RT, followed by alkylation with 1 vol. of 2 kDa mPEG2 (50 mM
mPEG2 in SHE buffer, pH 7.4) for 30 min at 37 �C. To determine protein
concentration in the samples a BCA assay is carried out. Then, 50�g of protein
are precipitated using 9 vols. ice-cold acetone and incubated for �2 h at
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�20 �C. The precipitated protein is pelleted by centrifugation (15,000�g,
10 min) and the supernatant discarded. The pellet is washed in 80% (v/v)
acetone for 10 min with constant agitation and the samples are centrifuged
again (15,000�g, 10min). The supernatant is discarded and pellets are air dried
and then resuspended in conventional SDS–PAGE gel loading buffer with
DTT and separated by 12.5% SDS–PAGE under reducing conditions. Fol-
lowing electrophoresis the gel is washed for 15 min at room temperature with
constant agitation in transfer buffer (48 mM Tris base, 39 mM glycine, 0.05%
(w/v) SDS, 35% (v/v) methanol). The high affinity, low pore size PVDF
membrane (0.2 �m ImmobilonTM-PSQ, Millipore) is used due to the low-
molecular-weight of Trx2. The membrane is first incubated at RT for 15 s in
absolute methanol followed by a 2 min wash step in H2O. The transfer is
carried out in a Bio-RadMini Protean 3 Transfer Cell using transfer buffer for
50min at 110V and4 �C.After transfer themembrane is incubated in blocking
buffer (PBST) (137 mM NaCl, 10.2 mM NaHPO4, 2.7 mM KCl, 1.8 mM
KH2PO4, pH7.4; and 0.05% (v/v)Tween 20 (NBSBiologicals,UK))with 5%
(w/v) skimmedmilk powder at room temperature for 1 h.The blocking buffer
is removed and membranes are incubated with the primary antibody aTrx2
antibody (1:5000) (affinity purified goat antihuman/mouse/rat Thiore-
doxin2/Trx2 antibody, R&D Systems) in blocking buffer at RT for 1 h.
Following incubation, the membranes are washed three times for 10 min
with PBST (see blocking buffer) and then incubated with the appropriate
secondary antibody (1:20,000 in blocking buffer) (rabbit antigoat IgG-peroxi-
dase, Sigma) atRT for 1 h. Secondary antibody incubation is followed by three
10 min washes with PBST. Protein detection is carried out according to
manufacturer’s instructions (ECL Plus, GE Healthcare). Typical results are
shown in Fig 8.5. This procedure can be applied to anymitochondrial incuba-
tion and also to cell systems.

6. Conclusions

To better understand oxidative damage and redox signaling within
mitochondria, it is essential to both measure global changes to protein thiols
and also to try and identify the particular proteins affected, the cysteine
residues involved and the nature of the modifications that occur. The
methods shown here enable this in isolated mitochondria, but in addition
in many cases it may be possible to extend this to mitochondria in cells and
intact organisms.

Many of the methods shown here give an overview of the general thiol
redox state of mitochondria, which is an important starting point towards
understanding redox changes under a variety of conditions. We have also
summarized methods for sensitively and selectively detecting protein
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S-nitrosothiol formation, which likely have contrasting physiological and
pathological effects on protein thiols when compared to other modifica-
tions. In addition, we have indicated how it is possible to measure the redox
states of Trx2 and Prx3, which play critical roles for many protein thiol
modifications. However, it is also important to be able to assess and identify
those proteins that are involved in reversible redox modifications both to
identify potential nodes of regulation and also those proteins that may be
involved in oxidative defenses. To do this, a number of redox proteomic
approaches have been developed and have been described in detail (Baty
et al., 2005; Fu et al., 2008; Hurd et al., 2009; McDonagh, 2009; Sethuraman
et al., 2004), so were not discussed here. However, in all studies the general
methods outlined here should be carried out in conjunction with redox
proteomic approaches to assist in the identification of the proteins of
interest. In the future it is hoped that the approaches outlined here, as
well as those based on redox proteomic approaches, can also be applied to
intact organisms to enable detection and characterization of thiol changes
in vivo. Future work should also allow for both the quantification of the
extent of the redox modification as well as the identification of the protein
thiol involved, and thus give an indication of the important modifications
that occur to mitochondrial thiols in response to physiological and
pathological events
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Abstract

In recent years, the importance of compartmentalization in redox signaling has

been realized. A number of specific thiol pools exist both inside and outside the

cell, and these thiols are regulated via unique mechanisms and serve specific

roles in cell signaling. This chapter covers some of the methodologies available

for the interrogation of thiol status in various cellular compartments, with a focus

on mitochondrial, cytosolic, and exofacial thiols. Finally, the relevance of these

thiols to pathological disease states, in particular cancer, will be discussed.

The chapters in the remainder of this volume more than adequately cover the

diversity of thiol modifications, describing the specific biochemical nature of

these reactions, ranging from S-nitrosation through glutathionylation, to oxida-

tion and beyond. Therefore, this topic will not be further addressed here.
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Similarly, general methodological considerations are considered to have been

dealt with in the remainder of this volume, including requirements for subdued

lighting, avoidance of reducing agents and transition metals in media, and rapid

sample preparation with adequate control over temperature and pH.

1. Measurement of Mitochondrial Thiol Status

There are several factors which render the mitochondrion interesting
from the perspective of examining its thiol status. First, mitochondria are
the powerhouse of the cell, responsible for the bulk of ATP synthesis
(Brookes et al., 2004). This synthesis is achieved largely by a set of enzymes
which rely on tight control of redox status for their function. Thus,
mitochondrial thiol status has emerged in recent years as a reliable indicator
of overall mitochondrial functional status (Circu et al., 2008).

Secondly, mitochondria contain a large pool of reduced glutathione
(GSH), amounting to a local concentration in the organelle of 5–10 mM
(Kimura et al., 2010). This GSH pool is essential for the maintenance of redox
state of mitochondrial protein thiols. While traditional GSH-depleting agents
such as L-buthionine-sulfoximine (and inhibitor of GSH synthesis) are very
effective at depleting whole cell GSH levels, the mitochondrial GSH pool is
somewhat refractory to such treatments (Seyfried et al., 1999). In this regard, a
reagent which has received very little attention is 3-hydroxy-4-pentenoate
(3HP; Shan et al., 1993). This molecule is not reactive to thiols in its native
state, but upon delivery to the mitochondrion it undergoes b-oxidation yield
3-oxo-4-pentenoate, a Michael acceptor that reacts directly with GSH and
thereby selectively depletes the mitochondrial pool of this important antioxi-
dant. Although 3HP is not commercially available, its synthesis is simple.
Wider use of such a reagent may allow a better understanding of the role of
the mitochondrial GSH pool in various pathological disease states.

Third, a gradient of 0.25–0.50 pH units exists across the mitochondrial
membrane, which renders the mitochondrial matrix more alkaline than the
cytosol (Addanki et al., 1967). Since the pKa of the thiol group on protein
cysteine residues is�8, the result will be that cysteines in the mitochondrial
matrix are relatively more unprotonated than those in the cytosol. Further-
more, many cysteine thiol modifications are heavily influenced by pH (i.e.,
they preferentially occur on either the –SH or the thiolate anion state). This
has led to speculation that the mitochondrion may be a ‘‘hot-spot’’ for
certain types of thiol modification (e.g., S-nitrosation) which are favored by
thiolates (Burwell and Brookes, 2008).

There exist several methods for the assessment of mitochondrial thiol
status, with the key experimental decision being whether to isolate mito-
chondria first, or whether to assess mitochondria in situ, within a cell or tissue.
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1.1. Isolation of mitochondria

Isolation of mitochondria from tissues, such as liver, heart, or brain, is simple
and is covered by several excellent chapters in previous volumes (most recently
#456) of this book series (Burgess and Deutscher, 2009), so will not be
covered here. Rather, a method is presented for isolation of mitochondria
from cells in culture, which is becoming increasingly popular.

Starting material is suggested to be at least 3� T75 flasks of confluent cells
in culture. Cell size should be taken into consideration, with smaller cells
(e.g., lymphoid cells) requiring far higher numbers than larger ones (e.g.,
myocytes). Some common cell lines from which mitochondria can easily be
isolated include H9C2, Clone 9, HEK293, PC12, and HepG2. It is to be
noted that many such cell lines are immortalized and thus favor a glycolytic
phenotype, with concomitant downregulation of mitochondrial number.
Thus, one possible intervention (provided it does not interfere with the
experimental question being asked) is to grow the cells in medium containing
only a nonfermentable carbon source (e.g., galactose) to force the phenotype
back to mitochondrial oxidative phosphorylation (Rossignol et al., 2004).

Isolation medium (IM) for mitochondria is typically composed of some
osmotic support (sucrose, KCl, or mannitol), a Ca2þ chelator such as
EGTA, and a pH buffer. The use of free acids is recommended, rather
than cheaper sodium salts, since these can interfere with mitochondrial
Ca2þ homeostasis due to the mitochondrial Naþ/Ca2þ exchanger (Cox
and Matlib, 1993). In addition, the purest deionized water available
(ideally > 18 mO resistivity) should be used. A typical mitochondrial IM
is listed as follows:

Sucrose: 250 mM
EGTA: 1 mM
HEPES: 10 mM
pH to 7.4 with KOH/HCl, store at 4 �C for no more than 1 week.

N.B. Several commercially available kits for mitochondrial isolation will
provide isolation media containing preservatives, and many such reagents
will affect thiol status. Avoid any kit if the ingredients contain DTT, GSH,
or other reductants. Similarly, avoid kits which use an osmotic swelling step
to break open cells, as this can also disrupt mitochondrial membranes.

The most important step in any mitochondrial isolation (after the
medium) is the method of homogenization. In brief, small plastic microtube
pestle-type homogenizers (motorized pellet disruptors) do not generate
sufficient shearing forces to break open the cell membrane and release
mitochondria. Better methods include a glass Dounce homogenizer, or
nitrogen cavitation. Dounce homogenizers are available in a variety of
sizes, down to 0.2 ml volume. Ideally, the cell pellet will be resuspended
in 5 ml of IM, and homogenized by at least 50 passes with the Dounce
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pestle. Nitrogen cavitation bombs (cell disruption bombs) are available from
Parr Inc., with a typical protocol involving stirring the cells in 5 ml of IM at
2500 psi N2 for 15 min at 4 �C, followed by rapid release of the pressure
resulting in plasma membrane rupture.

Following cell disruption, the homogenate should be diluted at least 3�
in IM, and centrifuged (in a refrigerated centrifuged) at 700–1000�g for
5–10 min to pellet nuclear debris and unbroken cells. The supernatant from
this spin is then centrifuged at 8000–10,000�g for 10 min to yield a crude
mitochondrial pellet. Depending on the cell type, this initial pellet should be
light brown in color. The supernatant is discarded, and the pellet carefully
resuspended in the original volume of IM, and subjected to another
high-speed centrifugation step. Finally, a third washing and high-speed
centrifugation is performed, yielding a relatively pure mitochondrial prepa-
ration. The final pellet should be suspended in the smallest volume possible
(50–200 ml). At each pellet resuspension step, it is important to work
quickly, and to hold the tube in such a way that manual heat does not
reach the pellet. If the pellet is covered with a fluffy white layer, this should
be removed at each stage, favoring the darker brown material which is
enriched in mitochondria. The later stages of the preparation may be
transferred to a smaller centrifuge (e.g., microcentrifuge using 1.5 ml plastic
tubes), still maintaining tight temperature control.

1.2. Mitochondrial purity, yield, and special considerations
for thiol status

Mitochondrial purity can only be measured by determining the degree of
contamination of the mitochondrial preparation by other membrane frac-
tions. Western blotting for the surface and endoplasmic reticular Ca2þ

ATPase (SERCA) is typically used to monitor ER/SR contamination.
(Note: the terms purity and enrichment are frequently misexchanged in
the literature. Monitoring the level of a mitochondrial protein informs
nothing about the purity of a mitochondrial preparation.) In contrast,
mitochondrial enrichment can be measured by following the level of a
mitochondrial protein through the isolation procedure, and looking for an
increasing level associated with the mitochondrial fraction at each stage of
the preparation. Typically, Western blotting for Voltage Dependent Anion
Channel (VDAC) is used, or the activity of the mitochondrial matrix
marker enzyme citrate synthase is measured (Shepherd and Garland,
1969). Mitochondrial yield is typically assessed by measuring the protein
concentration of the final sample, by any common method.

Depending on the exact thiol modification that is being examined, it
is often necessary to add reagents to the mitochondrial IM to prevent
degradation of such PTMs. Common examples include addition of N-
ethylmaleimide (NEM; 200–500 mM) to block free –SH groups and prevent
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modifications from transferring between thiols and diethylenetriamine
pentaacetic acid (DTPA; 100 mM) to chelate-free transition metals which
can contribute to S-nitrosothiol degradation (Mani et al., 2006).

1.3. Measuring mitochondrial thiols with common
thiol reagents

Once mitochondria have been isolated, they can be stored on ice for 3–4 h
for use in experiments. For treatments of mitochondria with various
thiol-reactive reagents, a typical incubation medium consists of:

KCl: 120 mM
Sucrose: 25 mM
MgCl2: 5 mM
KH2PO4: 5 mM
EGTA: 0.5 mM
HEPES: 10 mM, pH 7.4 at 37 �C
Sterile filter, store frozen in 50 ml aliquots for up to 1 year.

Mitochondria are incubated in the above medium at 1 mg protein/ml
(typically in 1.5 ml plastic microcentrifuge tubes). Respiratory substrates
(5 mM succinate, 5 mM glutamate, 2.5 mM malate) and/or ADP (500 mM)
can also be added from stock solutions prepared in the same medium, in
order to modulate the respiratory state of the mitochondria during
treatment.

Typically, mitochondria are incubated in the above medium with the
thiol-reactive reagent present in the medium before mitochondria are
added. Incubation times are typically 5–10 min. Reagents available for
assaying thiol function are discussed widely throughout this volume, and
include:

Biotin-maleimide
Biotin-PEO-maleimide (linker-arm facilitates thiol interactions)
Biotin-HPDP
Biotin-BMCC (maleimide based)
Biotin-IAA or IAM
Biotinylated-glutathione-ethyl ester (‘‘BioGEE’’).

All can be used at concentrations of 0.5–1 mM. Due to the pH optima of
iodo-reagents (they preferentially react with thiols at alkaline pH), their use
is encouraged for assaying intramitochondrial thiols, because of the slightly
alkaline pH of the mitochondrial matrix. Note that the choice of thiol
reagent determines the downstream processing of the samples. Maleimide-
based reagents form a covalent –C–S–C– (thioether) bond, which cannot
be reduced by common reducing conditions (DTT, b-ME, etc.), and so is
well suited to subsequent analysis by reducing SDS–PAGE. In contrast,
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reagents such as HPDP form a dithiol bond (–C–S–S–C–) which can be
broken under reducing conditions, and so samples can only be analyzed by
nonreducing SDS–PAGE. Another approach is to break the mitochondrial
membrane with detergents prior to addition of the thiol-labeling reagent,
thus affording greater access to the entire mitochondrial thiol pool.
Addition of 0.1% Triton X-100 into the incubation media is typically
sufficient to accomplish this.

Detection of modified thiols is typically accomplished by SDS–PAGE,
Western blotting, and probing with antibiotin antibodies or streptavidin-
conjugated peroxidase. A ‘‘loss-of-signal’’ mode is typically used, that is,
the presence of a biotinylated band on the blot indicates a protein with a
thiol (–SH) that is free to react with the biotin reagent, and the loss of a band
indicates that particular thiol is no longer in the free (–SH) state and has
therefore been modified to something else. The method does not inform
about what the exact modification is. A typical example of this approach is
shown in Fig. 9.1, in which isolated rat heart mitochondria were treated
with a 200 mM bolus of ONOO�, followed by analysis using Biotin-PEO-
maleimide. The ONOO� treatment led to loss of reactivity in a selected
number of proteins, particularly those in the 35 kDa range.
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Figure 9.1 Biotin-PEO-maleimide labeling of rat heart mitochondria. Isolated rat
heart mitochondria were incubated at 1 mg protein/ml in standard incubation medium
at 37 �C. Where indicated, samples were treated with a single 200 mM bolus of
ONOO�, with rapid mixing. Five minutes later, 200 mM Biotin-PEO-maleimide and
0.1% Triton X-100 were added and after a further 5 min incubation samples were
processed for SDS–PAGE and Western blotting. Blots were probes with antibiotin
antibodies (Pierce).
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BioGEE is a unique case, since it is used to probe the thiol modification
known as glutathionylation (also sometimes called glutathiolation), that is,
the direct addition of a GSHmolecule to form amixed disulfide with a protein
thiol. There has been much interest in this modification in recent years, since
it is hypothesized that other thiol modifications such as S-nitrosation may
serve to ‘‘prime’’ protein thiols for glutathionylation (Martinez-Ruiz and
Lamas, 2007).

BioGEE labeling is accomplished by incubating isolated mitochondria
with the BioGEE reagent (typically 250–500 mM) prior to the treatment
which induces stress. The BioGEE mixes with the regular GSH pool, and it
is anticipated that if glutathionylation of a protein occurs, at least some of
the resulting biotinylated GSH will participate, resulting in biotin labeling
of the protein. Naturally, the disulfide nature of the bond renders this
modification labile to reducing agents, so downstream processing must be
on nonreducing gels. Furthermore, unlike the other biotin labeling strate-
gies discussed above, in which a thiol modification results in a loss of signal,
BioGEE labeling is a gain-of-signal assay, that is, the presence of a biotin
label indicates the protein was modified by glutathionylation.

1.4. Measurement of mitochondrial thiol status in situ
using IBTP

In addition to the study of mitochondrial thiols by using isolated mitochon-
dria, a unique method has been developed to monitor mitochondrial thiols
in intact cells, namely the reagent iodobutyl triphenylphosphonium (IBTP).

The triphenylphosphonium (TPP) moiety of IBTP is both positively
charged and hydrophobic, and this functional group has been successfully
applied to the targeting of a number of molecules to mitochondria within
cells, intact organs, and whole animals. The uptake of TPP-conjugated
drugs is driven by the high internal negative membrane potential (DC) of
the mitochondria, typically resulting in a 500–1000-fold accumulation of
the drug over the external concentration (Smith et al., 2008). This strategy is
the basis of a number of experimental therapeutics including mitochond-
rially targeted antioxidants and nitric oxide donors (Murphy, 2008; Smith
et al., 2008).

The other end of the IBTP molecule is an iodoakyl-based thiol alkylat-
ing group, similar to that found in iodoacetic acid (IAA) or iodoacetamide
(IAM), and it therefore reacts with free –SH groups. The elegant method
devised to detect such modifications is the development of an antibody
which detects the IBTP–thiol conjugate (Lin et al., 2002). Thus, complex
biological systems such as cells or organisms can be treated with IBTP,
which will accumulate in mitochondria and selectively label mitochondrial
thiols. The resulting analysis does not require cellular subfractionation to
isolate mitochondria; the whole cell or tissue sample can simply be separated
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by SDS–PAGE and Western blotted with the IBTP antibodies, with the
result being that each band on the blot corresponds to a mitochondrial
protein with a free –SH group that reacted with IBTP.

Despite the noncommercial nature of this reagent, the generosity of its
developer (Michael Murphy of Cambridge University, UK) has resulted in
its application to a number of interesting situations, including the study of
mitochondrial thiols in cardiac ischemia, hepatic ethanol toxicity, and lipid
oxidation conditions. More recently, the reagent has been utilized in a
similar vein to 3HP, to selectively inactivate/alkylate the mitochondrial
thiol pool, in order to probe the role of this specific subset of intracellular
thiols in various pathophysiological processes.

2. Measurement of Cytosolic Thiol Status

2.1. Global intracellular thiol measurement

Most of the available cytosol thiol-labeling methods are based on utilizing
thiol-reactive probes, like DTNB (5,50-dithiobis(2-nitrobenzoic acid)), and
the product of this reaction can be measured spectrophotometrically
(absorption measured at 412 nm). This compound reacts quantitatively
with protein thiols and GSH and hence can be used to determine the
number of free thiols on purified proteins, in cell lysates and in cell fractions
(Tassi et al., 2009). While the method does not afford information on
specific proteins, it is a good first step in determining overall cellular thiol
state in any pathophysiological condition.

To determine the level of GSH in intact cells, a fluorescence probe,
monochlorobimane (MCB; lex 380 nm, lem 461 nm) is widely used as
described elsewhere (Salazar et al., 2006), although the specificity of this
probe for GSH versus other thiols is not clear. One observation that has
remained unexplained for several years is the origin of the large vesicular
bodies which appear in MCB stained cells (e.g., Fig. 2A in Sebastia et al.,
2003). Such patchiness in staining is not observed with a similar probe,
7-amino-4-chloromethylcoumarin (CMAC; Sebastia et al., 2003).

Another method for the assessment of cytosolic thiols is the dye mercury
orange [1-(4-chloromercuryphenyl-azo-2-naphthol)], which forms an inso-
luble fluorescent reaction product with nonprotein –SH groups. In this case
the staining can be performed on frozen sections obtained from various
biopsies, and the tissue distribution of reduced thiols can be measured
by a quantitative image analysis system (Ceccarelli et al., 2008; Hedley
et al., 2005).

Proteomic tools, for investigating reversible oxidative modifications of
thiol proteins, have been also developed, and is known as redox difference
gel electrophoresis (DIGE; Hurd et al., 2009). This technique involves
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labeling thiols with two different fluorescent dyes containing maleimide
groups (and hence reacting with thiols) as described elsewhere (Hurd et al.,
2009). This method has been adopted from the DIGE technique, which has
been used for quantification of changes in protein expression level (Lilley
and Friedman, 2004; Unlu, Morgan et al., 1997).

3. Measurement of Exofacial Thiols

Extracellular redox state and thiol environment have a tremendous
influence on cell behavior. Cell surface protein thiols (i.e., exofacial thiols)
are targets of redox regulation and their redox status influences critical
cellular functions. For example, the redox status of exofacial thiols on
T-cells regulates their activation and proliferation (Gelderman et al.,
2006). The redox status of critical thiols on the immunoglobulin superfam-
ily member CD4 regulates both T-cell binding to antigen presenting cells as
well as HIV-1 entry into CD4þ T-cells (Ou and Silver, 2006). In fact, the
levels of free exofacial thiols on normal donor lymphocytes differ from those
seen on cells from patients with HIV (Sahaf et al., 2003, 2005).

It has been reported that thiol redox status of integrin a-4 affects integrin-
mediated cell adhesion (Laragione et al., 2003). Similarly, the thiol redox status
of the tumor necrosis factor receptor superfamily member 8 (TNFRSF8/
CD30) influences whether this receptor can engage its cognate ligand and
transduce its downstream signaling in lymphocytes (Schwertassek et al., 2007).
Furthermore, various membrane receptors, ion channels (Beech and
Sukumar, 2007), and extracellular thiol–disulfide oxidoreductases themselves
are redox sensitive ( Janssen-Heininger et al., 2008) and hence the necessity of
method development to evaluate the state of –SH groups on the cell surface.

3.1. Measurement of exofacial thiol status in situ

Similar to the staining of free SH groups in cytosol, methods for detection of
free SH groups on the cell surface compromise the ability of protein thiol
groups to react covalently with maleimide. Hence maleimide is an active
component of many commercially available thiol-reactive probes, which
can be successfully used for detection of plasma membrane free SH groups.

The most common fluorescent dyes tagged to maleimide are Alexa
fluorÒ dyes, which give both a broad spectrum of detection and quantifica-
tion of changes in free exofacial thiols due to the fact that maleimide
coupled with the charged Alexa fluorÒ dye is cell impermeable (Sahaf
et al., 2003).

Staining the free exofacial thiols on cells cultured in suspension can be
achieved by using a simple protocol. As an example, Granta cells (mantle
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B-cell lymphoma line) at a concentration of 106 ml�1 should be washed in
1� PBS, resuspended in RPMI, plated onto 35 mm Petri dishes and treated
with desired drugs which modify free SH groups. At the end of the experi-
ment, cells should be collected (e.g., scraping), washed twice with ice-cold
1� PBS, suspended in 1 ml of 1� PBS containing 1 mM Alexa Fluor 633 C5

maleimide, and incubated on ice for 15 min in the dark. Incubation at low
temperature assures that the dye does not penetrate the cell plasma mem-
brane. After washing twice with ice-cold 1� PBS, suspended in 1� PBS
(1 ml) cells can be analyzed using fluorescence-assisted cell sorting (e.g.,
Becton Dickinson FACScan Instrument) and histograms generated showing
the changes of free SH groups on cell surface as shown in Fig. 9.2.

3.2. Measurement of exofacial thiol status by fractionation

Another strategy to selectively examine the surface thiols of cells is to label
with a nonspecific thiol reagent, and then fractionate the cells to isolate the
plasmamembrane fraction. Typical reagents used for this approach are alkylat-
ing sulfhydryl reactants (maleimides, iodoalkylators, see Section 1). The
detection of cell surface protein with biotinylated iodoacetamide (BIAM)
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Figure 9.2 Parthenolide attenuates the levels of exofacial free thiols as assessed by
flow cytometry. The change in Granta cell free exofacial thiol groups was assessed by
staining cells with 1 mM Alexa 633 maleimide with analysis by flow cytometry after
exposure to 30 mM parthenolide alone for 3 h, 5 mM GSHee alone for 2 h, 5 mM GSH
for 2 h followed by 30 mM parthenolide for 3 h, or no treatment (control).
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and examination of thiol modification viaWestern blotting can be achieved by
a simple protocol. As an example of the staining, 3 � 107 Granta cells at a
concentration of 106 ml�1 are washed in 1� PBS, resuspended in RPMI,
treatedwith desired drugs whichmodify cell surface SHgroups, and at the end
of experiments centrifuged, washed twice with prewarmed 1� PBS, and then
suspended in RPMI supplemented with 100 mM N-biotinoyl-N 0-(iodoace-
tyl)ethylendiamine (BIAM; Invitrogen) and incubated for 15 min at 37 �C as
previously described (Laragione et al. 2003). Then the cells are collected,
washed twice with 1� PBS, and the pellets kept in �80 �C for 12 h.

Following thawing of the sample, cells are homogenized in ice-cold 1�
PBS (for 3 � 107 Granta cells, the homogenization volume should be
around 50 ml) with protease inhibitor cocktail (Calbiochem). For separation
of the plasma membrane fraction proteins, the homogenate is centrifuged at
700�g for 10 min to pellet nuclear debris, and the resulting supernatant
fraction centrifuged again at 100,000�g for 35 min (all centrifugation steps
at 4 �C). The remaining pellet contains the plasma membrane proteins, and
can be resuspended in PBS with protease inhibitor cocktail. A minimum of
20 mg of proteins can be then resolved by 15% SDS–PAGE, and transferred
to a nitrocellulose membrane (Bio-Rad) and probed with 1:2000
streptavidin–peroxidase (Fig. 9.3 A).

Two-dimensional gel separation of plasma membrane proteins labeled
with BIAM is also possible, but before the procedure the plasma membrane
protein fraction (as described above) needs to be extracted with mild deter-
gent such as lauryl-maltoside or CHAPS. The proteins should be suspended
in buffer containing 0.5% lauryl-maltoside, 2% CHAPS, 8M urea, and 0.5%
carrier ampholytes, and run-on immobilized pH gradient of pH range 3–10
(IPG strips, Bio-Rad). The IPG strips should be then embedded on 15%
SDS–PAGEgel for the second dimension, and can be blotted on nitrocellulose
and probed with 1:2000 streptavidin–peroxidase (Fig. 9.3 B).

3.3. Miscellaneous other methods to measurement
exofacial thiols

The methods described above stain almost all free SH groups on the cell
surface. For selective staining of SH groups with low pKa (reactive thiols),
the staining with BIAM should be performed with low pH as well
(pH ¼ 6.5). However, this staining is difficult to perform on living cells
in buffered media, and is rather used for protein in vitromodification, where
pH can be well controlled (Fang et al., 2005; Rhee et al., 2000).

Correlation between the redox state of extracellular nonprotein thiols
(NPSH) in different tissues is usually validated with the use of mercury orange
staining (see Section 2.1 above) (Ceccarelli et al., 2008; Hedley et al., 2005).

In the presence of oxidants, protein thiols can form mixed disulfides
with GSH, where GSH binds covalently to reactive cysteines within
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proteins, forming mixed disulfides. The detailed protocol of measuring this
modification on cell surface of various tissues has been described elsewhere
(Aesif et al., 2009).

4. Exofacial Thiol Status and Cancer

In vitro data indicate the extracellular redox state of the cells has tremen-
dous impact on critical physiological functions such as proliferation, differenti-
ation, and apoptosis. On the other hand, under physiological conditions the
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Figure 9.3 Parthenolide attenuates the levels of exofacial free thiols as assessed by
Western blot analysis. (A) Plasma membrane enriched cell lysates were obtained from
Granta cells treated as follows: (lane 1) untreated control cells; (lane 2) 10 mM parthe-
nolide for 3 h; (lane 3) 30 mM parthenolide for 3 h; (lane 4) 5 mM GSH alone for 2 h;
(lane 5) 5 mM GSH for 2 h followed by 30 mM parthenolide for 3 h; (lane 6) 100 mM
H2O2 for 3 h. The lysates were stained with the thiol probe BIAM and blotted with
streptavidin–HRP. As a protein loading control, the blots were also probed for actin
(bottom panel). (B) Two-dimensional protein separation—BIAM labeling pattern.
Samples treated with parthenolide for 3 h probed against streptavidin–HRP.
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extracellular space is considered to have a more oxidized redox state
compared to interior of the cell (Moriarty-Craige and Jones, 2004). Hence,
the reduced state might be referred to as an extracellular microenvironment. Also,
the existence of differences in redox state of thiol/disulfide pools in human
plasma between individuals, cultured cells, and perfused tissues indicate that
there must be mechanisms that control this state precisely and efficiently.

The extracellular redox state is determined by several factors. One of
them is the presence (on plasma membrane) of the redox-modulating
proteins, such as NADPH oxidase, extracellular superoxide dismutase
(EC-SOD), thioredoxin 1 (TRX1), peroxiredoxin-IV, and extracellular
glutathione peroxidase 3 (GPx3; Nakamura et al., 2006; Yu et al., 2007).
The ratio of extracellular thiol/disulfide couples, such as GSH/GSSG,
reduced/oxidized thioredoxin, and cysteine/cystine—also have a signifi-
cant impact on extracellular redox potential. The reductive microenviron-
ment is in majority dependent on cysteine/cystine pool outside the cell,
and the Cys/CySS system is mainly present in disulfide form of cystine
(Moriarty-Craige and Jones, 2004). However, it has been demonstrated
that the reduced microenvironment is dependent on cystine uptake through
the xC

� (anionic amino acid transport system), intracellular reduction
by NADP-dependent redox protein systems, and secretion of cysteine
to the extracellular environment. Interestingly, overexpression of the xC

�

gen did not influence significantly the level of intracellular GSH, but
did caused increases in intracellular, and also mostly extracellular, cysteine
levels. The study conducted on the human colon carcinoma cell line,
Caco2, confirmed that the redox state of the extracellular cysteine/cystine
pool can affect cell proliferation at the external surface of the cells (Banjac
et al., 2008). This result is in agreement with another observation that
proliferation of many human and murine lymphoma and leukemia cell
lines is dependent on free thiols and the extracellular redox potential
(defined by the ratio of extracellular cysteine and cystine). This ratio
seems to be critical for cell division and is independent of cellular GSH
level (Falk et al., 1993).

Other studies conducted on cancer cell lines (i.e., human prostate
carcinoma and lung cancer cell lines), which differ in terms of their aggres-
siveness, show that more invasive cell lines display different extracellular
redox states and contain more reduced SH groups on plasma membrane
proteins (Ceccarelli et al., 2008; Chaiswing et al., 2007, 2008; Olm et al.,
2009). This observation suggests that extracellular microenvironment, par-
ticularly created by reduced thiols, might play very significant role in cancer
formation, malignancy, and metastasis.

One interesting consequence of such a link between extracellular redox
and proliferation is the particularly aggressive nature of cancers of the glioma
type. It has long been known that in the brain, trafficking of GSH occurs
from astrocytes to neurons (SJ Heales), since neurons do not have a very
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active GSH synthesis apparatus. Astrocytes also secrete large quantities of
EC-SOD to protect the trafficked GSH from oxidative damage in the
extracellular space. Thus, it may be speculated that this highly reduced micro-
environment in the peri-astrocytic space is perfect for glioma development.

From a therapeutic standpoint, the notion of specifically targeting the
exofacial thiols of cancer cells and tumors has received very little attention,
and is an area ripe for development.
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Abstract

Extracellular thiol/disulfide redox environments are highly regulated in healthy

individuals and become oxidized in disease. This oxidation affects the function

of cell surface receptors, ion channels, and structural proteins. Downstream

signaling due to changes in extracellular redox potential can be studied using a

redox clamp in which thiol and disulfide concentrations are varied to obtain a

series of controlled redox potentials. Previous applications of this approach

show that cell proliferation, apoptosis, and proinflammatory signaling respond

to extracellular redox potential. Furthermore, gene expression and proteomic

studies reveal the global nature of redox effects, and different cell types, for

example, endothelial cells, fibroblasts, monocytes, and epithelial cells, show

cell-specific redox responses. Application of the redox clamp to studies of

different signaling pathways could enhance the understanding of redox transi-

tions in many aspects of normal physiology and disease.
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1. Introduction

Recognition of the highly regulated nature of extracellular thiol/
disulfide couples, measured as GSH/GSSG and cysteine/cystine (Cys/
CySS) redox potentials ( Jones et al., 2000), prompted studies to determine
whether variation in extracellular redox state changed with cell differentia-
tion (Nkabyo et al., 2002) or affected cell growth and proliferation ( Jonas
et al., 200, 2003). The latter studies revealed that human cells in culture
regulate the Cys/CySS redox potential (EhCySS) of the culture medium to
the same value as found in plasma of young health adults (Fig. 10.1).
Subsequent human research has revealed that EhCySS values are more
oxidized in association with disease risk factors and specific diseases ( Jones
and Liang, 2009). In the present chapter, we describe the redox clamp
approach which is useful to study mechanisms whereby variation in extra-
cellular Eh value contributes to disease.

2. Key Concepts for Use

The GSH/GSSG and Cys/CySS couples represent distinct redox
signaling nodes ( Jones et al., 2004) which have not been fully delineated.
The initial observations showed that the GSH/GSSG redox potential
(EhGSSG) in human plasma is maintained at a more reducing steady-state
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Figure 10.1 Changes in cysteine/cystine redox potential in culture medium of HT29
cells. Cells were grown to 90% confluence, culture media was removed, and cells were
washed once with PBS. Cys and CySS-free DMEM with 10% neonatal calf serum was
added with Cys and CySS concentrations calculated as in Table 10.1 to give either
�150 or 0 mV. Samples were collected over a 24-h time course and Cys and CySS
concentrations were measured by HPLC. Eh was calculated using the Nernst equation.
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value (approximately �140 mV) compared to the EhCySS value (approxi-
mately �80 mV). Importantly, the Cys/CySS pool size (>90 mM in Cys
equivalents) in human plasma is at least 10-fold greater than the GSH/GSSG
pool (<9 mM in GSH equivalents). Cell culture media commonly contain
CySS, and only some specialized media contain Cys, GSH, or GSSG.
Consequently, the most commonly used redox clamp has been created by
varying Cys and CySS concentrations.

Under cell culture conditions, cells slowly release GSH into the culture
media, and GSH reacts with CySS to produce the disulfide of Cys and GSH,
CySSG, and a small amount of GSSG (Reed and Beatty, 1978). The rates of
these processes are relatively slow in tissue culture so that unlike the in vivo
situation for plasma, EhCySS and EhGSSG are equilibrated in the culture
medium. Thus, studies with a Cys/CySS redox clamp do not discriminate
between effects of EhCySS and EhGSSG. One can anticipate that systematic
variation in EhGSSG could yield cellular responses which are distinct from
those of EhCySS due to differences in accessibility and reactivity of the
couples with specific protein thiols but this has not been explicitly shown.
Differences are expected because GSH and GSSG are negatively charged
at physiologic pH while Cys and CySS are neutral. Moreover, in lung lining
fluid and bile, the GSH/GSSG pools are in higher abundance than the Cys/
CySS pools. Consequently, in this description of the redox clamp, we
include conditions for systematic variation of both Cys/CySS and GSH/
GSSG pools to facilitate studies to discriminate effects of each couple
(see Tables 10.1, 10.2, 10.3). Similar studies with a homocysteine/homo-
cystine clamp could be useful to understand possible mechanisms of total
homocysteine in cardiovascular disease (CVD).

Human studies show that some disease risks associate with plasma
EhCySS while others associate with plasma EhGSSG ( Jones and Liang,
2009). As summarized below, several studies using a Cys/CySS redox
clamp show cell responses to variation in EhCySS. In addition, Essex and
Li (2003) found that platelet activation was maximal with a mixture of GSH
and GSSG. The optimal value for EhGSSG calculated from their experi-
mental conditions corresponded to the physiologic EhGSSG found in
human plasma. These results highlight the need to consider cellular
responses to EhGSSG separately from EhCySS.

3. Principles for Experimental Design

� Desired Eh values are obtained by addition of selected concentrations of thiol and
disulfide.
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A redox clamp is obtained by using a relatively large pool of Cys plus
CySS in which the concentrations of Cys and CySS are set to values which
give desired Eh values according to the Nernst equation:

EhCySS ¼ Eo þ ðRT=nFÞ ln ð½CySS�=½Cys�2Þ:

In this equation, Eo is the standard half-cell potential (�250 mV for
pH 7.4) for the Cys/CySS couple relative to a standard hydrogen electrode,
R is the gas constant, T is absolute temperature, and F is Faraday’s constant.
The value for n is 2 for a two-electron transfer, so that an alternative form of
the equation, with combined constants is

EhCySS ¼ �250þ 29:5 logð½CySS�=½Cys�2Þ;

where concentrations are expressed in molar values and EhCySS is
expressed in millivolts.

� A total cysteine pool of 200 mM provides a reasonable compromise condition for
most experiments.

A redox clamp can be obtained with different pool sizes. We typically
use a pool size of 200 mM Cys equivalents, that is, CySS concentration is
multiplied by 2 to express in Cys equivalents, and this is added to Cys
concentration (Table 10.1). This provides an initial pool which is at the
upper limit of physiologic concentrations but is useful because the concen-
trations are too high for most cell lines to normalize the Eh within 12 h
(Fig. 10.2A ). Consequently, with this condition, culture media is changed
every 12 h to maintain the clamp (Fig. 10.2B) or more frequently if
necessary. It is important to note that rapidly proliferating cells tend to
adjust the Eh of the culture medium more rapidly than slowly proliferating
cells, and that addition of growth factors increases this rate ( Jonas et al.,
2003). Thus, the redox clamp as described does not provide precisely

Table 10.1 Cys and CySS concentrations and respective redox potentials in pool size
of 200 mM Cys equivalents

Cys (mM) CySS (mM) EhCySS (mV)

0.6 99.7 0.9

4.0 98.0 �49.8

14.0 93.0 �82.5

40.0 80.0 �111.3

80.0 60.0 �132.8

130.0 35.0 �152.1
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clamped values but rather Eh ranges (see Fig. 10.2A). More precise control
can be obtained with a biofermenter which provides continuous control of
Eh, along with control of pH and pO2 (Hwang and Sinske, 1991).

� Verification of Eh is obtained by analysis of respective thiol and disulfide concen-
trations or measurement with a potentiometric electrode.

Cys is relatively unstable in solution but CySS is relatively stable. Most
cell culture media contains CySS in the range of 200–400 mM without Cys,
GSH, or GSSG. Most conditioned medium contains Cys in the low
micromolar range so that upon change of culture media, EhCySS values
are in the range of 0 toþ10 mV. To perform redox clamp studies involving
more negative values which are characteristic of healthy in vivo conditions,
cell culture medium without CySS, Cys, GSH, or GSSG is used to allow
appropriate additions of thiol and disulfide to create desired Eh values.
Verification of values is obtained by measurement of respective concentra-
tions of Cys and CySS and calculation of the Eh value ( Jones and Liang,
2009) or by potentiometric measurements (Ramirez et al., 2007). Values
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Figure 10.2 Human plasma redox states of thiol/disulfide couples, GSH/GSSG, and
Cys/CySS, and control of extracellular EhCySS by cultured cells. (A) Histogram
showing frequency of EhCySS and EhGSSG in human plasma. Data are fasting values
for young, healthy, and physically fit individuals. More reduced, normal and more
oxidized ranges of plasma redox potential are indicated by the labels at the top. (B)
Changes in extracellular EhCySS with time were measured in cultured bovine aortic
endothelial cells (Go and Jones, 2005), human retinal pigment epithelial cells ( Jiang
et al., 2005), and human colonic cancer cells, HT-29 (Anderson et al., 2007). Cells were
incubated with different initial EhCySS (�159, �130, �77, �35, �23, �8 mV) and
concentrations of Cys and CySS were quantified as function of time (0, 1, 2, 4, 10 h).
EhCySS values calculated from the Nernst equation are shown as mean � S.E.M.,
n ¼ 3.
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obtained using potentiometric electrodes are not precisely the same as those
calculated from the Nernst equation because of electrode response char-
acteristics; however, the systematic variation in Eh with altered concentra-
tions of Cys and CySS can be readily determined and are in agreement.

� Serum has small effect on initial Eh value.

Many cells are grown in the presence of serum, which contains a substan-
tial amount of CySS with lesser amounts of Cys, GSH, and GSSG. However,
by avoiding use of more than 10% serum, redox clamp studies can be
performed with only small adjustments for the contributions of serum
(0.5% fetal bovine serum for the studies of endothelial cells). On the other
hand, serum contains growth factors and affects cell growth rate. Conse-
quently, serum should be maintained constant in experimental designs.

� Controls are needed for unambiguous interpretation of redox clamp results.

For any given redox clamp experiment, variations in EhCySS result in
systematic variation in three other parameters, Cys concentration, CySS con-
centration, and [Cys]/[CySS] ratio. Thus, although it is convenient to discuss
effects of redox clamp experiments in terms of association with EhCySS, the
redox clamp results typically do not allow an unambiguous interpretation. For
instance,Cys is required for protein synthesis so that variation inEh could have
effects because the conditions alter the Cys concentration and this affects
protein synthesis. This may or may not have any relationship to the prevailing
Eh value. Similarly, CySS concentration could determine the rate of cysteiny-
lation of a signaling protein, and this could be kinetically limited by the CySS
concentration and not determined by the equilibration with the EhCySS.
Alternatively, CySS could be used for cysteinylation but in a rapid and revers-
ible manner. In this case, the equilibrium reaction,

CySSþ PrSH $ CySSPr þ Cys;

would determine the amount of cysteinylation so that the [Cys]/[CySS]
would be the most relevant expression. Cysteinylation involving mono-
thiols results in a 10-fold change in reduced:oxidized ratio with a 60 mV
change and does not have as much of a gain-of-function per millivolt as the
corresponding dithiol interaction,

CySSþ Prð� SHÞ2 $ 2Cysþ Prð�SS�Þ;

where a 60 mV change corresponds to a 100-fold change in reduced:oxidized
protein ratio (Gilbert, 1990). As is apparent from these multiple possibilities,
that is, dependence upon Cys concentration, CySS concentration, Cys/CySS
ratio, or EhCySS, careful experimental designs are needed to discriminate
possible mechanisms.
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� Variation in pool size to discriminate effects of Eh from respective thiol and disulfide
variations.

A relatively straightforward test to distinguish possibilities is to use
different pool sizes with adjustments of both Cys and CySS concentrations
to obtain the same Eh values (Table 10.2). With this approach, mechanistic
links to Cys or CySS concentration will be separated from those due to Eh.
Such an approach indicated that Eh, rather than Cys or CySS concentration,
was the important parameter in redox signaling of monocyte adhesion to
endothelial cells (Go and Jones, 2005).

� Semilog plots allow discrimination of functions related to Eh and to thiol/disulfide
ratio.

To distinguish effects related to EhCySS from those due to [Cys]/[CySS],
one can plot cell response as a function of the log of [Cys]/[CySS] (Gilbert,
1990). For functions dependent upon the ratio, the slope will be 1. In
contrast, for processes dependent upon EhCySS, the slope will be 2. Such
an approach was used as the basis to conclude that nuclear erythroid 2-related
factor-2 (Nrf2) signaling in response to cellular EhGSSG operates through a
monothiol mechanism (Hansen et al., 2004).

4. Summary of Available Redox Clamp Studies

Hwang and Sinskey (1991) provided an important contribution to the
understanding of redox potential and mammalian cell growth in a study
designed to optimize in vitro conditions for production of biologic products
using cultured mammalian cells. They noted that three parameters were

Table 10.2 Cys and CySS concentrations and respective redox potentials in different
pool sizes

Total pool size of Cys

equivalents (mM) Cys (mM) CySS (mM) EhCySS (mV)

100 0.4 49.8 0.5

10.0 45.0 �83.2

78.0 11.0 �153.9

200 0.6 99.7 �0.9

14.0 93.0 �82.5

130.0 35.0 �152.1

400 0.8 199.6 0.6

20.0 190.0 �82.5

220.0 90.0 �153.6
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critical to rapidly obtain maximum cell density, i.e., pO2, pH, and redox
potential. They found that with pO2 and pH controlled, the redox potential
(measured with a potentiometric electrode) could be maintained by con-
trolled supply of cysteine. Although they did not show that the measured
potential was related to the EhCySS and did not examine underlying
mechanisms, they showed that maximum cell density could be obtained
with a measured potential about �60 mV and that this value was similar for
over 20 different mammalian cell lines. The studies of Hwang and Sinskey
were performed with a biofermenter which allowed continuous control of
pO2, pH, and Eh. Studies summarized below using standard cell culture
conditions (95% air, 5% CO2, pH buffered at 7.4) confirm that with
nominally constant pO2 and pH conditions, cell density varies as a function
of Eh. Importantly, these studies indicate that the effects are specifically
linked to EhCySS and are mediated through effects on both cell prolifera-
tion and cell death.

A study of a human colon carcinoma cell line (Caco-2) showed that cell
proliferation was altered by systematic variation in extracellular EhCySS
over a range (0 to �150 mV) that occurs in human plasma (Jonas et al.,
2002). Caco-2 cells grow slowly in the absence of serum and respond to
growth factors with increased rate of cell division. Incorporation of 5-
bromo-2-deoxyuridine (BrdU) showed that DNA synthesis was lowest at
the most oxidized extracellular Eh (0 mV). Incorporation increased as a
function of redox state, attaining a 100% higher value at the most reduced
condition (�150 mV). Addition of insulin-like growth factor-1 (IGF-1) or
epidermal growth factor (EGF) increased the rate of BrdU incorporation at

Table 10.3 GSH and GSSG concentrations and respective redox potentials in
different pool sizes

Total pool size of GSH

equivalents (mM) GSH (mM) GSSG (mM) EhGSSG (mV)

100 0.2 49.9 4.3

5 47.5 �78.8

55 22.5 �149.8

99.4 0.3 �220.3

200 0.4 99.8 �4.5

8 96 �81.8

92 54 �151.8

198 1 �222.5

400 0.5 199.8 �1.4

10 195 �78.4

140 130 �151.3

391 4.5 �220.7
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more oxidizing redox conditions (0 to �80 mV) but had no effect at
�150 mV. Cellular GSH was not significantly affected by extracellular
Eh. In the absence of growth factors, extracellular Eh values were largely
maintained for 24 h. However, IGF-1 or EGF stimulated a change in
extracellular redox to values similar to that for EhCySS in plasma of
young, healthy individuals. The results showed that extracellular EhCySS
modulates cell proliferation rate and that this control interacts with growth
factor signaling apparently independent of cellular GSH.

In a follow-up study with Caco-2 cells ( Jonas et al., 2003), the effects of
extracellular EhCySS on glutamine (Gln) and keratinocyte growth factor
(KGF)-stimulated cell proliferation were studied. Gln (10 mM) or KGF
(10 mg/l) did not alter BrdU incorporation at reducing Eh (�131 to
�150 mV), but significantly increased incorporation at more oxidizing Eh

values (Gln at 0 to �109 mV; KGF at �46 to �80 mV). Cellular EhGSSG
was unaffected by Gln, KGF, or variations in extracellular EhCySS. Control
cells largely maintained extracellular Eh at initial values after 24 h (�36 to
�136 mV). However, extracellular EhCySS shifted toward a narrow phys-
iological range with Gln and KGF treatment (Gln, �56 to �88 mV; KGF,
�76 to �92 mV). The results showed that EhCySS is an important
determinant of Caco-2 cell proliferation induced by Gln and KGF, that
this control is independent of intracellular GSH redox status, and that both
Gln and KGF enhance the capability of Caco-2 cells to modulate extremes
of extracellular redox.

A more reduced extracellular EhCySS activates cell proliferation in
Caco-2 cells through the mitogenic p44/p42 mitogen-activated protein
kinase (MAPK) pathway (Nkabyo et al., 2005). In the absence of added
growth factors, �150 mV induced an 80% increase in EGFR phosphory-
lation, and this was followed by a marked increase in phosphorylation of
p44/p42 MAPK. Inhibitors of EGFR (AG1478) and p44/p42 MAPK
(U0126) phosphorylation blocked redox-dependent p44/p42 phosphory-
lation, indicating that signaling occurred by EGFR. These effects were
inhibited by pretreatment with a nonpermeant alkylating agent, showing
that signaling involved thiols accessible to the extracellular space. The
EGFR ligand, transforming growth factor-a (TGF-a), was increased in
culture medium at more reduced redox states. Redox-dependent phos-
phorylation of EGFR was completely prevented by a metalloproteinase
inhibitor (GM6001), and an antibody to TGF-a partially inhibited the
phosphorylation of p44/p42 MAPK. Together, the data showed that an
EhCySS-dependent activation of a metalloproteinase stimulates the mito-
genic p44/p42 MAPK pathway by a TGF-a-dependent mechanism.

Redox clamp studies were used with cultured aortic endothelial cells and
monocytes to determine whether oxidized values of EhCySS could con-
tribute in a causal way to atherosclerosis development (Go and Jones, 2005).
Endothelial cells were exposed to initial EhCySS from �150 to 0 mV.
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Compared with the more reduced Eh, oxidized EhCySS stimulated cellular
H2O2 but not nitric oxide production, activated nuclear factor-kB,
increased expression of adhesion molecules (intercellular adhesion mole-
cule-1, platelet endothelial cell adhesion molecule-1, P-selectin), and
stimulated monocyte binding to endothelial cells. Measurement of protein
thiols in the extracellular membrane proteins showed that extracellular
EhCySS regulated redox states of membrane proteins, indicating that varia-
tion in extracellular EhCySS is detected and signaled at the cell surface.

A subsequent study (Go et al., 2009a) showed that mitochondria are
a major source of oxidant production in the NF-kB signaling response to
a more oxidized extracellular EhCySS. Analyses with mitochondrial ROS-
sensitive reagents, MitoSox and MitoTracker showed that oxidant produc-
tion in response to EhCySS in mouse aortic endothelial cells occurred
in mitochondria and that this production was blocked in cells from thior-
edoxin-2 (Trx2) transgenic mice. Mass spectrometry-based redox proteo-
mics showed that several classes of plasma membrane and cytoskeletal
proteins involved in inflammation responded to oxidized EhCySS, includ-
ing vascular cell adhesion molecule, integrins, actin, and several ras family
GTPases. Together, the data show that the proinflammatory effects of
oxidized plasma EhCySS in endothelial cells are due to a mitochondrial
signaling pathway which is mediated through redox control of downstream
effector proteins. Because EhCySS is oxidized in association with risk factors
for CVD, including age, smoking, type II diabetes, obesity, and alcohol
abuse, the data support a cause–effect relationship of extracellular EhCySS in
cell signaling pathways associated with CVD, including those which control
monocyte adhesion to endothelial cells.

Microarray analysis and mass spectrometry-based proteomics were used
to evaluate global changes in protein redox state, gene expression, and
protein abundance in THP1 monocytes in response to EhCySS (Go et al.,
2009b). The percentage oxidized protein thiols for �150 and 0 mV were
determined using nanoLC-MS/MS with a redox ICAT method (Go et al.,
2009c). Oxidized EhCySS in THP1 monocytes resulted in approximately
10% of the peptides detected being more oxidized. Despite the global
nature of these proteomic changes, oxidation of the major cytoplasmic
thiol systems, GSH and Trx1, was not detected. The relative abundance
of proteins for �150 and 0 mV were determined using nanoLC-MS/MS
with a quantitative ICAT method. Protein abundance results showed
that oxidized extracellular EhCySS stimulated toxicologic and canonical
pathways mediated by Nrf2. Abundance of six proteins in this pathway
were found to be higher at 0 mV compared with �150 mV, including
ACTB (actin-beta, P60709), CAT (catalase, P04040), CCT7 (chaperonin
containing TCP1, Q99832), GSTM3 (glutathione S-transferase M3,
P21266), HSP90AB1 (heat shock protein 90kD, P08238), and VCP (valo-
sin-containing protein, P55072). Thus, the quantitative proteomics analyses
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showed that oxidized EhCySS increased abundance of components linked
to oxidative stress and glutathione metabolism. Microarray and pathway
analysis also showed activation of stress/detoxification pathways (e.g.,
NADPH:quinone oxidoreductase-1, ferritin, maf) at 0 mV and revealed
that interleukin (IL)-1b-related pathways and cell death pathways were also
increased by the oxidized EhCySS.

In contrast, components of cell growth and proliferation pathways were
increased by �150 mV. The genes expressed highly by the reduced redox
state included transcription factors and regulators [early growth response
protein (egr1, 2, 3), cyclin-l-1 (ccnl1), nuclear receptor subfamily-4 (nr4a2),
polo-like kinase-2 (plk2), and prostaglandin-endoperoxide synthase2
(ptgs2)] supporting positive regulation of cell growth and proliferation.
Phenotypic studies confirmed that a cell stress response occurred with
oxidized EhCySS and that cell proliferation was stimulated with reduced
EhCySS. The results from this study Go et al. (2009b) with THP1 cells
support the conclusion that plasma EhCySS provides a control over mono-
cyte phenotype which could contribute to CVD risk and provide a novel
therapeutic target for disease prevention.

The effect of oxidized EhCySS on proinflammatory signaling was stud-
ied in more detail in U937 monocytes, specifically examining whether
oxidized EhCySS is a determinant of IL-1b levels (Iyer et al., 2009). Results
showed a 1.7-fold increase in secreted pro-IL-1b levels in U937 monocytes
exposed to �46 mV compared to controls exposed to a physiological Eh of
�80 mV. This response was directly confirmed in LPS-challenged mice,
where preservation of plasma EhCySS from oxidation by dietary sulfur
amino acid (SAA) supplementation was associated with a 1.6-fold decrease
in plasma IL-1b compared to control mice fed an isonitrogenous SAA-
adequate diet. Similarly, analysis of EhCySS and IL-1b in human plasma
revealed a significant positive association between oxidized EhCySS and IL-
1b after controlling for age, gender, and BMI. Together, the data substanti-
ate the value of the redox clamp approach in showing that oxidized
extracellular EhCySS is a determinant of IL-1b levels.

Additional support for stimulation of cell death pathways by an oxidized
EhCySS was obtained using the redox clamp in study of oxidant-induced
apoptosis in human retinal pigment epithelial (hRPE) cells (Jiang et al.,
2005). hRPE cells were incubated in culture medium with EhCySS varied
from þ16 mV (most oxidized) to �158 mV (most reduced). The hRPE
were sensitized to tert-butylhydroperoxide (tBH)-induced apoptosis in the
more oxidized extracellular conditions (Eh > �55 mV) compared with
the reduced conditions (Eh < �89 mV). Loss of mitochondrial membrane
potential (Dmm), release of cytochrome c, and activation of caspase 3 after
tBH treatments all increased under the more oxidized conditions. In con-
trast, EhCySS did not affect expression of Fas or FasL in hRPE cells.
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The results suggest that the oxidized EhCySS, which has been found in
patients with age-related macular degeneration (Moriarty-Craige et al.,
2005), could contribute to susceptibility of hRPE to oxidant-induced
apoptosis through the intrinsic mitochondrial pathway, and thereby con-
tribute to an age-related decline in cell populations. The studies do not
exclude a contribution of the Fas pathway to macular degeneration, but
suggest that the increased sFasL, which has been found to increase in human
plasma with age ( Jiang et al., 2008), is not likely to occur directly in the
hRPE in response to an oxidized EhCySS.

Additional support for Nrf2-dependent activation of cell protective
systems in response to oxidized EhCySS was obtained by applying
the redox clamp to NIH 3T3 fibroblasts (Imhoff and Hansen, 2009).
An oxidized extracellular Cys/CySS redox potential was found to activate
nuclear factor-erythroid 2-related factor 2 (Nrf2) and induce an antioxidant
response. Cellular and mitochondrial oxidant production increased in cells
at 0 and �46 mV compared to �80 mV, and mitochondrial thioredoxin
(Trx2) became oxidized. The study confirmed the findings described above
that oxidized extracellular EhCySS stimulates mitochondrial oxidant gener-
ation and activates Nrf2-regulated gene expression.

Studies with the redox clamp also show that oxidized EhCySS activates
profibrotic signaling pathways which could contribute to pulmonary fibro-
sis by stimulating lung fibroblast proliferation and matrix deposition
(Ramirez et al., 2007). Such studies are important because mechanisms
that link oxidant stress to fibrogenesis remain only partially elucidated.
Unlike cells described above, which proliferated more rapidly with
more reduced EhCySS (<�80 mV), primary murine lung fibroblasts were
stimulated to proliferate when exposed to an oxidized EhCySS (>�46 mV).
The oxidized condition also stimulated expression of fibronectin, a matrix
glycoprotein highly expressed in fibrotic lung diseases and implicated in
lung injury. This stimulatory effect was dependent on protein kinase
C activation. Oxidized EhCySS increased the phosphorylation of cAMP
response element binding protein, a transcription factor known for its ability
to stimulate fibronectin expression, and increased the expression of mRNAs
and proteins coding for the transcription factors, nuclear factor, NF-kB
and mothers against decapentaplegic homolog 3 (SMAD3). Fibroblasts
cultured in normal (�80 mV) or reduced (�131 mV) EhCySS showed
less induction. Fibronectin expression in response to an oxidized EhCySS
value was associated with expression of TGF-b1 and was inhibited by an
anti-TGF-b1 antibody and SB-431542, a TGF-b1 receptor inhibitor.
Thus, the redox clamp approach provided important evidence that an
oxidized EhCySS could contribute to pulmonary fibrosis by stimulating
lung fibroblast proliferation and matrix expression through upregulation
of TGF-b1.
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5. Perspectives and Conclusion

The redox clamp approach as described provides a straightforward and
convenient means to test for redox signaling processes which are dependent
upon extracellular EhCySS or EhGSSG. The cumulative evidence indicates
that multiple extracellular and cell surface proteins are responsive to thiols
and disulfides in the plasma and other extracellular fluids. Although infor-
mation on Eh values for thiol/disulfide couples in biologic fluids is limited,
the available data has been recently reviewed (Go and Jones, 2008)
and provides sufficient information to design studies for many cell types.
Importantly, the available data show that cell types differ in their responses
to extracellular redox potential so that there is a considerable opportunity to
apply the redox clamp approach to different biologic research questions.

Presently, there is little information concerning the polarity of redox
responses. Given that epithelial surfaces are highly polarized, different effects
are likely to occur with oxidative or reductive changes on the poles of the
cell. Such effects could be very important under conditions where barrier
integrity fails. Indeed, irrigation solutions designed to provide correct Eh

values for biologic surfaces may be useful for a range of surgical and other
interventional procedures.

A subject of particular interest for cancer prevention is the possibility that
the stimulated cell proliferation due to a more negative EhCySS could
contribute to tumor growth. Cells with poor vascularization are likely to be
more reduced. The studies with Caco2 cells show that more reduced EhCySS
stimulates cell proliferation independent of growth factors and to an extent
equivalent to growth factor stimulation. Thus, EhCySS-stimulated growth
could be relevant to uncontrolled growth in solid tumors.

Finally, the mechanisms which normally control extracellular redox
potentials are largely unknown. In vitro and in situ perfused organ studies
show that cells have a considerable activity in redox control. Studies in
hepatocytes suggested that regulation of extracellular Eh could involve GSH
release and thiol–disulfide exchange reactions (Reed and Beatty, 1978).
However, subsequent research in colon carcinoma (HT29) cells showed
that depletion of GSH by pretreatment with buthionine sulfoximine did not
impair the cells capacity to regulate extracellular EhCySS (Anderson et al.,
2007). The best available data supports the function of a cysteine–cystine
shuttle mechanism (Dahm and Jones, 2000) in which CySS is transported
into cells, reduced to Cys, and Cys is released to the extracellular fluid.

In summary, the presently described method for use of a thiol–disulfide
redox clamp in cell culture provides a means to study effects of thiol/
disulfide redox potential on cell functions. The method is limited by the
requirement that cell culture media be periodically changed and the lack of
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continuous, precise control of Eh values. However, the approach has been
used in a number of studies with different cell types and reveals fundamental
cell properties, including cell proliferation and cell death, are sensitive to Eh.
Moreover, pathways relevant to cardiovascular and lung diseases are clearly
responsive to Eh when studied using this model. Consequently, the redox
clamp should be considered as a general approach to incorporate into in vitro
studies of redox signaling.
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Abstract

Albumin, the main protein in plasma, is prone to different mechanisms of

oxidative modification since extracellular fluids contain only small amounts of

antioxidant enzymes. The redox state of cysteine-34 of human albumin defines

three fractions which allow to monitor albumin oxidation: mercaptalbumin with

a free thiol group, nonmercaptalbumin1 containing a disulfide, and nonmercap-

talbumin2 with a sulfinic or sulfonic acid group. These fractions can be sepa-

rated by HPLC and detected with UV or fluorescence detection. The method is

very rugged and only simple sample preparation is needed. It has been used to

demonstrate albumin oxidation during exercise, aging, and pathologies like
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diabetes, liver disease, or renal disease. Problems may arise when high endog-

enous concentrations of bilirubin or certain drugs are present. The redox state

of albumin shows high variability and is hence a valuable tool for the investiga-

tion of reversible and irreversible modification of plasma protein.

1. Background

The redox state of thiols in general and the extracellular thiol/disulfide
redox state have gained broad attention in recent years. The situation in
plasma is often described in terms of cysteine, cysteinylglycine, homocyste-
ine, and glutathione which occur as thiols homo- or mixed disulfides.
However, by far the largest thiol pool in plasma is comprised by albumin
which contains a single cysteine (cys-34) not involved in one of the 17
intramolecular disulfide bonds (Peters, 1996).

As the main plasma protein albumin is one of the major targets of
oxidative modification (Himmelfarb and McMonagle, 2001; Shacter et al.,
1994) and several authors describe oxidized albumin or albumin redox state
(for review see Oettl and Stauber, 2007). However, there are a number
of possibilities to oxidize albumin, therefore the terms need further expla-
nation. Cysteine-34 is a particular redox sensitive site of albumin
and therefore it is legitimate to speak of the redox state of albumin in
terms of cys-34.

Chromatographic separation of albumin gives three fractions according
to cys-34: (i) the free thiol form called human mercaptalbumin (HMA);
(ii) the disulfide with a small thiol compound, mainly cysteine or cystei-
nylglycine but also homocysteine and glutathione, called human nonmer-
captalbumin1 (HNA1); and (iii) the higher oxidized form with cysteine as
sulfinic or sulfonic acid (Fig. 11.1) (Peters, 1996). The sulfenic acid form has
been described to be unstable and occur as an intermediate in the formation
of the disulfide (Carballal et al., 2006; Turell et al., 2009). In a healthy young
person HMA accounts for 70–80%, HNA1 for 20–30%, and HNA2 for
about 2–5% of total albumin. It has been described that during numerous
diseases and aging the fractions of the oxidized forms are increased.

2. HPLC Analysis

Chromatographic methods for the separation of albumin fractions
according to the sulfhydryl content have been described in the 1960s
(Anderson, 1965; Janatova et al., 1968). In the 1980s a method for the
separation of HMA and HNA has been published (Era et al., 1988; Sogami
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et al., 1985) and developed further to separate HMA, HNA1, and HNA2
(Hayashi et al., 2000). The application of this method will be described here.

Albumin was separated on a Shodex-Asahipak ES-502N DEAE anion
exchange column (7.5 � 100 mm) at 35 �C. The elution was carried out
with a gradient using 50 mM sodium acetate, 400 mM sodium sulfate,
pH 4.85 and up to 6% ethanol at a flow rate of 1.0 ml/min. For the first
5 min elution was carried out without ethanol, from 5 to 25 min ethanol
was raised linearly to 6% which was kept for 5 min. From 30 to 35 min
ethanol was reduced to 0% again. After further 5 min without ethanol the
next run was started. Detection can be carried out by UV absorption at
280 nm or fluorescence at 280/340 nm wavelength for excitation and
emission, respectively. As no baseline separation of albumin fractions can
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Figure 11.1 Structure of albumin: (A) HMA with a free thiol group, (B) HNA1 as
disulfide with cysteine, and (C) HNA2 with a sulfonic acid group. Cysteine-34 is shown
in space-fill representation. The graph was created using a PDB-file of Curry et al.
(1998) (PDB-ID 1BJ5).
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be achieved by this method, quantification was described by fitting Gaussian
functions to the peak shapes by a simulation software (Hayashi et al., 2000).
The use of peak heights for quantification is also possible.

The parameters of interest concerning the redox state of albumin in terms
of cys-34 are the relative fractions. The determination of the redox potential
as it is defined by the Nernst equation and applied to glutathione or cysteine
would afford the knowledge of the absolute concentrations of albumin
fractions and the small thiol compounds of interest. In any case, the absolute
quantification of HMA, HNA1, and HNA2 are problematic as no standards
are available. HMA and HNA1 are reversibly convertible. HMA may be
generated from HNA1 by incubation with glutathione and HNA1 can
be synthesized from HMA by incubation with cystine. Also HNA2 can be
made fromHMA by oxidation with hydrogen peroxide (Fig. 11.2) (Hayashi
et al., 2002b). However, commercially available albumin preparations
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Figure 11.2 Chromatograms of albumin preparations: (A) HMA (peak 1), (B) HNA1
(peak 2), (C) HNA2 (peak 3), and (D) commercial human serum albumin. HMA was
prepared from albumin shown in (D) (20% albumin solution from Behring GmbH) by
incubation of 0.1 mM albumin in phosphate-buffered saline, pH 7.4 with 5 mM
glutathione for 1 h at room temperature. HNA1 was prepared from the same commer-
cial albumin by incubation with 2 mM cystine at room temperature for 2 days. HNA2
was prepared fromHMA by incubating 0.1 mMHMAwith 5 mM hydrogen peroxide at
room temperature for 3 h.
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contain different amounts of HNA2 which cannot be reduced and anyone
who is working with commercial albumin should bear that in mind. Conse-
quently, preparations of HMA and HNA1 are always contaminated by
HNA2. A typical albumin preparation (20% solution from Behring
GmbH, Vienna, Austria) consists of about 50% HMA, 41% HNA1, and
9% HNA2 (Fig. 11.1A). As HNA2 is not completely separated from HNA1
and comprises only a minor fraction of albumin, the accurate quantification
of HNA2 is not always possible. If the accurate amount of HNA2 is of
interest, an improvement of HNA2 quantificationwould be the reduction of
HNA1 to HMA by incubation of the sample with glutathione. The result
would be the appearance of HNA2 as a fully separated peak which then
could be quantified reliably (Fig. 11.2).

2.1. Sample preparation

Plasma, serum, aqueous humor, synovial fluid, cell culture media, or com-
mercial albumin solutions have been used as samples. Plasma samples were
diluted 1:100 with 0.3 M NaCl, 100 mM sodium phosphate (pH 6.87) and
filtered through a Whatman 0.45 mm nylon filter. Comparison of samples
from 11 donors showed no significant differences between serum and
plasma (Table 11.1).

As the sample volume needed is quite low due to dilution (we normally
take 10 ml of samples and dilute with 990 ml buffer), plasma or serum
prepared from capillary blood taken from the finger tip may be used.
However, in this case we found slightly but significantly lower values of
HMA and accordingly higher values of HNA1. HNA2 did not differ
significantly (Table 11.1).

It was reported that albumin from human aqueous humor or synovial
fluid may also be analyzed by this method when the gradient was modified
(up to 10% ethanol) (Hayashi et al., 2000; Tomida et al., 2003).

It is important that plasma or serum preparations are not hemolytic. Addi-
tion of erythrocyte lysate to plasma to mimic hemolysis showed that upon
hemolysis albumin fractions are shifted fromHNA1 to HMA (Fig. 11.3). This
is presumably due to the release of glutathione from red blood cells.

Table 11.1 Albumin in plasma and serum

HMA (%) HNA1 (%) HNA2 (%)

Serum, venous 57.5 � 7.0 38.5 � 6.6 4.0 � 0.6

Plasma, venous 56.8 � 6.7 38.3 � 6.2 4.4 � 0.8

Serum, capillary 53.7 � 8.0 (0.007) 42.0 � 7.7 (0.011) 4.3 � 0.6

The percentages of albumin fractions in different kinds of samples are given (mean values � S.D.).
Numbers in parentheses give the p-values for capillary versus venous serum (paired Student’s t-test). All
other parameters did not differ significantly.
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Once the plasma sample is diluted it is stable at 4 �C for at least overnight
runs. Performing 26 consecutive HPLC runs of the same diluted sample
(which takes almost 17 h), we observed relative standard deviations of 0.4%,
1.3%, and 5.1% for HMA, HNA1, and HNA2, respectively.

2.2. Sample storage

The storage of the samples is another important factor. We stored plasma
samples at 4, �20, and �70 �C, respectively. Frozen samples were thawed
and frozen again up to nine times. The influence of the storage temperature
is shown in Fig. 11.4. If the samples are stored at 4 �C it is necessary that
analysis is performed at the same day. Otherwise there will be a shift from
HMA to HNA1. At �20 �C a marked shift to HNA1 was observed from
the second freeze/thaw cycle after 2 weeks. At�70 �C there is only a slight
shift to HNA1 which is, however, held constant over five freeze/thaw
cycles within 8 weeks. HNA2 did not change in our experiments. It has
been reported that storage at �80 �C for 170 days without thawing results
in only minimal increases of HNA1 (Hayashi et al., 2002a).

2.3. Other species

Albumin from rat serum could be separated by this method in mercaptal-
bumin and nonmercaptalbumin (Hayashi et al., 2002a). Analyzing commer-
cial bovine serum albumin (A6003 albumin from bovine serum from Sigma,
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Figure 11.3 Influence of hemolysis on albumin fractions: Erythrocytes were lysed by
ultrasonication for 60 s and added to plasma. Albumin fractions were analyzed by
HPLC after 15 min incubation at room temperature. Hemoglobin was analyzed by a
routine clinical chemical method (m, HNA1; ○, HNA2).
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Vienna, Austria), we found one major peak which was identified as mer-
captalbumin as the peak declined after incubation with cystine. The disul-
fide formed could be only partially separated from the initial peak (data not
shown). Using mouse plasma and applying different modified gradients, we
found three peaks which could not be separated sufficiently enough for
reliable quantification (data not shown).

3. Albumin Thiol State and Exercise

It was reported that during strenuous exercise albumin fractions are
shifted to more oxidized forms. After a 4-day Kendo training HMA was
decreased, while HNA1 and HNA2 were increased (Imai et al., 2002,
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Figure 11.4 Influence of storage temperature on albumin fractions: EDTA plasma was
stored at different temperatures for the time indicated and then analyzed by HPLC:
(A) 4 �C: d, HMA; ○, HNA1; (B) �20 �C: d, HMA; ○, HNA1; and �70 �C:
m, HMA; △, HNA1. In (B) the same samples were thawed and frozen again.
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2005). In the case of exercise the study protocol has to pay regard to
intensity of exercise and the time point of sample collection. We found an
increasing intensity-depending shift from HMA to HNA1 after 40 min
exercise at 70%, 75%, and 80% of VO2max in a group of healthy trained men
(69.5 � 2.4%, 67.9 � 1.9%, 67.2 � 2.3%, and 65.9 � 2.0% HMA at
baseline and increasing intensities, respectively). The fraction of HNA2
was not changed significantly in this setting (Lamprecht et al., 2008).
Immediately and 30 min after exercise the described shifts could be found.
Regeneration of albumin redox state after exercise occurred at least in part
overnight (Imai et al., 2005) and complete regeneration was found after 30 h
(Lamprecht et al., 2009). Even overcompensation was reported a day after
the 4-day Kendo training by an increase of the mean HMA fraction from
initially 72.6 to 83.2% (Imai et al., 2005). However, data concerning the
physiological kinetics of albumin oxidation and regeneration in the course
of exercise are scarce.

The changes of HMA and HNA1 levels due to exercise may seem only
slight. However, one has to bear in mind that albumin occurs in a concen-
tration range around 600 mM and that a decrease of only 1% HMA means a
drop of the albumin thiol pool of 6 mM!

4. Influence of Supplementation

Only two reports exist describing the effect of nutritional supplemen-
tation on albumin redox state. A high-dose supplementation of propolis
tablets during a short time period suppressed albumin oxidation caused by
strenuous exercise (Imai et al., 2005). On the other hand, a low-dose
supplementation with a fruit and vegetable extract for 28 weeks did neither
change the baseline levels of albumin fractions nor did it inhibit exercise
induced shift from HMA to HNA1 (Lamprecht et al., 2009). In contrast,
supplementation of thiol compounds like N-acetylcysteine may release
cysteine from HNA1 (Harada et al., 2004).

5. Albumin Oxidation in Disease

A number of diseases are accompanied by oxidative stress (Halliwell
and Gutteridge, 1999). Therefore, it could be expected that albumin
redox state is altered under pathophysiological conditions. The method
of albumin analytics described here has been used to investigate albumin
from patients suffering different diseases like noninsulin-dependent diabetes
mellitus (NIDDM; Oettl et al., 2010; Suzuki, et al. 1992), cataract
(Hayashi et al., 2000; Oettl et al., 2010), joint disorders (Tomida et al.,
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2003), chronic renal disease (Marsche et al., 2009; Matsuyama et al., 2009;
Terawaki et al., 2004), and liver disease (Oettl et al., 2008, 2009; Sogami
et al. 1985).

5.1. Nonserum albumin

Albumin from aqueous humor of cataract patients was shown to be signifi-
cantly different from the corresponding serum albumin. While serum
albumin consisted of 66.4 � 4.5% HMA, 31.0 � 4.4% HNA1, and
2.6 � 0.8% HNA2, aqueous humor albumin was distinctly shifted to
oxidized fractions (3.5 � 5.5% HMA, 84.5 � 8.1% HNA1, and
12.0 � 4.4% HNA2) (Hayashi et al., 2000). However, the separation of
aqueous humor albumin into fractions was by far less good compared to
serum albumin. Investigating cataract patients we found no difference
in serum albumin fractions compared to age-matched controls (Oettl
et al., 2010).

Analogous to aqueous humor in synovial fluid, HNA1 was increased in
both controls and patients with temporomandibular joint disorders, while
HNA2 was increased only in the patient group (Tomida et al., 2003). For
the analysis of aqueous humor and synovial fluid a modified gradient
was applied with no ethanol from 0 to 1 min, a linear increase to 10%
ethanol from 1 to 50 min, and a decrease back to 0% ethanol from 50 to
55 min.

5.2. Diabetes

Suzuki et al. reported clearly lower levels of HMA in NIDDM patients
compared to controls (63 � 7% vs. 75 � 3%). However, in this study the
control subjects were more than 30 years younger compared to the patients
(Suzuki et al., 1992). Investigating albumin of age-matched personswe found
only slightly but significantly decreased fractions of HMA (53.5 � 1.0% vs.
56.8 � 0.8%) and increased fractions of HNA1 (42.8 � 0.9% vs.
39.7 � 0.9%) and HNA2 (3.7 � 0.9% vs. 3.5 � 0.1%) in NIDDM patients
compared to persons without NIDDM (Oettl et al., 2010). While in the
earlier report complications like retinopathy, nephropathy, and neuropathy
did not affect the albumin redox state, we found further shift from HMA to
HNA1 in patients with proliferating diabetic retinopathy (50.8 � 2.3%
HMA and 45.4 � 2.3% HNA1) (Oettl et al., 2010).

5.3. Liver disease

Severe oxidative modifications of serum albumin have been reported in
patients with liver disease (Sogami et al., 1985). Liver cirrhosis was found to
be accompanied by a shift of albumin from HMA to HNA1. On the other
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hand, in acute-on-chronic liver failure (ACLF), an acute deterioration of
liver function over a period of 2–4 weeks, very high levels of HNA2 have
been detected (Table 11.2, Fig. 11.5) (Oettl et al., 2008, 2009). In the case of
ACLF patients an important methodological problem emerged. ACLF is
accompanied by enormously high levels of bilirubin (up to 400 mg/l

Table 11.2 Oxidized albumin in healthy persons and patients

n Age (year) HNA1 (%) HNA2 (%)

Control (children) 13 13.9 � 0.3 21.2 � 2.5 3.0 � 0.6

Controls (adults) 15 55.3 � 5.1 29.1 � 4.0 3.0 � 0.5

LC 10 57.2 � 6.0 39.6 � 6.1 7.5 � 2.4

ACLF 8 58.4 � 4.0 41.4 � 7.4 15.4 � 3.4

HD 11 69.4 � 14.1 59.2 � 14.7 n.d.

NIDDM 53 73.1 � 1.3 42.8 � 0.9 3.7 � 0.9

Mean values � S.D. are given. LC, liver cirrhosis; ACLF, acute-on-chronic liver failure; HD,
hemodialysis; NIDDM, noninsulin-dependent diabetes mellitus; n.d., not determined.
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Figure 11.5 Representative HPLC chromatograms of plasma samples: (A) plasma of a
young healthy control, (B) HD patient, and (C) ACLF patient. In (A) and (B) fluores-
cence detection and in (C)UVdetectionwas used (Peak 1,HMA;Peak 2,HNA1;Peak 3,
HNA2). The arrow shows an additional peak in the chromatogram of HD plasma.
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compared to <10 mg/l in controls). The detection method we apply
routinely in albumin analysis utilizes fluorescence. Bilirubin, however, is a
quencher of fluorescence and in albumin samples from ACLF patients it
turned out that fluorescence is predominantly quenched in HMA and much
less in HNA1 and HNA2. Hence fluorescence detection and UV detection
gave different results concerning the relative amount of albumin fractions in
ACLF samples. Therefore, in the case of ACLF patients, UV detection is
superior compared to fluorescence detection. On the other hand, we used
the observed selective fluorescence quenching to conclude a preferred
binding of bilirubin to HMA (Oettl et al., 2008).

5.4. Hemodialysis

It has been shown that in predialysis patients with chronic renal disease
oxidized albumin fractions increased with decreasing kidney function
(Matsuyama et al., 2009; Terawaki et al., 2004). In patients undergoing
maintenance hemodialysis (HD), increased levels of HNA have been
reported (Soejima et al., 2004), albumin was shown to be a major target of
oxidative modification (Himmelfarb and McMonagle, 2001) and we found
the highest levels of HNA1 of all patient groups in HD patients
(Table 11.2). Because of the high level of HNA1, quantification of
HNA2 was not possible reliably (Fig. 11.5 B). In an earlier study essentially
the same HNA2 levels were found in HD patients and controls (Soejima
et al., 2004). In 6 out of 11 chromatograms of HD patients a characteristic
fronting of the HNA1 peak appeared. However, the nature of this shoulder
has not been characterized up to now. Recently, we could show that
albumin from HD patients obtained new binding properties and displaces
high-density lipoprotein from its receptor scavenger receptor class B, type I
(Marsche et al., 2009). There is strong evidence that phagocytes are acti-
vated during the dialysis procedure generating the myeloperoxidase cata-
lyzed oxidant hypochlorous acid (Capeillere-Blandin et al., 2006). We
could recently show that hypochlorous acid oxidized albumin accumulates
in human atherosclerotic lesions (Marsche et al., 2007).

6. Albumin Thiol State During Aging

Different parameters of oxidative stress have been shown to be
increased in aged persons (Halliwell and Gutteridge, 1999). Plasma thiol
compounds were described to be shifted to disulfides with increasing age
(Dröge, 2002; Era et al., 1988, 1995; Jones et al., 2002). We found that the
percentage of HNA1 significantly increases with age (r ¼ 0.649, p < 0.001,
Fig. 11.6). The picture is similar to the course of GSSG or cystine during
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aging ( Jones et al., 2002). From our data we cannot conclude whether the
albumin redox state remains constant during the first decades and then
increases or it increases continuously from childhood on. With increasing
age it is also getting more and more difficult to rule out that pathophysio-
logical changes have developed in the subjects investigated. A principal
problem of the parameter albumin redox state is evident in Fig. 11.6 A.
Even in healthy children the variation of HNA1 is very high and the
percentage ranges from about 17% to 27% which reflects an albumin thiol
concentration of about 100–160 mM, assuming a total albumin concentra-
tion of 600 mM. No data are available to conclude possible reasons or
consequences of these high variations.

While there is a highly significant correlation of HNA1 with age, no
such correlation was found for HNA2 (Fig. 11.6 B). The variations are even
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higher as found for HNA1. However, one has to bear in mind that the
quantification of the small HNA2 peak (which is often only a shoulder of
the HNA1 peak) is less accurate.

7. Summary

It has been well documented that albumin is quite vulnerable to
reactive oxidant species in vivo. In this chapter we described the separation
of albumin according to the redox state of cys-34. Changes in the redox
state of cys-34 involve a reversible oxidation of HMA to the disulfide
HNA1 and the irreversible oxidation to HNA2. HPLC analyses of these
albumin fractions provides much more information compared to the mea-
surement of plasma total or protein thiol groups. It should be noted that
in vivo multiple mechanisms may contribute to oxidize albumin. This is
reflected by different patterns of albumin oxidation in different diseases.
However, aged subject groups with distinct pathologies often show consid-
erable overlaps. Therefore, one has to take care in selecting subjects for
studies and statistical methods for analyzing data (Oettl et al., 2010). The
variations of albumin fractions in patients and healthy persons are quite
high. Hence, it is difficult to draw conclusions from the momentary redox
state of albumin. On the other hand, especially in longitudinal and compar-
ative studies it is a very useful tool for the evaluation of the systemic redox
state in health, disease, and aging.
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signaling pathways of hormetic mechanisms remain to be elucidated. For the

investigation of possible role of thiol redox signaling systems in hormesis, a

serum deprivation preconditioned human cell model, free radical assays, and

molecular biological methods are employed for studying whether free radicals,

the �NO–cGMP–PKG cell signaling pathway, and the redox protein thioredoxin

(Trx) play any roles in the hormetic mechanism against cytotoxicity caused by

serum deprivation and also neurotoxin 1-methyl-4-phenyltetrahydropyridinium

ion (MPPþ). This �NO-dependent cell signaling pathway of the redox protein Trx

may play a key role in the cellular protective mechanism of several potential

neuroprotective agents such as S-nitrosoglutathione (GSNO), 17b-estradiol,
selegiline as well as ebeselen, sildenafil, and rasagiline. Consistently, exoge-

nously administrated Trx (<1 mM) provides a concentration-dependent protec-

tion for human neuroblasts against MPPþ-induced oxidative injury. This newly

discovered role of the redox protein of Trx in preconditioning-induced cell

signaling and protection could lead to the development of new lead compounds

for upregulation of Trx and related thiol redox proteins for cell survival, repair,

proliferation, and neuronal plasticity.

1. Hormetic Mechanism: Role of Redox Cycling

of Thioredoxin

Several studies indicate that preconditioning cascades are triggered by a
brief surge of reactive oxygen species (ROS) and a prolonged release of nitric
oxide (�NO) (Andoh et al., 2000, 2002a; Chiueh et al., 2005a; Huang, 2004;
Kapinya et al., 2002; Tapuria et al., 2008; Zhao and Zuo, 2004). Pretreatment
of antioxidants blocks most cellular protections induced by preconditioning
procedures (Andoh et al., 2000, 2002a; Gidday, 2006). Therefore, nonlethal
ROS serve as signaling molecules that upregulate host defenses and protect
against oxidative stress during adaptive response. Moreover, prior results of
Andoh et al. (2000) suggest that a brief nonlethal levels of ROS does not cause
oxidative injury while activate stress genes and proteins such as redox effector
factor-1 (Ref-1/REF-1) and a sustained expression of neuronal nitric oxide
synthase (nNOS/NOS1). This result indicates that nNOS is inducible which
do not support an early notion that only iNOS is inducible. The induction of
nNOS by preconditioning procedure leads to hormetic protection instead of
cytotoxicity because both endogenous �NO and exogenous �NO donors
mimic cell signaling and protection induced by preconditioning procedures
through the cGMP-dependent cascade (Andoh et al., 2002a, 2003). The
activation of the �NO–cGMP–PKG cell signaling pathway eventually leads
to a delay induction of thiol proteins such as thioredoxin (Trx) (Andoh et al.,
2000, 2002b; Das, 2004; Turoczi et al., 2003; Yamawaki et al., 2003); The
redox cycling of Trx in the presence of NADPH, Trx reductase, and sele-
nium-containing enzyme Trx peroxidase results in antioxidation and
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activation of thiol-containing transcription factors, proteins, and enzymes
resulting in newprotein synthesis for antiapoptosis, anti-inflammation, cellular
repair, cell proliferation, and neuronal plasticity (Andoh et al., 2002a; Berndt
et al., 2007; Chiueh et al., 2005a; Hashemy and Holmgren, 2008; Holmgren
and Bjornstedt, 1995; Lu et al., 2009). Trx-mediated preconditioning protec-
tion and cell signaling are prevented by the reductase inhibitors 5,50-dithiobis
(2-nitrobenzoic acid) (DTNB), supporting the role of redox cycling of Trx in
hormesis (Andoh et al., 2000, 2002b, 2003). Moreover, the possible mediator
role of Trx in hormetic mechanism is further supported by the evidence that
preconditioning-induced signaling and protection can be blocked by the
transfection of cells with antisense oligonucleotides but not sense or antisense
mutant against human Trx mRNA for blocking Trx induction in Human
SHSY-5Y cells (Chiueh et al., 2005a,b).

2. Redox Functioning of Thioredoxin

Reduced Trx and its highly conserved active site of Cys32-Gly-Pro-
Cys35 that bind to apoptosis signal-regulating kinase-1 (ASK-1) inhibiting the
apoptotic chain of events (Saitoh et al., 1998). Trx also upregulates antiapop-
totic BCL-2 that decreases the release of cytochrome c and stops the cascade of
mitochondria-induced apoptosis andblocksmitochondria-mediated apoptosis
(Andoh et al., 2000, 2002a,b). There are two major programmed cell death
pathways such as (i) the release of intermembrane cytochrome c after opening
permeable transition pore for calcium entry and (ii) the activation of proapop-
totic pathway of caspase-3 and -9 (see review ofWang, 2001) all of which can
be blocked by Trx (<1,000 nM ). Released cytochrome c activates apoptotic
peptidase activating factor 1 (Apaf-1), which in turn activates a downstream
caspase program. Also, Trx directly inhibits caspase-3 and -9 (Andoh et al.,
2002b, 2003) and thus minimizing the expression of death substrate poly
(ADP-ribose) polymerase (PARP) and associated programmed cell death.

Owing to its thiol redox recycling, Trx (nM concentrations) is far more
potent than trolox, S-nitrosoglutathione (GSNO; mM), ascorbate, and gluta-
thione (GSH; mM) in the scavenging of hydroxyl radical (�OH) and the
suppression of lipid peroxidation (Andoh et al., 2003; Rauhala et al., 1996,
1998). The upregulation of mitochondrial MnSOD instead of cytosolic
Cu/ZnSOD by Trx would protect mitochondria from oxidative stress and
injury (Andoh et al., 2000, 2002a,b). Furthermore, recent reports indicate that
Trx blocks the adhesion and migration of reactive neutrophils which may
inhibit pulmonary infiltration/fibrosis and inflammation in acute respiratory
distress syndrome and perhaps sepsis (Hofer et al., 2009; Kondo et al., 2006).
Finally, our data suggest that Trx is a key component in the redox cell
signaling pathway for hormesis because the preconditioning protection can
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be blocked by not only the antisense against Trx mRNA but also the Trx
reductase inhibitor DTNB, Ellman’s reagent (Andoh et al., 2002a,b, 2003;
Chiueh et al., 2005a).

Jones (2008) proposed that oxidative stress could occur in proteins contain-
ing cysteine (Cys) residues as a consequenceofdisruptionof thiol redoxcycling,
which normally regulate cell signaling and associated physiological functions.
The redox states of protein thiol systems (P–(SH)2$ P–S–S–P) are controlled
by Trx as well as GSH, glutaredoxin, and peroxiredoxin to minimize the
oxidative stress of protein Cys residues due to redox imbalance. Oxidation
of thiol functional groups of proteins could lead to the formation of GSH
(P–S–SG), the oxidation to sulfenic (P–SOH), sulfinic (P–SO2H), and sulfonic
(P–SO3H) acid and S-nitrosylation (P–S–NO) as well (Rhee et al., 2005). It is
postulated that the oxidation ofGSH toGSSGmight also produce glutathionyl
radicals (GS�) which subsequently react with �NO radicals to generate GSNO
(Chiueh and Rauhala, 1999); the antioxidative activity of GSNO is at least
three orders of magnitude greater than GSH (Rauhala et al., 1996, 1998).

The redox protein Trx contains multiple Cys moieties with the known
active site of Cys32-Gly-Pro-Cys35 which undergoes reversible disulfite oxi-
dation during redox cycling by Trx reductase and Trx peroxidase in reaction
with other Cys-containing protein and/or transcription factors (Holmgren
et al., 2005). In addition to S-nitrosylation (Trx–S–NO) by �NO and/or
GSNO, Cys62 can also form a disulfide bridge with Cys69. Finally, Cys73 of
Trx is possibly for dimerization of Trx that can also undergo S-glutathionyla-
tion (Trx–S–S–G) in the presence of GSH and/or GSNO. Therefore, Cys
residues of Trx have different thiol redox sensitivities (Hashemy and
Holmgren, 2008; Jones, 2008). In cell nuclei, Trx reduces REF-1, which
regulates conserved Cys residues of transcription factors (i.e., NF-kB, Nrf-2,
AP-1, P53, HIF, estrogen receptor, and glucocorticoid receptor) in the
reduced form that is required for DNA binding (Grippo et al., 1985;
Hayashi et al., 1997; Saitoh et al., 1998). Through the activation of redox-
sensitive nuclear transcription factors and enzymes, Trx controls virtually all
aspects of cellular functions including survival, repair, proliferation, and
prevent programmed cell death as well. Trx may also participate in neuronal
plasticity and synaptogenesis (Zhong et al., in preparation).

3. Implications of Preconditioning Protection

from Preclinical and Clinical Studies

A surprising hormetic finding of lowering cancer incidence by low-
dose irradiation in Taiwan confirms a previously proposed notion of irradi-
ation hormesis based on early preclinical reports using cell and animal
preparations (Chen et al., 2004). Chemical preconditioning of heart by
inhalational anesthetics produces myocardial protection in patients during
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prolonged cardiosurgical procedures (Berndt et al., 2007; Kapinya et al.,
2002; Kitano et al., 2007; Mortier et al., 2000; Sano et al., 1992; Sedlic et al.,
2009; Zhao and Zuo, 2004). This has already been successfully performed
with anticipated cardioprotection in cardiosurgery patients. Conversely, the
expression of high levels of Trx in malignant cancer cells may lead to drug
resistance or tolerance against chemotherapy. Chemical preconditioning
induced by anticancer agents might occur in cancer cells during the routing
treatment sessions of chemotherapy. Sedlic et al. (2009) reported that
anesthetics desflurane or sevoflurane protects isolated rat cardiomyocytes
from oxidative stress-induced cell death. Desflurane exhibits greater effect
on stimulation of ROS production and mitochondrial uncoupling than that
of sevoflurane. Scavenging of ROS abolishes the preconditioning effect of
both anesthetics and attenuates anesthetic-induced mitochondrial uncou-
pling. This is consistent with early report of Andoh et al. (2000, 2002a) that
�OH scavengers prevent the serum deprivation-induced preconditioning
induction of Trx and associated cytoprotection. In fact, the use of intrace-
rebral trapping of �OH by microdialysis of salicylate (Chiueh et al., 1992,
1993) observed that a decrease of body temperature from 37 to 32 �C by a
controlled dose of barbiturate significantly blocked the generation of ROS
and associated lipid peroxidation in the rat brain (C. C. Chiueh, unpub-
lished observations). Medically induced coma bring on by a controlled dose
of a barbiturate drug may be beneficial for preventing spraying depression of
brain neurons and a better recovery of brain function after brain trauma and
stroke as well (Mortier et al., 2000). These adaptive responses of precondi-
tioning from lowing oxygen and temperature appear in tandem and the
induction of Trx that may have clinical implications in myocardial preser-
vation for heart transplantation (Chiueh et al., 2005a; Das, 2004; Karck
et al., 1996; Tapuria et al., 2008; Turoczi et al., 2003; Yamawaki et al.,
2003). The underlying hormetic mechanisms of above-mentioned precondi-
tioning procedures could be elucidated because a common observation that
�OH triggers while �NOmaintains preconditioning-induced cell signaling and
protection. Both ischemic preconditioning and remote ischemic precondition-
ing may protect tissue from subsequent severe ischemic insults in animal
experiments probably medicate by both �OH and �NO (Shahid et al., 2008).
It is likely that the present proposed working hypothesis of �NO/cGMP/PKG
andTrx redox cycling for hormesis signaling (Andoh et al., 2002a;Chiueh et al.,
2005a,b) could be confirmed in the remote ischemic preconditioning model
for myocardial and pulmonary protection. Finally, this upregulation of Trx
system by cGMP (Andoh et al., 2000, 2002b, 2003) is consistent with the key
role of �NOduring the fetal-to-neonatal transition; the observed acute increase
of the thiol redox system of Trx in the lung at birth could be an important
biochemical event for regulating and maintaining normal pulmonary function
(Das et al., 1999). It remains to be investigated whether this cGMP-dependent
expression of Trx also plays a key role in calorie restriction-induced
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cardioprotection and longevity against aging process (Ingram et al., 2006;
Maalouf et al., 2009).

4. Drugs Mimic Thioredoxin-Medicated

Preconditioning-Induced Signaling and

Protection in Cells

The newly discovered hormetic role of the induction of the thiol redox
protein Trx through the activation of the �NO–cGMP–PKG signaling
pathway in free radical-triggered preconditioning cascade for protection
against damages caused by withdrawal of oxygen, trophic factors, and nutri-
ents and neurotoxins is very interesting. This Trx-medicated thiol cell
signaling pathway can be used for future research and development of not
only new Trx mimetics for cardio- and neuro-protection but also new Trx
suppressors as adjunctive medication for managing chemotherapy resistance.
Moreover, the upregulation of Trx in animals and cells increases their
tolerance against oxidative free radical insults caused by 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) and its toxic metabolite MPPþ

(1-methyl-4-phenylpyridinium ion) on brain dopamine neurons (Andoh
et al., 2002b, 2003; Bai et al., 2007; Chiueh et al., 2000, 2005b). A brief and
nonlethal serum deprivation in human SHSY-5Y cell cultures evokes
preconditioning protection against not only the lethal oxidative stress caused
by a sustained 24-h serum withdrawal but also the severe oxidative stress
produced by MPPþ, the active metabolite of the dopamine neurotoxin
MPTP. The LD50 of MPPþ shifted to right from 0.1 to 3 mM due to the
Trx-mediated hormesis or preconditioning-induced neuroprotection.

Trx is a 12-kDa thiol redox protein and reduced Trx is the active form
(Trx–(SH)2) while oxidized Trx (Trx–S–S–Trx) can enter the cell membrane
through a yet-to-be-identified mechanism and then reduce back to active
form in the presence of Trx reductase and NADPH for regulating normal cell
functions and survival (Kondo et al., 2006; Matsuo et al., 2001). There is a
significant development of macromolecular drugs since the identification of
Trx as the adultT cell leukemia trophic factor.TheTrx-based preconditioning
molecular mechanism for new drug development aiming cytoprotection in
the central nervous system is the one of our research efforts during the past
decade. The inducers for Trx and related biologics may have multifaceted
indications for enhancing survival of cells, organs, and animals while the
inhibitors of the Trx redox cycling may be used for enhancing anticancer
agent’s potency especially in cancers with drug resistance. For validating this
working hypothesis, recent research activities of our and other laboratories are
focusing on the evaluation of GSNO, 17b-estradiol, selegiline as well as
8-bromo-cGMP, ebeselen, rasagiline, and sildenafil for their effects on the
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induction and activation of redox signaling proteins such as Trx for survival,
repair, and plasticity against severe oxidative stress in the brain (Andoh et al.,
2002a, 2005; Chiueh et al., 2001, 2005a,b; Lee et al., 2003; Takagi et al., 1999).
GSNO is a �NO donor and sildenafil decreases the degradation of cGMP by
diphosphoesterase 5 all ofwhich lead to the activationofTrx signaling pathway
and associated functional improvement in pulmonary system such as acute
respiratory distress syndrome, pulmonary hypertension, and high altitude
ischemic insults (mountain sickness). Antidepression and mode modification
effects of estrogen (i.e., 17b-estradiol) and selegilinemay be due to the fact that
both compounds increase the expression of Trx resulting in neuroprotection
and synaptogenesis in the brain (Andoh et al., 2005;Chen et al., 2009; Lee et al.,
2003; Zhong et al., in preparation). Trx antisense prevents the neuroprotective
effect of 17b-estradiol and selegiline. Recently, FDA approves a transdermal
system of selegiline for the treatment ofmajor depression devoid of typical side
effects caused by monoamine oxidase inhibition due mainly to its unconven-
tional neuroprotective property after the induction of the thiol redox systemof
Trx (Andoh et al., 2005). The selenium compound ebeselen and the more
potent selegiline analog rasagiline are developed for clinical indications of
stroke and Parkinson’s disease, respectively (Chiueh et al., 2005b; Lu et al.,
2009; Zhou et al., 2009). Rasagilien is more potent than that of selegiline but
selegiline is devoid of the side effects of rasagiline during the clinical trials.
Finally, after preclinical trial in rat model of sepsis, Trx is undergoing clinical
trials for reducing mortality in patients with sepsis (Hofer et al., 2009). The
redox protein familymembers include not only Trx but also glutaredoxins and
peroxiredoxins which may be upregulated for participating in hormetic cas-
cade that requires additional future studies. The other redox protein glutar-
edoxins are required for cellular iron homeostasis including iron–sulfur cluster
assembly and heme biosynthesis in photosynthesis (Rouhier et al., 2008). The
relative abundance of peroxiredoxin enzymes appears to protect cellular com-
ponents by removing the harmful levels of peroxides produced as a result of
normal cellular metabolism and the active Cys sites may be overoxidized to
cysteinyl sulfinic acid and/or sulfonic acid (Rhee et al., 2005). Interestingly,
during the preconditioning stress, p66shc is not induced but rather reduced
(Andoh et al., 2000); the reduction of this longevity suppressive genemay help
Trx to ensure cell survival during severe oxidative stress.

5. Methods and Materials

5.1. The in vitro preconditioning human cell model

The human SHSY-5Y neuroblastoma cells (�106 cells, kindly provided by
Carol Thiele, NCI) are cultured in 1 ml Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum; cell cultures are incubated in
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an incubator (37 �C, 5% CO2) for 2–3 days before the preconditioning
experiments. In these serum deprivation in vitro experiments, serum and
phenol red are removed from the culture media for either 2 h (nonlethal
preconditioning stress) or 24 h (lethal oxidative stress). The nonlethal
preconditioning stress is applied 24 h prior to the lethal serum withdrawal
stress (Andoh et al., 2000).

5.2. Methods for measuring short-lived free radicals

5.2.1. Trapping hydroxyl radicals by salicylate
A trapping reagent of short-lived �OH, sodium salicylate (1 mM), is used
to monitor the generation of �OH in the culture media and also to protect
cells from oxidative damage. A previously published intracerebral micro-
dialysis of salicylate and a sensitive HPLC–EC procedure (Chiueh, 1994;
Chiueh et al., 1992, 1993) are employed for assaying hydroxyl adducts of
salicylate, 2,3- and 2,5-dihydroxybenzoic acid. Withdrawal of 10% serum
from the human SHSY-5Y cell culture media immediately increases the
trapping of �OH which is accumulated time-dependently in the culture
media (Andoh et al., 2000) or brain perfusates (Rauhala et al., 1998). The
addition of fetal bovine serum to cell culture media provides not only
trophic and nutritional supports but also scavenging reactive and mostly
harmful ROS such as �OH. Consistently, pretreatment of cells with salicy-
late scavenges �OH due to serum withdrawal and prevents 24 h lethal stress-
induced cell death. It is noteworthy that scavenging of �OH during the
preconditioning period would stop the consequent hormetic cell signaling
and preconditioning protection. Infusion of MPPþ increases the sustained
dopamine outflow and the generation of �OH radicals trapped by the
intracerebral microdialysis of salicylate in vivo (Chiueh et al., 1992).

5.2.2. NOS1 activity: Formation of �NO and activation of cGMP
An aliquot of supernatant of the culture media of experimental cells was
mixed with Griess reagent for detecting nitrite, one of the major oxidized
products of �NO. The amount of �NO reflected by the optical density of the
nitrite-azo dye formed in the sample was measured with a spectrophotom-
eter at 540 nm. The intracellular cGMP levels were measured using
an enzyme immunoassay kit (Amersham). Preconditioning induction
of nNOS or NOS1 leads to the generation of �NO and the release
of �NO results in the formation of cGMP and the activation of PKG for
cell signaling for upregulation of the survival protein Trx. Both sublethal
and lethal oxidative stress caused by serum withdrawal increase the expres-
sion of nNOS/NOS1 and the production/release of �NO levels to a similar
extent. Therefore, the underlying cell death mechanism is not caused by
�NO; these findings do not support early reports that �NO-mediated
neurotoxicity due to the formation of peroxylnitrite all of which can be
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detoxified by CO2. Therefore, the induction of nNOS does not lead to
expected cytotoxicity since peroxylnitrite do not cause anticipated neuro-
toxicity in the rat brain in human SHSY-5Y cell cultures. In addition to free
radical scavengers, inhibition of nNOS, guanylyl cyclase, and PKG blocks
hormesis induced by preconditioning. GSNO treatment activates cGMP
and thus the hormetic cascade through the induction of Trx while
6-bromo-cGMP produces a cytoprotection mimicking the action of pre-
conditioning tolerance. Theoretically, inhibitors of phosphodiesterase 5
(i.e., sildenafil) decrease the degradation of cGMP and thus increase this
hormetic signaling and endogenous Trx levels for survival against
subsequent severe oxidative stress and injury. It is postulated that GSNO,
sildenafil, and Trx may enhance pulmonary function in acute respiratory
distress syndrome and/or sepsis.

5.2.3. Lipid peroxidation
At end of the in vitro preconditioning experiments, cells are collected 24 h
after culturing in the presence or absence of Trx (<1 mM). The collected
cells are washed twice with ice-cold phosphate-buffered saline (PBS)
and then sonicated in 200 ml of PBS. After a brief centrifuge, the
protein concentration is determined using a protein assay kit (Bio-Rad).
Fluorescent products of lipid peroxidation (fluorescent adduct products
of malondialdehyde and amino acid with the excitation/emission wave
lengths of 356/426 nm, respectively) are measured using a luminescent
spectrometer (PerkinElmer Life Sciences) after solvent extraction
(Mohanakumar et al., 1994, 1998; Rauhala et al., 1998). The results are
presented as relative fluorescent intensity and defined as relative fluorescent
units per milligram. This method can also be used to measure lipid peroxi-
dation in rat brain homogenates ex vivo. Rat brain tissues are homogenized
in ice-cold Ringer solution using an ultrasonic cell-disrupter and assayed for
brain lipid peroxidation using a fluorescence assay procedure. Brain homo-
genates (25 mg) are incubated for 3, 4, or 24 h at 37 �C in 0.5 ml reaction
mixtures containing ferrous citrate (0–5 mM) or MPPþ (0–100 mM) with or
without GSNO (0–20 mM). Malondialdehyde cross-linked with amino
group of amino acids is extracted and its fluorescence levels are measured
in relative fluorescence intensity units (Activation/emission wavelength:
356/426 nm, PerkinElmer LS50B) using aliquots equivalent to 3.75 mg
brain tissue; this is used as an index of brain lipid peroxidation. Peroxynitrite
is ineffective at 37.5 mM concentration whereas 25 mM iron produces a
maximal lipid peroxidation in vitro. Greater concentrations of peroxynitrite
(75–600 mM) are needed to significantly increase peroxidation of brain lipids
which can be blocked concentration dependently by GSNO both in vitro
(Rauhala et al., 1996) and in vivo (Rauhala et al., 1996, 1998). Nanomolar
ferrous citrate iron complex but not peroxynitrite caused neurodegeneration
of brain dopaminergic nigral neurons in vivo.
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5.3. Methods for studying the redox function of endogenous
thioredoxin

Trx antisense and sense oligonucleotides are designed by Saitoh et al. (1998)
for investigating the role of endogenous Trx in mediating cytoprotection.
Sequences of antisense oligonucleotide designed as 50-TCTGCTTCAC-
CATCTTGGCTGCT-30 for hybridizing with human Trx mRNA are
designed to reduce the protein synthesis; sense and mutant antisense oligo-
nucleotide sequences as 50-AGCAGCCAAGATGGTGAAGCAGA-30 and
50-TCGTTCTCACCATCTTGGTCCGT-30, respectively, for control
groups and they are synthesized as phosphorthionate oligonucleotides
(S-oligo). For transfection of SHSY-5Y cells, 2 mM of each S-oligo are
mixed with 2 ml of transfection reagent TM-50 (Promega, Madison, WI) in
medium (800 ml) with or without 10% fetal bovine serum for 15 min at
room temperature, and then the mixture is added to cell culture before the
beginning of preconditioning experiments (Andoh et al., 2003). Precondi-
tioning procedure using serum withdrawal for 2 h significantly increases the
induction of Trx 12–24 h later that can be blocked by transfection of cells
with antisense S-oligo but not sense and antisense mutant S-oligo.

5.4. Molecular biology method for redox-sensitive genes,
mRNA, and proteins

Other Western and slot blotting and molecular biological procedures are
also employed to detect mRNA and the expression of stress proteins. The
redox-sensitive genes include redox effector factor-1 (Ref-1), antioxidative
responsive elements (Are), and NF-E2-related factor-2 (Nrf-2) all of which
may participate in the initial response to preconditioning stress.

Cells are homogenized in cell lysis buffer consisting of 20 mM HEPES–
KOH, pH 7.5, 10 mM KCl, 1.5 mMMgCl2, 1 mM EDTA, 1 mM EGTA,
1 mM dithiothreitol, and phenylmethylsulfonyl fluoride. The protein con-
centration is quantified using a Bio-Rad protein assay kit. Cell protein
(20 mg) in lysis buffer is then separated by electrophoresis using a 4–20%
gradient SDS–polyacrylamide gel and then transferred to a polyvinylidene
difluoride membrane (Millipore, Bedford, MA). For the slot blotting
experiments, cell lysates (1 mg) are blotted on the polyvinylidene difluoride
membrane. The blots are blocked with a 5% skim milk solution for 1 h at
room temperature and then probed with a 1/2000 dilution of antibody
such as anti-Trx, anti-cytochrome c, anti-Bcl-2, anti-MnSOD, anti-Cu/
ZnSOD, or anticatalase, at 4 �C overnight. Subsequently, it is incubated
with a horseradish peroxidase-linked antibody against mouse or rabbit IgG
(1:2000) for 1 h. Membrane-bound horseradish peroxidase-labeled protein
bands are monitored with chemiluminescent reagents (Amersham Bios-
ciences). Chemiluminescent signals are detected using X-ray film, and the
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area and intensity of the signal are integrated using the NIH Image program
(Wayne Rasband, NIMH, NIH).

5.5. Measurement of apoptosis

5.5.1. Fluorescent staining of condensed or fragmented nuclei by
Hoechst 33258

Cell death and apoptosis are assessed microphotographically using trypan
blue dye and Hoechst 33258 fluorescent dye, respectively. At the end of the
serum deprivation experiments, control and treated cells are harvested and
fixed with 4% paraformaldehyde in PBS at 4 �C for 30 min. After rinsing
with saline, the nuclear DNAs are stained with 1 mM Hoechst 33258
fluorescent dye for 5 min at room temperature and observed with a
fluorescent microscope (excitation/emission wavelength: 365/420 nm) for
apoptotic fragmented nuclei.

5.5.2. Cytochrome c release assay
The cytochrome c assay procedure described by Wang (2001) is adopted
(Andoh et al., 2003). Cells are harvested and separated into cytosolic fraction
and mitochondrial fraction after differential centrifugation. The cyto-
chrome c levels in the mitochondrial and cytoplasmic fractions are measured
using Western blotting procedures with anti-cytochrome c antibody.

5.5.3. Measurement of caspase activity
Cells are homogenized in cell lysis buffer and centrifuged at 10,000�g for
1 min. After determining the protein concentration, one-half of the cell
lysates are used for measuring the catalytic activities of caspase-9 and -3
using a colorimetric assay (R & D systems). LEHD-pNA and DEVD-pNA
are the substrate of caspase-9 and caspase-3, respectively, which are incu-
bated with cell lysates at 37 �C for 2 h. Caspase-9 and -3 activities are
monitored by the pNA chromophore cleaved from the substrates and
quantified at 405 nm with a spectrophotometer. To the best of our knowl-
edge Trx is the most potent inhibitor against caspases in vitro (Andoh et al.,
2002, 2003).

5.6. Ex vivo autoradiographic image of nigrostriatal
dopamine terminals in the rat brain

Sprague-Dawley rats (male 250–350 g, Taconic Farms) are anesthetized
with chloral hydrate (400 mg/kg, i.p.) and prepared for stereotaxic infusion
of drug (0–10 nmol ferrous citrate and/or 0–16.8 nmol GSNO in 1 ml
sterilized Ringer’s solution or 0–33.6 nmol peroxynitrite in 1.05 ml 0.3 M
NaOH solution) into right or left substantia nigra compacta area (i.n.;
Paxinos and Watson stereotaxic coordinates: AP: 3.2 mm, RL: 2.1 mm,
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H: 2.0 mm, mouth bar: 03.5 mm), as reported previously. Sham control
groups are treated intranigrally with either 1 ml Ringer’s solution or 1.05 ml
0.3 M NaOH. Eight days after intracerebral infusion of ferrous citrate
(4.2 nmol, i.n.) without or with GSNO (16.8 nmol, i.n.) cotreatment in
the right-side midbrain substantia nigra, dopamine uptake sites in nerve
terminals of the caudate nucleus and nucleus accumbens are visualized
autoradiographically using 125I-labeled RTI-55 (100 mCi, i.v.; Boja et al.,
1992; Rauhala et al., 1998), 10 min after blocking serotonin uptake sites by
fluoxetine (10 mg/kg, i.v.). Striatal RTI-55 radioactivities in the caudate
nucleus are estimated using Amersham autoradiographic 125I-labeled micro-
scales as the exposure standards. Enlarged autoradiographic images are ana-
lyzed using the NIH Image software developed byWayne Rasband (NIMH,
NIH) to measure optical densities; gray scales are then converted to rainbow
color scales (orange to yellow show high bindings; green to blue depict low
bindings). Normal dopamine uptake sites in dopaminergic nerve terminals of
the control sides are visualized as orange areas.

5.7. Materials

The human neuroblastoma SHSY-5Y cells were kindly provided by
Dr. Carol Thiele (National Cancer Institute, National Institutes of Health,
Bethesda, MD). The NIH Image program was kindly provided by
Dr. Wayne Rasband, NIMH, NIH, (http://rsb.info.nih.gov/nih-image/).
DMEM, penicillin/streptomycin, and heat-inactivated bovine serum were
purchased from Invitrogen (Carlsbad, CA). Hoechst 33258 (bisbenzimide),
1-chloro-2,4-dinitrobenzene (DNCB), andbisindolylmaleimidewere ordered
from Sigma Chemical Co. (St. Louis, MO). Oxidized Escherichia coli Trx and
human catalase antibody were purchased from Calbiochem (San Diego, CA).
Human Trx and mouse Trx antibody were obtained fromMBL International
(Watertown, MA) and Redox Bioscience (Kyoto, Japan), respectively. Sense,
antisense, and antisense mutant for human Trx mRNA (nucleotide sequences:
antisense, 50-TCTGCTTCACCATCTTGGCTGCT-30; sense, 50-AGCA-
GCCAAGATGGTGAAGCAGA-30; mutant antisense, 50-TCGTTCTCA-
CCATCTTGGTCCGT-30) and mouse Trx mRNA (nucleotide sequences:
antisense, 50-TCAGCTTCACCATTTTGGCTGTT-30; sense, 50-AACA-
GCCAAAATGGTGAAGCTGA-30; mutant antisense, 50-TCCATGT-
CACCATTTTGGTGTCT-30) were synthesized as S-oligonucleotides by
Invitrogen and byHokkaidoBioscience (Hokkaido, Japan), respectively. Anti-
bodies against phosphorylated and nonphosphorylated c-Jun, MEK1/2,
MAPK/Erk1/2, and c-Myc were obtained from Cell Signaling Technology,
Inc. (Beverly, MA) and BD Pharmingen (San Diego, CA). A horseradish
peroxidase-linked antibody against IgG was obtained from GE Healthcare
(Little Chalfont, Buckinghamshire, UK). [125I]-RTI-55 (NEX272250UC)
was ordered from PerkinElmer (Waltham, MA).
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5.8. Statistical analysis

Data are presented as mean � S.E. of the results obtained from the average
of four to six repeated experiments. Results are analyzed by one-way
analysis of variance, and p values are assigned using the Newman–Keuls
test and Student’s t-test. Differences among means are considered statisti-
cally significant when the p value is less than 0.05 (n of at least 3
measurements).
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Abstract

Epigenetics is referred to as heritable changes in gene expression but not encoded

in the DNA sequence itself which occurs during posttranslational modifications in

DNA and histones. These epigenetic modifications include histone acetylation,

deacetylation, and methylation. Acetylation by histone acetyltransferases (HATs)

of specific lysine residues on the N-terminal tail of core histones results in uncoil-

ing of the DNA and increased accessibility to transcription factor binding. In

contrast, histone deacetylation by histone deacetylases (HDACs) represses gene

transcription by promoting DNA winding thereby limiting access to transcription

factors. Reactive oxygen species (ROS) are involved in cellular redox alterations,

such as amplification of proinflammatory and immunological responses, signaling

pathways, activation of transcription factors (NF-kB and AP-1), chromatin remo-

deling (histone acetylation and deacetylation), histone/protein deacetylation by

sirtuin 1 (SIRT1) and gene expression. The glutathione redox status plays an

important role in protein modifications and signaling pathways, including effects

on redox-sensitive transcription factors. ProteinS-glutathiolation andmixeddisul-

fide formation as candidatemechanisms for protein regulation during intracellular

oxidative stress have gained a renewed impetus in view of their involvements in

redox regulation of signaling proteins. A variety of methods are applied to study

the epigenetic processes to elucidate the molecular mysteries underlying epige-

netic inheritance. These include chromatin immunoprecipitation (ChIP), which is a

powerful tool to study protein–DNA interaction and iswidely used inmany fields to

study protein associated with chromatin, such as histone and its isoforms and

transcription factors, across a definedDNA domain. Here, we describe someof the

contemporary methods used to study oxidative stress and thiol redox signaling

involved in epigenetic (histone acetylation, deacetylation, and methylation) and

chromatin remodeling (HAT, HDAC, SIRT1) research.

Abbreviations

AP-1 activator protein-1
APS ammonium persulfate
BCA bicinchoninic acid
CBP CREB binding protein

214 Isaac K. Sundar et al.



ChIP chromatin immunoprecipitation
CoA coenzyme A
COPD chronic obstructive pulmonary disease
CS cigarette smoke
2DGE 2-D gel electrophoresis
DEAE diethylaminoethyl
DMEM Dulbecco’s modified Eagle’s medium
DNP dinitrophenyl
DNPH dinitrophenylhydrazine
dpm disintegrations per minute
DTT dithiothreitol
ECL enhanced chemiluminescence
EDTA ethylenediaminetetraacetic acid
ERK extracellular signal-regulated kinase
ESI-MS electrospray ionization - mass spectrometry
FACS fluoroscence activated cell sorter
FBS fetal bovine serum
FOXO3 Forkhead box O (Fox O)3
GNATs (general control nonderepressible 5)-related

acetyltransferases
H2O2 hydrogen peroxide
HAT histone acetyltransferase
HBSS Hank’s balanced saline solution
HDAC histone deacetylase
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
4-HNE 4-hydroxy-2-nonenal
ICAT isotope - coded affinity tags
IP immunoprecipitation
iTRAQ isobaric tag for relative and absolute quantitation
JNK Jun N-terminal kinase
MALDI-TOF MS matrix - assisted laser desorption ionization - time of

flight tandem mass spectrometry
MDA malondialdehyde
ME mercaptoethanol
NAD nicotinamide adenine dinucleotide
NEM N-ethylmaleimide
NF-kB nuclear factor kB
PAGE polyacrylamide gel electrophoresis
PBS phosphate-buffered saline
PGC-1a peroxisome proliferators - activated receptor-g coac-

tivator-1 a
PM particulate matter
PMSF phenylmethylsulfonyl fluoride
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RIPA Radioimmunoprecipitation assay
ROS reactive oxygen species
SDS sodium dodecyl sulfate
SIRT1 Sirtuin1
TBS Tris-buffered saline
TCA trichloroacetic acid
TEMED N,N,N 0N 0-tetramethylethylenediamine
TSA trichostatin A

1. Introduction

In Eukaryotes, the DNA is packed into chromatin by histones, which
assembles the DNA into a tightly coiled structure. DNA carries out a
series of processes such as replication, transcription, DNA repair as well as
recombination which includes organization of chromatin through various
posttranslational modifications (i.e., acetylation, deacetylation, methylation,
phosphorylation, carbonylation, ubiquitination, SUMOylation, and poly-
ADP-ribosylation) (Fukuda et al., 2006). Recent research has focused in
understanding these processes with a view that these biochemical events can
potentially be used as therapeutic targets involving chromatin modifications
in various chronic diseases. For example, enzymes such as the histone
acetyltransferases (HATs) and histone deacetylases (HDACs) which mediate
many of the epigenetic processes have been the recent focus of novel
drug-development strategies and potential targets of anticancer agents as
well as other chronic diseases of heart, lung, liver, and brain, and aging
processes (Roth et al., 2001). The analysis on the relationship of histone
acetylation and gene expression showed that not only transcription but
other DNA-mediated reactions are also regulated by histone acetylation
(Gregory and Horz, 1998; Grunstein, 1997; Kuo and Allis, 1998). It is
becoming clearer now that site-specific modifications and recognition of
acetylated histone/DNA complexes are important in flow of genetic infor-
mation via histone acetylation (Kouzarides, 1999; Wolffe, 1997; Workman
and Kingston, 1998). Therefore, elucidation of the downstream effects of
histone modification as well as the identification, isolation, and characteri-
zation of the relevant factors involved will aid in understanding the mechan-
isms of gene regulation by histone acetylases and deacetylases.

Acetylation of the amino-terminal (lysine) of core histone proteins has
been linked to many cellular processes including cell-cycle progression,
DNA replication, chromatin assembly, and the regulation of gene expression
(Roth et al., 2001). Specific lysine residues in the N-terminal tails of the core
histone can be posttranslationally modified by acetylation of the e-amino
group. The amino-terminal region of histones is a hotspot for posttranslational
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modifications that affect the interactions of histones with DNA, each other,
and chromatin remodeling proteins (Fischle et al., 2003). The balance
in histone acetylation/deacetylation is maintained by HATs and HDACs/
SIRTUINS which affect the binding of DNA sequence-specific transcription
factors and subsequently leading to recruitment of coactivators on specific
regions in the genes which forms either the coactivator or corepressor complex
(Wang et al., 2001). Several transcriptional regulators possess intrinsic HAT
(mainly by CBP/p300) and HDAC activities, suggesting that histone acetyla-
tion and deacetylation play a causal role in regulating transcription (Gregory
and Horz, 1998; Grunstein, 1997; Kouzarides, 1999; Kuo and Allis, 1998;
Wolffe, 1997; Workman and Kingston, 1998). There are several evidences
showing increased gene transcription that leads to increase in histone acetyla-
tion, and histone hypoacetylation which is further linked to decreased gene
transcription (Kuo and Allis, 1998; Wolffe, 1997; Workman and Kingston,
1998). A variety of stimuli in air such as airborne particulate matter with a
diameter of <10 mm diameter (PM10) and cigarette smoke (CS), which are
associated with chronic lung and cardiovascular diseases, increased histone
acetylation by reactive oxygen species (ROS), and redox modifications of
proteins involved in chromatin remodeling in lung epithelial cells, human
monocytes/macrophages, andmouse lungs (Gilmour et al., 2003; Tomita et al.,
2003; Yang et al., 2008, 2009). Furthermore, histone acetylation and deacety-
lation, and SIRT1 are linked to cell-cycle progression, DNA repair, and
recombination events as well as inflammatory gene transcription which can
be affected by redox signaling (Kouzarides, 1999; Taplick et al., 1998). Hence,
analysis of histone acetylation and deacetylation status of a cell gives an indica-
tion on the activation status of the cell or a possible marker of cancer and
oxidants-mediated chronic inflammatory diseases, such as cancer, chronic
obstructive pulmonary disease (COPD), asthma, idiopathic fibrosis, and car-
diovascular diseases.

Eighteen mammalian HDACs have been identified to date. These can be
classified into one of four classes based upon their homology to a prototypical
HDAC found in yeast. Class I HDACs (HDACs 1, 2, 3, and 8) are ubiqui-
tously expressed (�50 kDa in size), with the possible exception of HDAC3
and HDAC10 are also predominantly nuclear in localization (Taplick
et al., 2001). Class II HDACs (HDACs 4, 5, 6, 7, 9, and 10) are larger in
size (120–150 kDa) and are expressed in a tissue-specific manner (Bertos
et al., 2001; Grozinger et al., 1999). Class II HDACs exist in both the nucleus
and cytoplasm, and the shuttling of class II HDACs out of the nucleus, which
is regulated by nuclear export signaling 14-3-3 proteins, is a major mecha-
nism bywhich their activity is regulated (Bertos et al., 2001). Class II HDACs
can be further classified into class IIa (HDACs 4, 5, 7, and 9) and IIb (HDACs
6 and 10) based upon the existence of tandem deacetylase domains in
HDACs 6 and 10 ( Johnstone, 2002). Class I and II HDACs share significant
homology at the deacetylase domain but differ in their N-terminal sequence.
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HDAC11,which shares some but not sufficient homology to both class I and II
HDACs, is assigned to its own class, class IV (Gao et al., 2002). Previous studies
showed that the levels and activities of HDACs were decreased in response to
oxidative stress (e.g., H2O2), PM10, redox status, and CS exposure which is
associated with severity of COPD, asthma, and steroids resistance in asthmatics
who smoke tobacco (Adenuga et al., 2009; Ito et al., 2005;Moodie et al., 2004;
Yang et al., 2006). However, overexpression of HDAC1 correlated with
advanced stage of disease and adverse outcome in lung cancer patients
(Osada et al., 2004; Sasaki et al., 2004). Further studies have been shown that
a decrease in HDACs levels is due to its posttranslational modifications such as
oxidation/carbonylation, nitrosylation, acetylation, and phosphorylation in
response to oxidants (Adenuga et al., 2009; Ito et al., 2004; Moodie et al.,
2004; Yang et al., 2006). Therefore, determination of HDAC levels/activities
and its posttranslational modifications give an implication of chromatin status
which drives the expression or repression of genes involved in chronic inflam-
matory diseases and cancer.

The class III HDAC, or Sir2 family named for their homology to the yeast
Sir2 gene, is a highly conserved gene family which in humans presently
comprises seven members, sirtuin (SIRT) 1–7 (Michan and Sinclair, 2007).
Among these, SIRT1, 2, 3, and 5 have an NADþ-dependent deacetylase
domain (distinct from the zinc-dependent deacetylase domains of class I and II
HDACs), and catalyze the deacetylation of a number of nonhistone proteins,
such as p53, RelA/p65, Ku70, PGC-1a and FOXO3. In contrast, SIRT4 and
SIRT6 have an NADþ-dependent ADP ribosylation domain and catalyze
protein ribosylation. Sirtuin family members have well-defined subcellular
localizations, with SIRT1, SIRT6, and SIRT7 localized to the nucleus;
SIRT2 to the cytoplasm; and SIRT3, SIRT4, and SIRT5 localized to the
mitochondria. Class III HDACs share little homology to the first two classes,
and are not inhibited by the widely used HDAC inhibitors butyrate, valproic
acid, trichostatin A, or suberoylanilide hydroxamic acid (Xu et al., 2007), but
are inhibited by nicotinamide, splitomicin, and sirtinol. Our recent studies
showed that the levels/activities of SIRT1 were decreased in monocytes
(MonoMac6 cells), lung epithelial cells (Beas-2B), and mouse lungs exposed
to CS as well as in lungs of patients with COPD, which was associated with
increased inflammatory response (Rajendrasozhan et al., 2008; Yang et al.,
2007). A reduction in SIRT1 level attributed to the posttranslational
modifications such as phosphorylation and nitrosylation, and oxidation/car-
bonylation by ROS (Rajendrasozhan et al., 2008). Using SIRT1 activators or
caloric restriction may attenuate inflammatory response induced by oxidative
stress in type 2 diabetes, and neurodegenerative disorders (Banks et al., 2008;
Lavu et al., 2008; Yang et al., 2007) cardiovascular and chronic lung diseases.
Hence, study in the level/activity and posttranslational modifications
of SIRT1 is critical in understanding the mechanisms underlying chronic
inflammatory and oxidative stress-mediated diseases.
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2. Histone Acetylation Assays Using

[
3
H]-Acetate Incorporation

The source of the acetyl group in histones acetylation is acetyl-CoA
whereas in histone deacetylation the acetyl group is transferred to coenzymeA
(CoA). Acetyl-CoA cannot enter into the living cells, and radioactive acetate
should be supplied to cells, and allow cells convert it into radioactive acetyl-
CoA.Therefore, the radioactivity of reactive products of [3H]-labeled histones
reflects the degree of histones being acetylated which can be determined by
liquid scintillation as described previously (Ito et al., 2000a,b; Kagoshima et al.,
2001) with some modifications. Direct hydrolysis of the acetyl group present
in the acetylated protein substrate is catalyzed by class I and II HDACs via
activating a water molecule to form deacetylated protein and free acetate
products (Eq. (13.1)):

Acetyl-protein substrate ������������!HDAC ðClass I and IIÞ
Deacetylated proteinþ Acetate

ð13:1Þ

2.1. [3H]-Acetate incorporation in cell culture

1. Fetal bovine serum (FBS)-free Dulbecco’s modified Eagle’s medium
(DMEM) will be added to 50% subconfluent (exponentially growing)
cells (e.g., A549, HUVECs, H292, Beas-2B, MonoMac6, THP-1, and
HepG2 cells) in a 6-well plate (�0.25 � 106 cells/well) at 72 h before
the experiment.

2. Synchronization of the cells is an important step which requires 60–72 h.
Before the start of experiments, simple DNA content should be checked
by FACS using propidium iodide staining to synchronize cells.

3. The cells are incubated with 5 mCi/ml of [3H]-acetic acid (Amersham
Pharmacia Biotech, Piscataway, NJ) in FBS-free medium for 10 min at
37 �C before treatments (e.g., CS extract, H2O2 redox recycling agents,
and aldehydes).

2.2. Histone protein extraction from cells and tissues

1. The cells are washed twice with ice-cold PBS, and 500 ml of ice-cold
lysis buffer (10 mM Tris–HCl [pH 6.5], 50 mM sodium bisulfite, 10 mM
MgCl2, 8.6% sucrose, 2% Triton X-100) is added into each well to
scrape the cells off quickly with a rubber policeman at 4 �C after above-
mentioned treatments.

2. Cells are collected into 1.5-ml Eppendorf tube, and kept on ice for 10min.
The cells are washed three times with 200 ml of ice-cold lysis buffer and the
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pellets are washed once with nuclei wash buffer (10 mM Tris–HCl
[pH 7.4], 13 mM EDTA, 10,000 � g, 4 �C, 5 min), if the nuclear pellet
is difficult to resuspend then the pellets are sonicated for 5 s on ice and then
resuspended in 150 ml of ice-cold distilled water and vortex mixed.

3. Sixmicroliters of 5NHCl and 3 ml of 18NH2SO4 solutions are added into
nuclear suspension to reach final concentration at 0.2 and 0.36 N, respec-
tively, for histone protein extraction (Ito et al., 2000a,b; Yang et al., 2009).

4. The mixture is rotated on a rocker at 4 �C for 6–18 h. If necessary, the
pellet is sonicated for 2 s on ice and centrifuged at 14,000�g for 10 min
at 4 �C to remove acid-insoluble material. A 140 ml of supernatant is
transferred into a new tube and 1.1 ml of ice-cold acetone is added to
precipitate the histones.

5. The suspension is kept at �20 �C for overnight, centrifuged at
14,000�g for 10 min at 4 �C, and washed with cold acetone by
centrifugation to remove acid.

6. The pellets are dried under vacuum at room temperature, redissolve in
50 ml of distilled water or HDAC buffer C containing 15 mM Tris–HCl
(pH 7.9), 10 mM NaCl, 0.25 mM EDTA, 10 mM b-mercaptoethanol,
10% glycerol, and complete protease inhibitors (Cat. No. P8340; Sigma,
St. Louis, MO), and finally assess the protein concentration by bicinch-
oninic acid (BCA), Bradford, or Lowry protein assays.

2.3. Histone acetylation assay

1. Fifty micrograms of acid-extracted protein is mixed with 4� SDS–PAGE
sample buffer (2.5 ml of 1M Tris–HCl [pH 6.8], 2 ml of glycerol, 2 ml of
10% [w/v] SDS solution, 20 mg of bromophenol blue, and 3.5 ml of
distilled water). Add 20 ml of b-mercaptoethanol to 1 ml of 4� sample
buffer just before use for SDS–PAGE (Ito et al., 2000b). If the blue SDS
sample buffer turns brown or yellow, then the sample is still acidic.

2. Add about 2–3 ml of 1 M Tris base until the sample turns blue and boil
for 4–5 min, and then centrifuge at 14,000�g for 20 s.

3. SDS–PAGE is used to separate [3H]-labeled and -acetylated histones.
Separating gel mix for one mini gel consists of 2.0 ml of 40% acrylamide/
bisacrylamide solution, 1.88 ml of 1 M Tris–HCl (pH 8.8), 50 ml of 10%
(w/v) SDS, and 2 ml of distilled water. Add 5 ml of N,N,N 0,N 0-tetra-
methylethylenediamine (TEMED) and 50 ml of 10% (w/v) ammonium
persulfate (APS) just prior to pouring the gel. A 50% Stacking gel mix for
one mini gel is 0.32 ml of 40% acrylamide/bisacrylamide solution, 0.32 ml
of 1MTris–HCl (pH 6.8), 50ml of 10% (w/v) SDS solution, and 1.82ml of
distilledwater. Add 2.5ml of TEMEDand 25ml of 10% (w/v) APS solution
just prior to pouring the gel. Prepare a stock of 10� SDS–PAGE running
buffer (30.3 g Tris-base, 144 g glycine, 10 g SDS in 1 l of distilled water).
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4. Samples are loaded into appropriate wells on the 16% SDS-gel and run at
40 mA/gel for 30 min then stained for 20 min with Coomassie brilliant
blue staining solution (0.2% (w/v) Coomassie brilliant blue in 50% (v/v)
methanol and 10% (v/v) acetic acid, store at room temperature).

5. Destain the gel in destaining solution [33% (v/v) methanol and 10% (v/v)
acetic acid can be prepared and stored at room temperature] for over 6 h
and cut out the band of interest, that is, core histones (e.g., histones H3 or
H4) using a scalpel blade and put into 3 ml scintillation, mix by vortex and
leave at room temperature for more than 30 min, and determine the
radioactivity in excised core histone bands by liquid scintillation counting
(Ito et al., 2000a,b).

6. The radioactivity of acetylated histones is counted by liquid scintillation
counter, and expressed as disintegrations per minute (dpm) per mg protein.

7. For visualization of histone acetylation, immerse and soak the gel in
[3H]-amplifier solution for 15–30 min, stain with Coomassie brilliant
blue solution and destain, then dry the gel onto Whatmann 3MM filter
paper using a gel drier.

8. Transfer the dry gel to an X-ray film cassette and allow to autoradio-
graph at �80 �C for an appropriate time (6–24 h).

3. Histone Acetylation by Immunoblotting

With the development of antibodies for specific lysine residues in his-
tones such as H3K9, H3K14, H3K18, H3K27, H4K5, H4K8, H4K12, and
H4K16, specific histone acetylation assay is now possible by Western blotting
(Yang et al., 2008, 2009). Histone protein in cells or tissues is extracted as
mentioned in histone extraction procedure. In tissues, cell pellets are likewise
prepared to extract nuclear proteins. Pellets are washed once with nuclei wash
buffer (10 mM Tris–HCl [pH 7.4], 13 mM EDTA, 10,000�g, 4 �C, 5 min).
The pellets are resuspended with 150 ml of ice-cold distilled water for further
histone extraction as per the histone extraction procedure.

1. Acid-extracted histone proteins are subjected to 15% SDS– PAGE, and
separated proteins are electroblotted onto nitrocellulose membranes
(Amersham, Arlington Heights, IL), and blocked for 1 h at room
temperature with 5% nonfat dry milk.

2. The membranes are then probed with specific anti-acetylated or
antimethylated, anti-histone H3 or anti-histone H4 antibodies (Upstate,
Charlottesville, VA; Cell Signaling Technology, Inc., Danvers, MA, or
Abcam, Cambridge, MA) at room temperature for 1 h.

3. After three washing steps, the levels of proteins are detected using anti-
rabbit, anti-mouse, or anti-goat secondary antibody linked to horseradish
peroxidase (DAKO),andboundcomplexesaredetectedusing theenhanced
chemiluminescence (ECL)method (Perkin Elmer,Waltham,MA).
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4. HAT Activity Assay

Over 30 HATs including transcription factors, coactivators, and other
signaling molecules are discovered to date, which display distinct substrate
specificities for histone and nonhistone proteins (Spange et al., 2009). CBP/
p300 is the most extensively studied among the HATs, and it is vital for the
coactivation of several transcription factors, including NF-kB and AP-1.
CBP and p300 (referred to CBP/p300 because of their mutual interaction)
are transcriptional coactivators with intrinsic HAT activity, and are regu-
lated by MAP kinase (Rahman and Adcock, 2006). Specific core histone
lysine residues can be acetylated by CBP/p300 coactivator. Both p300 and
CBP are also known to involve in the regulation of various DNA-binding
transcriptional factors. For example, lysine acetylation of histones by CBP/
p300-HAT causes DNA uncoiling, and allows accessibility of NF-kB
(RelA/p65) to bind the promoters of genes (Chen et al., 2001). Thus,
histone acetylation via CBP/p300 has a significant role in the activation of
NF-kB-mediated proinflammatory gene expression. Recently, Yang et al.
(2008) showed that IKKa mediates chromatin remodeling (by increasing
intrinsic HAT activity) via the activation of NF-kB-inducing kinase (NIK)
in response to CS-mediated oxidative stress in human lung epithelial cells,
macrophages, and mouse lungs.

4.1. HAT assay using commercial kits

HAT activity assay can be performed using commercially available kits of
different companies (Cat. No. K322-100, BioVision Research Products,
Mountain View, CA; Cat. No. 56100, Active Motif, Carlsbad, CA; Cat.
No. KT-146, Kamiya Biomedical Company, Seattle, WA; Cat. No. PK-
CA577-K332-100; PromoCell GmbH, Heidelberg, Germany).

4.2. HAT activity assay using kits

An easy and nonradioactive system for rapid and sensitive detection of HAT
activity using cell and tissue extracts have been developed as commercial
available kits (see under HAT assay kits—BioVision or Active Motif). The
kit utilizes active nuclear extracts as a positive control and acetyl-CoA as a
cofactor. Acetylation of peptide substrate by active HAT releases the free
form of CoA which then serves as an essential coenzyme for producing
NADH. This NADH can be easily detected spectrophotometrically upon
reacting with a soluble tetrazolium dye.
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1. Briefly, the procedure includes preparation of nuclear extracts of the test
sample (consisting of 50 mg protein) in 40 ml water (final volume) for
each assay from a cell culture 96-well plate.

2. For positive control, 10 ml of nuclear extracts are added with 30 ml of
water. Assay mix should be prepared using the HAT assay buffer,
substrates, and enzyme provided along with the kit to a total volume
of 65 ml/well.

3. Assay cocktail (65 ml) is mixed with each test sample in wells and allowed
to incubation at 37 �C for 1–4 h depending on the color development.

4. Finally, the samples should be read using a microplate reader at 440 nm
according to the manufacturer’s instructions provided in the kit.

5. HDAC Activity Assay Using [
3
H]-Labeled

Histones

HDAC can deacetylate acetyl-lysine present in histones thereby gen-
erates free acetic acid. [3H]-labeled acetylated histones are used as substrate
to assess the ability of samples (HDAC activity) to remove acetyl moieties
from acetylated histones and form [3H]-acetic acid in this approach. There-
fore, radioactivity of [3H]-acetic acid in the process of histone deacetylation
reflects the activity of HDAC in samples which is described previously (Ito
et al., 2000a,b, 2001; Kolle et al., 1998) with some modifications.

5.1. Preparation of [3H]-labeled histones

Eighty percentage of subconfluent epithelial or endothelial cells in 150 cm2

flask are cultured in DMEM without FBS for 24 h before incubation with
100 mCi/ml of [3H]-acetic acid (Amersham Pharmacia Biotech) in FBS-free
medium for 10 min (Ito et al., 2001). TSA (100 ng/ml) can be added, and
incubated at 37 �C for 6–8 h as positive control. Extraction of histones is
performed as mentioned earlier and diluted with distilled water or HDAC
buffer C to give a concentration of 1.5 mg/ml protein.

5.2. HDAC assay sample preparation

1. After treatment of cells (e.g., MonoMac6, A549, H292, and Beas-2B
cells) with oxidative stress imposed by H2O2, aldehydes, or CS extracts,
cells are washed twice with ice-cold PBS, and collected by scraping into
1 ml ice-cold HBSS into Eppendorf tube.

2. The cells are spun at 10,000 � g for 5 min at 4 �C and extract nuclei by
cell lysis buffer (10 mM Tris–HCl [pH 6.5], 50 mM sodium bisulfite,
10 mM MgCl2, 8.6% sucrose, 2% Triton X-100).
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3. Twenty microliters of HDAC buffer A (15 mM Tris–HCl [pH 7.9],
450 mM NaCl, 0.25 mM EDTA, 10 mM b-mercaptoethanol, 10%
glycerol, and complete protease inhibitor cocktail tablet without
EDTA is added just before use) is added, vortexed for 15 s vigorously
and kept on ice for 20 min, and spun at 10,000 � g for 5 min at 4 �C.

4. Finally, the supernatant is collected and 180 ml of HDAC buffer B
(15 mM Tris–HCl [pH 7.9], 0.25 mM EDTA, 10 mM b-mercaptoetha-
nol, 10% glycerol, and complete protease inhibitor cocktail tablet with-
out EDTA is added just before use) is added.

5. Salt concentrations above 200 mM increasingly inhibit HDAC activity.
Therefore, dialysis may be necessary. Final salt concentration in assay is
recommended to 10–45 mM. In this protocol, final 30 mM of salt is
used. This is a crude HDAC extraction. For partial purification of
deacetylases, the deacetylase is precipitated by raising the concentration
of (NH4)2SO4 to 3.5 M.

6. The dialysate is then loaded onto a DEAE-cellulose (Whatman DE52)
column equilibratedwith theHDACbufferC (15mMTris–HCl [pH7.9],
10mMNaCl, 0.25mMEDTA, 10mMb-mercaptoethanol, 10% glycerol,
and complete protease inhibitor cocktail mixture without EDTA is added
just before use) and eluted with a linear gradient (0–0.6 M) of NaCl. A
single peak of HDAC activity is eluted with 0.15 and 0.2MNaCl.

Extraction of HDAC samples from tissues, cell pellets from nuclear
fraction, which is described earlier are dissolved in 20 ml of HDAC buffer A,
vortexed for 15 s vigorously, and kept on ice for 20 min, finally supernatant
is collected and 180 ml of HDAC buffer B is added. This is a crude HDAC
extraction. Partial purification of deacetylase in tissues can be followed by
the same procedure as described earlier.

5.3. HDAC activity assay

1. Fifteen microliters of [3H]-labeled histone (1.5 mg/ml) is mixed with
25 ml of crude HDAC extraction, and incubated at 30 �C for 30 min (Ito
et al., 2000b).

2. Ten microliters of acid mixture (2.5NHCl and 1N acetic acid) is added
to stop the reaction. Then add 900 ml of ethylacetate into reaction
mixture, vortex vigorously, keep for 5 min, and mix again.

3. Centrifuge at 13,000�g for 5 min at 4 �C and aliquot 600 ml of the upper
organic phase and transfer into 3 ml of liquid scintillation cocktail.

4. Determine the radioactivity of sample by liquid scintillation counter.
Count the release of [3H]-acetic acid from acetylated histones by HDAC
samples with liquid scintillation counter (Ito et al., 2000a,b, 2001; Kolle
et al., 1998), and express the unit as dpm/mg protein.
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Notes

1. For macrophage/monocyte cell lines, such as MonoMac6, THP-1,
U937, mononuclear cells, endothelial cells HUVECs and bronchial
epithelial cells (e.g., NIH-H292 and Beas-2B cells or other epithelial
cells), 0.5–1% Triton X-100 is needed. These concentrations are rela-
tively high so it should not be left for more than 10 min. Nonidet P-40
(0.2–0.5%) can be used instead of Triton X-100.

2. Complete protease inhibitor cocktail (Boehringer Mannheim) can be
used for the preparation of lysis buffer, the tablet with EDTA is used. For
other buffers used in this protocol containing EDTA, the tablet without
EDTA is used.

3. TrichostatinA (Sigma) stock is prepared at a concentration of 100mg/ml in
100% EtOH and stored at�20 �C and added to lysis buffer just before use.

4. These reagents (HDAC buffer A, B, and C) can be stored at 4 �C for
up to 1 month.

6. HDAC Activity Assay

Among various HDACs, HDAC2 is an important corepressor protein
which is redox-sensitive and prone to alterations by oxidants and/or free
radicals, which is associated with the reduced levels/activity of these dea-
cetylases in lungs of smokers and patients with COPD compared to healthy
nonsmokers (Barnes, 2009; Marwick et al., 2004; Yang et al., 2006). The
decreased levels/activity of HDAC2 is also observed in response to CS
extract in vitro exposure to macrophage–monocytes (MonoMac6 cells),
human airway and bronchial epithelial cells, and in lungs of mice exposed
to CS showing the modifications by aldehydes, and by protein nitration
(Adenuga et al., 2009; Yang et al., 2006). Oxidative stress plays an important
role in reducing the activity of HDAC2 by oxidative/carbonyl posttransla-
tional modifications and kinase-dependent signaling mechanisms. How-
ever, the mechanism underlying reduced level/activity of HDAC2 by
oxidative modification is not clearly understood.

6.1. HDAC assay using commercial kits

HDAC activity assay can be performed using commercially available
kits which are available in different companies (Cat. No. K332-100,
BioVision Research Products; AK-501, Biomol International, Plymouth
Meeting, PA; Cat No. 56200, Cat. No. 56210, Active Motif) and SIRT1
and SIRT2 fluorimetric drug discovery kit (AK-555, AK-556; Biomol
International).
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6.2. HDAC immunoprecipitation and specific activity assay
for various deacetylases using commercial kits

An efficient and simple method to perform HDAC activity assay is by using
a colorimetric assay kit (Yang et al., 2006). The procedure involves the use
of the HDAC colorimetric substrate (Color de Lys substrate, 500 mM),
which comprises an acetylated lysine side chain and is incubated with a
sample containing nuclear extract. Deacetylation sensitizes the substrate,
and treatment with the lysine developer produces a chromophore, which
can be analyzed with a colorimetric plate reader at 405 nm. HeLa or A549
cell nuclear extract can be used as a positive control. A standard curve is
prepared, using the known amount of the deacetylated standard (Boc-Lys-
pNA) included in the Biomol kit.

6.2.1. HDAC activity assay

1. The different fractions isolated from cells or tissues are immunoprecipi-
tated for HDAC1, HDAC2, and HDAC3. HDAC1, HDAC2, or
HDAC3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA;
1:1000 dilution) is added to 200 mg of protein sample in a final volume
of 500 ml with RIPA buffer [50 mM Tris–HCl, 150 mM NaCl, 1 mM
EDTA, 0.25% deoxycholate, 1 mM Na3VO4 or sodium orthovandate,
1 mM NaF, 1 mg of leupeptin/ml, 1 mg of aprotinin/ml, 1 mM phenyl-
methylsulfonyl fluoride (PMSF) or containing complete protease inhib-
itor cocktail (Sigma)] and incubated for overnight.

2. Protein A/G agarose beads (40 ml; Santa Cruz Biotechnology) are added
to each sample and kept for 1–2 h at 4 �C on a rotor. The samples are
then centrifuged at 2500 rpm at 4 �C for 5 min.

3. The supernatant is discarded, and the beads are washed twice using
500 ml of RIPA buffer and then resuspended in 150 ml of 1 mM Color
de Lys substrate (Adenuga et al., 2009). The assay is allowed to continue
at 37 �C for 90 min with continuous mixing.

4. Then the agarose beads are pelleted by centrifugation, 30 ml of superna-
tant is transferred to a 96-well plate and made up to 50 ml with HDAC-
specific buffer. Finally, 50 ml Color de Lys developer containing 2 mM
TSA is added and the plate is incubated for 20 min at 37 �C. Color
development is monitored spectrophotometrically at 405 nm.

6.2.2. SIRT1 activity assay

1. SIRT1 is immunoprecipitated as described earlier from whole cell or
tissue extracts and 100 mg of protein is used for SIRT1 activity assay.
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2. The assay involved the use of the SIRT1 fluorometric substrate (Fluor de
Lys-SIRT1 substrate-developer combination, 0.2 U/ml), which com-
prised amino acids 379–382 of human p53 (Arg-His-Lys-Lys AC), and
incubation with human recombinant SIRT1 and the cosubstrate NADþ

(Biomol). SIRT1 activity assay kit employs an indirect method using
fluorescent substrate (acetylated p53) (Pacholec et al., 2010).

3. Deacetylation of SIRT1 sensitizes the substrate, and treatment with the
developer produces a fluorophore, which can be analyzed with a fluo-
rescence plate reader at 460 nm.

4. Resveratrol (200 mM) may be used as a positive control, and 1 mM
nicotinamide and 200 mM suramin, 10 mM sirtinol or 150–600 mM
splitomicin served as negative controls. Resveratrol is an indirect activa-
tor of SIRT1 (Pacholec et al., 2010).

5. A standard calibration curve is prepared with a known amount of the
deacetylated standard. SIRT1 activity is assayed using SIRT1 activity
assay kit according to the manufacturer’s instructions.

7. HDACs Levels by Immunoblotting

In addition to HDAC activity, the levels of HDACs are also regulated
by redox pathway via modulating their nucleocytoplasmic shuttling and
posttranslational modifications, such as proteasome-dependent degradation
(Adenuga et al., 2009; Rahman et al., 2002). Therefore, protein level of
HDACs is an important marker of oxidant-induced cell dysfunction or
diseases such as COPD (Ito et al., 2005).

1. In general, different cells fractions, such as whole lysates, and both
cytoplasmic and nuclear protein are used to investigate the degradation
and shuttling of HDACs (Adenuga et al., 2009; Yang et al., 2006).

2. Protein estimation is done by the BCA, Bradford, or Lowry protein
assay, following the manufacturer’s instructions.

3. For HDAC1, HDAC2, HDAC3, SIRT1, and SIRT2 assays, 20 mg of
isolated soluble proteins are electrophoresed on 7.5% SDS–PAGE gels,
transferred onto nitrocellulose membranes (Amersham), and blocked
with 10% nonfat dry milk in Tris-buffered saline (TBS) with 0.1%
Tween-20 at 4 �C overnight.

4. Membranes are incubated with goat polyclonal anti-human anti-HDAC
or anti-SIRT1 (1:1000 dilution in 5% nonfat dry milk in TBS) anti-
bodies (HDAC1, SC-6298; HDAC2, SC-6296; HDAC3, SC-8138
from Santa Cruz Biotechnology; SIRT1, Ab7343; SIRT2, Ab10659
from Abcam).

5. After washing, the levels of HDAC proteins are detected with rabbit
anti-goat or anti-mouse antibody (1:20,000 dilution in 2.5% nonfat dry
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milk in TBS for 1 h) linked to horseradish peroxidase (Dako, Santa
Barbara, CA), and bound complexes are detected with ECL ( Jackson
Immunology Research, West Grove, PA).

8. Posttranslational Modifications of

HDACs and SIRTs (Sirtuins 1–7) by

Immunoprecipitation

Immunoprecipitation is used to assess the posttranslational modifica-
tions, such as phosphorylation, nitrosylation, and SUMOylation since the
specific phosphorylated, carbonylated, or nitrated HDAC antibody is not
available (Adenuga et al., 2009; Yang et al., 2006).

1. After extraction of cytoplasmic, nuclear proteins, or whole lysates from
cells or tissues, HDAC1, HDAC2, HDAC3, or SIRT1 antibodies (1:80
dilution) are added to 100–200 mg of protein in a final volume of 400 ml
RIPA buffer and incubated for 1 h. Protein-A/G agarose beads (20 ml)
(Santa Cruz Biotechnology) are added to each sample and left overnight
at 4 �C on a rotator.

2. The samples are then centrifuged at 13,000 rpm at 4 �C for 5 min. The
supernatant is discarded, and the beads are washed three times and then
resuspended in 40 ml of RIPA buffer.

3. For Western blots, 100 mg of the immunoprecipitated HDAC1,
HDAC2, HDAC3, or SIRT1 agarose bead suspension is added to
10 ml of 4� sample buffer [2.5 ml of 1 M Tris–HCl (pH 6.8), 2 ml of
glycerol, 2 ml of 10% (w/v) SDS solution, 20 mg of bromophenol blue,
and 3.5 ml of distilled water].

4. Add 20 ml of b-mercaptoethanol to 1 ml of 4� sample buffer just before
use, boiled at 95 �C for 5 min, and resolved by SDS–PAGE as described
earlier.

5. To determine the posttranslational modifications of HDAC1, HDAC2,
HDAC3, and SIRT1, blots are probed with mouse monoclonal anti-
nitrotyrosine (Cat. No. 05-223; Upstate), anti-4-hydroxy-2-nonenal
(4-HNE) (Cat. No. 24327; Oxis International), anti-phosphoserine
(Santa Cruz Biotechnology), anti-acrolein, anti-ubiquitin (Santa Cruz
Biotechnology), or anti-SUMO1 (Zymed, Carlsbad, CA or Santa Cruz
Biotechnology) antibodies.

6. Recently, antibodies for phospho-SIRT1 at Ser27 and Ser47 residue
(Cat. No. 2327 and 2314; Cell Signaling Technology, Inc) and phos-
pho-HDAC2 at Ser394 (Cat. No. sc-135639; Santa Cruz Biotechnol-
ogy) are commercially available which can be used to determine the
phosphorylation status of SIRT1 and HDAC2 on specific residues by
immunoblotting.
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9. Preparation of Whole Cell Lysate

9.1. From cells

1. Harvested cells are washed in 1 ml sterile 1� PBS buffer and then
resuspended in 100 ml of ice-cold RIPA buffer containing 50 mM Tris–
HCl, 150mMNaCl, 1mM EDTA, 0.25% deoxycholate, 1mMNa3VO4

or sodium orthovandate, 1 mM NaF, 1 mg of leupeptin/ml, 1 mg of
aprotinin/ml, 1 mM PMSF or containing complete protease inhibitor
cocktail (Sigma) and incubated on ice for 30 min, vortexed for 15 s.

2. Finally, centrifuged at 10,000�g for 5 min, the supernatant is whole cell
lysate transferred to fresh tube and kept frozen at �80 �C.

9.2. From tissues

1. For tissues, 50 mg of tissue is homogenized (Pro 200 homogenizer, at
maximum speed, 5th gear for 40 s) in 0.5 ml of ice-cold RIPA buffer
containing complete protease inhibitor cocktail (Sigma) (Yao et al., 2008).

2. The tissue homogenate is then incubated on ice for 45 min to allow total
cell lysis. The homogenate is then centrifuged at 13,000�g for 5 min at
4 �C to separate the protein fraction from the cell/tissue debris.

3. The supernatant, containing the protein is aliquoted and stored at
�80 �C. The level of protein is determined by BCA, Bradford, or
Lowry protein assay.

10. Preparation of Cytoplasmic and Nuclear

Proteins

10.1. From cells

1. For nuclear proteins, cells are washed twice with ice-cold PBS and
resuspended in 400 ml of Buffer ‘‘A’’ (10 mM HEPES [pH 7.9], 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mMDTT, and 0.5 mM PMSF).
After 15 min, Nonidet P-40 is added to a final concentration of 0.6% and
vortexed for 15 s.

2. Samples are centrifuged for collection of the supernatants containing
cytosolic proteins. The pelleted nuclei are resuspended in 50 ml of Buffer
‘‘B’’ (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, and 1 mM PMSF). After 30 min at 4 �C, lysates are
centrifuged, and supernatants containing the nuclear proteins are stored
at �80 �C. The pellet after nuclear extraction from cells can be used for
histone protein extraction as described earlier.
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10.2. From tissues

1. One hundred milligrams of tissue is mechanically homogenized (Pro 200
homogenizer, maximum speed, 5th gear for 40 s) in 0.5 ml Buffer ‘‘A’’
(10 mMHEPES [pH 7.8], 10mMKCl, 2 mMMgCl2, 1 mMDTT, 0.1M
EDTA, 0.2 mM NaF, 0.2 mM Na orthovandate, 0.4 mM PMSF, and
1 mg/ml leupeptin), then 1% (v/v) Nonidet P-40 is added, and the tubes
are incubated in ice for 15 min (Yao et al., 2008).

2. The homogenate is centrifuged at 2000�g in a benchtop centrifuge for
30 s at 4 �C to remove cellular debris. The supernatant is then transferred
to a 1.7-ml ice-coldmicrotube and further centrifuged for 30 s at 13,000�g
at 4 �C.

3. The supernatant is collected as a cytoplasmic extract. The pellet is
resuspended in 100 ml of Buffer ‘‘B’’ (50 mM HEPES [pH 7.8], 50
mM KCl, 300 mM NaCl, 0.1 M EDTA, 1 mM DTT, 10% [v/v]
glycerol, 0.2 mM NaF, 0.2 mM Na-orthovandate, and 0.6 mM PMSF)
and placed on the rotator in the cold room for 30 min.

4. After centrifugation at 13,000�g in an Eppendorf tube for 5 min, the
supernatant is collected as the nuclear extract and kept frozen at�80 �C.
The pellet after nuclear extraction from tissues can be used for histone
protein extraction as described earlier. BCA, Bradford, or Lowry protein
assay is used for determination of protein concentration.

11. Redox-Mediated Posttranslational

Modification Assays

11.1. Protein carbonylation

Protein carbonylation occurs via the introduction of carbonyl groups into
proteins either directly by oxidation of amino acid side chains, particularly
lysine, arginine, and histidine or by oxidation of peptide backbone leading
to backbone cleavage (Ghezzi and Bonetto, 2003). Additionally, proteins
can also react with glycation and lipid peroxidation products such as 4-HNE
or malondialdehyde (MDA) (Stadtman and Berlett, 1997). Mostly, carbo-
nylated proteins are analyzed by one- or two-dimensional electrophoresis
and subsequent immunoblotting. All protein-carbonyls can be targeted
by reaction with hydrazides coupled to fluorescent dyes, radioactive
labels, or using the far more frequently used method by reacting with 2,4-
dinitrophenylhydrazine (DNPH; Ahn et al., 1987; Levine et al., 1990).
Dinitrophenyl-(DNP)-adducts can be detected using specific anti-DNP
antibodies that may be used for immunoprecipitation of carbonylated
proteins. Furthermore, a variety of specific antibodies (anti-MDA and
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anti-HNE) against adducts of lipid peroxidation products are available for
immunoblotting (Toyokuni et al., 1995; Yamada et al., 2001, 2004).

11.1.1. Covalent modification of SIRT1 by carbonylation

1. SIRT1 is immunoprecipitated using whole cell lysates; SIRT1 antibody
(1:80 dilution; Abcam) is added to 100 mg of protein in a final volume of
400 ml and incubated for 1 h at 4 �C.

2. Protein-A/G agarose beads (20 ml) (Santa Cruz Biotechnology) are
added to each sample and left overnight at 4 �C on a rotator (Barnstead
Thermolyne, Dubuque, IA).

3. The samples are then centrifuged at 13,000�g at 4 �C for 5 min. The
supernatant was discarded and the beads are washed three times and then
resuspended in 50 ml lysis buffer.

4. For immunoblots, 100 mg of the immunoprecipitated SIRT1 agarose
bead suspension is added to 5� sample loading buffer, boiled and
resolved using SDS–PAGE. Agarose beads alone were used as negative
control.

5. To determine the carbonylation of SIRT1, membranes were probed
first with anti-SIRT1 antibody (Abcam). After stripping, membranes
were equilibrated with 20% (v/v) methanol, 80% TBS for 5 min, then
incubated with 0.5 mM DNPH for 30 min at room temperature
(Murtaza et al., 2008).

6. The membranes were washed and then incubated overnight in anti-
DNP antibody, as described earlier.

11.1.2. Protein carbonylation using proteomics approach
Protein carbonylation occurs in response to oxidative/carbonyl stress by CS
and environmental pollution which may serve as a potential biomarker
based on the relatively early formation and relative stability of carbonylated
proteins (Dalle-Donne et al., 2003; Rahman and Biswas, 2004; Reznick
et al., 1992). In order to assess the relative contribution of carbonylated
protein to total protein, two-dimensional PAGE can be performed accord-
ing to a method described previously (Lin et al., 2002; Umstead et al., 2009).

1. Briefly, trichloroacetic acid (TCA)–acetone precipitated samples will be
loaded onto Immobiline Drystrip IPG gel (Amersham Biosciences), and
proteins were separated using the Amersham Biosciences IPGpho Iso-
electric Focusing System.

2. Strips will be removed and treated with 10 mM of DNPH–5% TCA, and
then transferred to 12.5% horizontal SDS–PAGE gels for electrophoresis.

3. After transfer, the PVDF membrane will be stained with deep purple
total protein stain (GE Healthcare).
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4. Carbonylated proteins will be detected using the same membrane after
imaging for total protein.

5. The membranes will be washed and incubated with 2 mg/ml Biotin-
XX-rabbit anti-dinitrophenyl-KLH IgG (Invitrogen) followed by incu-
bation with 1 mg/ml Cy5-labeled streptavidin (GE Healthcare).

6. Deep purple total protein-stained images and Cy5-stained oxidized
protein images will be then imported into Progenesis Same Spots
(v2.0; Nonlinear USA, Durham, NC) for quality assessment, alignment,
spot matching, and analysis.

7. Protein spots of interest will be excised, digested, and processed to
identify the specific/novel protein carbonylation through peptide
mass fingerprinting and sequence analyses using matrix-assisted laser
desorption ionization-time of flight tandem mass spectrometry
(MALDI-TOF MS) (Caito et al., 2010, England and Cotter, 2004;
Umstead et al., 2009).

11.2. Biotin-switch assay

Protein S-nitrosylation is a dynamic process where the covalent addition of
a nitroso group to a cysteine thiol side chain occurs in a wide variety of
proteins (Foster et al., 2003; Hess et al., 2005). Protein S-nitrosylation is
linked to various cellular redox signaling functions in normal physiology
and during pathophysiology of disease. Due to the increase in research
interest on protein S-nitrosylation, most of the recent studies are relying
on biotin-switch assay for the detection of endogenously S-nitrosylated
proteins (protein–SNOs). Biotin-switch assay involving the study of
S-nitrosylation has gained considerable interests both in vitro and in vivo,
largely due to its compatibility and availability of molecular methods
including SDS–PAGE, immunodetection, and mass spectrometry ( Jaffrey
et al., 2001).

11.2.1. Biotin-switch assay for HDACs and SIRT1

1. Modifications on cysteine residues were measured by maleimide–
PEO2–biotin labeling. After immunoprecipitation of HDACs or
SIRT1, conjugated to the agarose beads were diluted in PBS and 1 ml
of maleimide–PEO2–biotin (Pierce) was added for 2 h rocking at room
temperature in dark (Caito et al., 2010).

2. Samples were then boiled and electrophoresed on a polyacrylamide gel.
The gel was transferred onto the nitrocellulose membrane, blocked with
5% BSA, streptavidin conjugated to horseradish peroxidase was added
for 1 h, and visualized using the ECL method (Perkin Elmer).
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11.2.2. Cysteine group modifications on deacetylases
To determine the aldehyde modifications on cysteines, biotin-switch label-
ing is performed as described above.

1. Immunoprecipitated HDAC2 or SIRT1 is labeled with maleimide–
PEO2–biotin, which reacts with free cysteine groups. After electropho-
resis and transfer, the nitrocellulose membranes will be developed using
streptavidin-conjugated HRP.

2. Cells and recombinant SIRT1 or HDAC2 (20 mg, Biomol) are treated
withN-ethylmaleimide (NEM; 100 mM) for 30 min, and then alkylation
of cysteine groups on SIRT1 is determined after labeling with
maleimide–PEO2–biotin. Alkylation of SIRT1 by NEM will lead to
lower enzymatic activity by alkylation of cysteines (Caito et al., 2010).

To determine the sites of carbonylation on HDAC2 or SIRT1, cells are
treated with CSE, oxidants and nitrosants, cell/tissue lysate is labeled with
DNPH, separated on 2DGE, immunoblotted against anti-acrolein and
anti-4-HNE antibodies and then analyzed by MALDI-TOF/TOF mass
spectrometry (Autoflex III TOF/TOF) MALDI mass spectrometer (Bruker
Daltonics). Data are analyzed using MASCOT version 2.1.04. Recombi-
nant human HDAC2/SIRT1 (20 mg) modified with acrolein (30 mM)
is used as a positive control (Caito et al., 2010; Grimsrud et al., 2008;
Ishii et al., 2003).

To further determine the oxidation of cysteine residues to sulfenic acid
(–SOH), sulfinic acid (–SO2H), or sulfonic acid (–SO3H), cells are treated
with CSE, aldehydes, and oxidants, and whole cell extracts and lung homog-
enate will be made for HDAC2/SIRT1 immunoprecipitation, and
HDAC2/SIRT1 activity is determined. A 100 mg of immunoprecipitated
HDAC2 or SIRT1 is used for electrospray ionization-mass spectrometry
(ESI-MS) as previously described (Woo et al., 2003), allowing comparison of
the mass/charge ratio (m/z) of unmodified cysteines on HDAC2 or SIRT1
to their respective sulfinic and sulfonic acids (Eaton, 2006; Hurd et al., 2009).
Recently developed methods, such as isotope-coded affinity tags (ICAT)
and isobaric tag for relative and absolute quantitation (iTRAQ) can also be
used for cysteine group modifications on deacetylases (Yang et al., 2008;
Sethuraman et al., 2004)

12. Chromatin Immunoprecipitation

(ChIP) Assay

ChIP assay allows the researchers to take a virtual molecular snapshot
of protein–DNA interactions in the context of the living cells (Ooi and
Wood, 2009). By this method, living cells are fixed with formaldehyde to
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cross-link proteins which are in close association with the DNA. This is an
important property allowing for the analysis of proteins that are recruited to
the DNA through association with another DNA-binding factor. Immu-
noprecipitation of the sample with a transcription factor-specific antibody
will allow the isolation of DNA fragments that are specifically associated
with the protein of interest. In ChIP assay, a protein interacts with the
genome, and the analysis finally depends on PCR amplification of DNA
using gene-specific primers. The enrichment of the region that is specifically
bound to the protein of interest is confirmed based on the fragment that is
specifically immunoprecipitated in the sample but not in the nonspecific
antibody control (Ooi and Wood, 2009; Orlando, 2000; Orlando and Paro,
1993). Furthermore, ChIP assay is also introduced to study protein–DNA
interactions through formaldehyde cross-linking of proteins to DNA,
followed by immunoprecipitation with specific antibodies. Using this
approach, the in vivo DNA binding site of any protein can be detected.
Here, we describe the stepwise protocol (Fig. 13.1) currently used to immu-
noprecipitate the formaldehyde cross-linked chromatin and further analyze
the immunoprecipitated DNA by semiquantitative PCR (Yan et al., 2004;
Yang et al., 2008, 2009). This technique is elegantly described by several
investigators (Ooi and Wood, 2009; Weinmann, 2004; Yan et al., 2004).

12.1. Methods for ChIP assay using cells

1. Day 1: The cells are washed once with 10 ml 1� PBS, and then
resuspended in 10 ml of 1� PBS, 1 ml of cross-linking solution
containing 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM
HEPES (pH 8.0), and 11% formaldehyde (final concentration 1%
formaldehyde) is added and incubated at room temperature for 10 min.

Cross-link Cells/tissues (DNA and protein) using formaldehyde and sonicate

Add specific antibody-immunoprecipitation

Pull down the immunoprecipitates by adding protein A/G agarose beads

Reverse cross-link and purify DNA

Semi-quantitative PCR

Figure 13.1 Flow chart describing the steps involved in chromatin immunoprecipita-
tion assay.
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2. Glycine 0.5 ml (2.5M) is added to neutralize it and centrifuged the cells
at 1500 rpm for 5 min. Further, the cells are washed once with 10 ml of
1� PBS, resuspended in 3 ml lysis buffer (50 mM Tris–HCl [pH 8.0],
1% SDS, 5 mM EDTA, 5 mMNa-butyrate, and 1� protease inhibitor)
and incubated on ice for 5 min (see Note 5).

3. The cells are sonicated onMisonix Sonicator 3000withmicrotip setting
‘‘8’’ (i.e., 3� 30 s for MonoMac6, U937, THP-1, Beas-2B, HUVECs,
A549, H292, HepG2, Jurkat T-, and HeLa cells) (see Note 6).

4. Aliquot 150 ml of the sonicated samples as ‘‘input’’ fraction and store at
4 �C, the sonicated sample is diluted 10-fold (i.e., add 27 ml of dilution
buffer containing 1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
20mMTris–HCl [pH 8.0], 5mMNa-butyrate and 1� protease inhibitor
to 3ml sonicated cells) to dilute SDSpresent in the lysis buffer (seeNote 7).

5. Preclearing is done by adding 300 ml of normal rabbit serum (10 ml/ml of
chromatin) and 600 ml of 50% slurry of protein A (and or G depending
on the antibody used) sepharose beads. The tubes are incubated in a rotor
at 4 �C for 3–4 h followed by centrifugation of the beads.

6. Equal volume of chromatin samples is aliquoted into new Eppendorf
tubes for each antibody and incubated on a rocker at 4 �C overnight.
ChIP grade antibodies are recommended for this as provided by com-
mercial vendors (Abcam or Upstate).

7. Day 2: To each aliquot, 20 ml of 50% slurry protein A (and or G) beads
per milliliter of chromatin is added and incubated on a rocker at 4 �C
for 2–3 h. Beads are centrifuged, supernatants are discarded, and
sequential washes using Paro buffer I (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris–HCl [pH 8.1], and 150 mM NaCl), Paro
buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–
HCl [pH 8.1], and 500 mM NaCl), and Paro buffer III (0.25 M LiCl,
1% Igepal CA-630/NP-40, 1% deoxycholate, 1 mM EDTA, and
10 mM Tris–HCl [pH 8.1]) on ice are performed (see Note 8).

8. The beads are washed two times with 1� TE buffer at room tempera-
ture, 2� elution buffer (50–100 ml) containing 1% SDS, 0.1 M
NaHCO3, and 1 mg/ml proteinase K is added and incubated at room
temperature for 10–15 min. The samples are mixed for every couple of
minutes and spin down the sample.

9. Eluates are pooled, a 5 ml of proteinase K (5 mg/ml) is added to each
input fractions stored at 4 �C (Step 7) and incubated overnight at 65 �C
(see Note 9).

10. Day 3: DNA is purified using QIAquick PCR purification kit (Cat No.
28106; Qiagen, Valencia, CA) (see Note 10). Samples of input DNA
are also prepared in the same way using Qiagen PCR purification kit
according to the manufacturer’s instructions.

11. PCR amplification is performed in PCR thermal cycler (PTC-200
DNA Engine, MJ Research, Waltham, MA) using optimized PCR
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conditions of gene-specific primers. PCR for the input reaction is
performed using 100 ng of genomic DNA and the PCR products are
analyzed on a 1.5–2.0% agarose gel.

12.2. Methods for ChIP assay using tissues

CRIP assay in tissues can be performed using the commercially available kits
by Epigentek [Cat. No. P-2012 and P-2013; EpiQuik tissue acetyl-H3/H4
CRIP kit] (Epigentek group Inc. Brooklyn, NY; www.epigentek.com).

1. Tissue sample (100 mg) is homogenized using PBS containing BSA
(1 mg/ml) along with protease inhibitor cocktail (Sigma). Cross-linking
is performed using formaldehyde containing 100mMNaCl, 1mMEDTA,
0.5 mM EGTA, 50 mM HEPES (pH 8.0), and 11% formaldehyde (final
concentration of 1% formaldehyde) for 10 min, and washed three times
with PBS, followed by addition of 0.5 ml glycine (2.5 M) to neutralize
(Yao et al., 2010).

2. The samples are centrifuged at 1500�g for 5 min, and cell pellet is
resuspended in SDS-lysis buffer and sonication of nuclear pellet contain-
ing chromatin is performed (four times for 30 s and one time for 15 s) at
a maximum speed using Misonix-3000 Sonicator (Misonix, Inc.,
Farmingdale, NY).

3. Sonicated samples are centrifuged at 1500�g for 5 min, the supernatant
is collected and diluted (1:10 dilution) with dilution buffer containing
1% Triton X-100, 2 mM EDTA, 150 mMNaCl, 20 mM Tris–HCl (pH
8.0), 5 mMNa-butyrate and 1� protease inhibitor (Roche) followed by
preclearing the extract with 60 ml of protein A agarose/salmon sperm
DNA (Cat No. 16-157, Upstate) for 3 h at 4 �C.

4. Immunoprecipitation is carried out overnight at 4 �C with 1 mg of
specific antibodies (ChIP grade antibodies are recommended). After
immunoprecipitation, 40 ml of protein A agarose/salmon sperm DNA
is added and incubated for 2 h followed by brief centrifugation.

5. Precipitates are washed sequentially with Paro buffer I (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris–HCl [pH 8.1], and 150 mM
NaCl), Paro buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20mMTris–HCl [pH8.1], and 500mMNaCl), andParo buffer III (0.25M
LiCl, 1% Igepal CA-630/NP-40, 1% Deoxycholate, 1 mM EDTA, and
10 mM Tris–HCl [pH 8.1]), respectively, for 5 min at 4 �C. Finally, the
precipitates are washed again with Tris-buffer twice for 5 min each.

6. The antigen–antibody complexes are extracted two times with 50 ml
elution buffer (1% SDS, 0.1 M NaHCO3, and 1 mg/ml proteinase K)
and the eluted samples are heated at 65 �C overnight to reverse cross-
linking. The recovered DNA is purified with a QIAquick PCR purifi-
cation kit (Cat No. 28106, Qiagen).
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7. Samples of input DNA are also prepared in the same way using Qiagen
PCR purification kit according to the manufacturer’s instructions. PCR
amplification is performed in PCR thermal cycler (PTC-200 DNA
Engine, MJ Research) using optimized PCR conditions of gene-specific
primers. PCR for the input reaction is performed using 100 ng of genomic
DNA and the PCR products are analyzed using a 1.5–2.0% agarose gel.

Notes

1. Before starting the ChIP assay, prepare preblocked protein A (and or
G) bead slurry (Protein A-Agarose Cat. No. 16-156; Upstate).

2. When using the bead slurry, use 1000 ml tips (cut the tip ends) to avoid
damage of the beads used. Wash the beads three times each with
protein wash buffer (10 mM Tris–HCl, [pH 8.0], 1 mM EDTA, and
1 mg/ml BSA).

3. Cross-linking solution: Formaldehyde (11%) is prepared using 16% formal-
dehyde stock solution (Cat. No. 15710; Electron Microscopy Sciences).

4. Centrifuge at 1000 rpm for 5 min, resuspend the beads in equal volume
of wash buffer.

5. Sodium butyrate is only necessary if ChIP is performed using antibodies
specific for acetylated proteins.

6. Extent of sonication need to be empirically determined for each cell
type used for the ChIP assay.

7. The SDS present in the lysis buffer could interfere with the antibody
binding during immunoprecipitation process. Hence, diluted using
dilution buffer (1:10) that lacks SDS.

8. All Paro buffers contain Na-butyrate (5 mM) and 1� protease inhibi-
tors are completely EDTA-free. In between each Paro buffer washes
tap, mix the samples, and incubate on ice for 10 min. Washes are done
in 1 ml using 1.7 ml sterile Eppendorf tubes. Centrifuge at 2500 rpm
for 1 min. TE buffer wash does not require incubation.

9. Elution and reverse cross-linking of the samples should be done using
screw cap tubes for overnight incubation at 65 �C.

10. OnceDNA is purified, check the inputDNA samples (load 1, 2, and 4 ml)
by performing agarose gel eletrophoresis using 1% gel in 1� TBE along
with 100 bp and 1 kb DNA ladder.

11. One tablet of protease inhibitor dissolved in 1 ml of sterile double
distilled water to make 50� concentration of protease inhibitors (prote-
ase inhibitor completely EDTA-free: Roche, Cat. No. 11873580001).

12.3. General considerations for ChIP assay

a. The extent of cross-linking (usually performed using 1% formaldehyde
for 10 min) is crucial and it depends on the protein of interest. The
conditions for cross-linking should be optimized. The concentration of
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formaldehyde, time duration for cross-linking, or the temperature of
cross-linking should be adjusted for different cell types. Insufficient
cross-linking may lead to incomplete fixation and the average size of
the DNA fragment is less than 500 bp. Over-cross-linking may result in
substantial loss of the material and prevent the production of small
chromatin fragments even after prolonged sonication.

b. The sonicator need to be calibrated to yield the desired average length of
DNA. Variables such as processing time and output control settings can
be adjusted to produce optimum results. The size of the DNA fragments
may be critical for high-resolution analysis. If the ChIP assay is per-
formed to show binding of a protein to a particular site or a specific
modification of histone in a particular site, fine tuning of the extent of
cross-linking and sonication variables may be required.

c. Preliminary immunoprecipitation experiments should be performed to
determine the optimum amount of antibody to be used. Generally, 5 mg
of specific antibodies will be sufficient enough to produce immunopre-
cipitated (IP) DNA from 300 to 400 mg chromatin, but lower specificity
of antibody lowers the relative enrichment of specific IP DNA.

d. It is important to use control to avoid nonspecific binding. Affinity-
purified antibodies can reduce the amount of nonspecific binding, but IP
without antibody is also needed. It is also important to include control
using noncross-linked chromatin extract to avoid nonchromatin proteins
and free DNA binding. This control allows monitoring whether the high
salt washes are efficient. When monoclonal antibodies are used, protein
A beads are not efficient to bind the antibodies, then protein A/G beads
or other specific beads should be used.

e. It is very important to test the sensitivity and efficiency of the PCR
before analyzing the IP DNA. The signal should be proportional to the
amount of template DNA.

13. Conclusions

Epigenetic events such as histone acetylation, deacetylation, phos-
phorylation, and histone/DNA methylation play an important role in
oxidative stress-induced chronic inflammatory processes in various diseases,
such as, COPD, neurodegenerative diseases, disease of aging, aging process,
and cancer (Ito et al., 2005; Johnstone, 2002; Migliore and Coppede, 2009).
Hence, study in epigenetics using different approaches will further unravel
the mechanisms and identify the possible epigenetics-based therapies for
chronic diseases. HAT and HDAC assays are useful in deciding whether a
transcription factor recruits a coactivator (HAT complex) and/or a core-
pressor (HDAC complex). Further, as HATs and HDACs/SIRTs and
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transcription factors are modified by acetylation, phosphorylation, ubiqui-
tination, sumoylation, and glycosylation, these assays will be important in
deciding the function of the modification on enzymatic activity (Sun et al.,
2002, 2003). ROS produced by extracellularly or by normal intracellular
processes have the potential to introduce considerable chemical complex-
ity/modifications into proteins, their principal biochemical redox targets
(Sheehan, 2006). The surge of proteomics approaches in biological research
has a significant impact on the study of protein oxidation and posttransla-
tional modifications. Future advancements in developing various methods
will help us to understand the extent that these modifications play in
regulation of cellular redox function to understand epigenetic events in
physiology and pathology (Eaton, 2006). Mass spectrometry-based proteo-
mics methods have now begun to provide tools to understand the protein
modifications which are linked to disease states, signaling systems, and age-
related conditions. Further advancement in this field may provide more
sensitive and reliable methods to identify site-specific modification of pro-
teins and characterization of their stoichiometry in vivo (Grimsrud et al.,
2008). ChIP assay monitors the ability of a protein to associate with DNA,
but before further analysis, it is not known whether there is a functional
outcome to the identified interaction. Hence, additional expression analysis
will be required to confirm whether the identified target genes are regulated
by the factor in a specific cell type. Methods described in this chapter include
the techniques, assays in current use and practice involved in redox signaling,
epigenetic changes and chromatin modifications associated with DNA and
its associated proteins. However, several other newer methods can be
employed in combination with different methods tailored to better under-
stand the redox signaling in epigenetics and chromatin research.
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Abstract

Mammalian thioredoxin reductases (TRs) aremembers of the pyridine nucleotide-

disulfide oxidoreductase family. Themain function of these enzymes is tomaintain

thioredoxins (Trxs) in the reduced state. The accessibility and high reactivity of

selenocysteine in theC-terminal tetrapeptide allowsmammalian TRs to couple to a

rangeof substrates fromproteins, suchas Trx, to smallmolecules, suchas selenite

and hydroperoxides. However, identification of physiological substrates of TRs

remains a challenge, with new targets identified primarily by testing random

candidates in in vitro assays. The reactionmechanismof TRs supports a procedure

that could trap substrates in a covalent nonproductive complex with TRs. Accord-

ingly, attachment of TRs to affinity matrices allows isolation and identification of

these targets.Applicationof thismethod revealed that Trxs are themajor targets of

TRs and supported efficient isolation of Trx substrates on TR affinity columns. We

suggest that this procedure may be used as a general method of affinity isolation

of Trxs and other TR substrates.
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1. Introduction

Mammalian thioredoxin reductases (TRs) are members of the pyri-
dine nucleotide-disulfide oxidoreductase family. The main function of
these enzymes is to maintain thioredoxins (Trxs) in the reduced state.
Three TRs have been identified in mammals: TR1 (also known as
TrxR1 or Txnrd1) localized in the cytosol/nucleus (Gladyshev et al.,
1996; Holmgren and Bjornstedt, 1995), TR3 (also known as TrxR2 or
Txnrd2) targeted to mitochondria (Gasdaska et al., 1999; Lee et al., 1999),
and thioredoxin/glutathione reductase TGR (also known as Txnrd3 or
TR2) that is primarily expressed in testes (Sun et al., 2001). Mammalian
TRs are homodimeric enzymes with a head to tail arrangement of subunits.
The N-terminal redox-active dithiol in one subunit and the C-terminal
selenolthiol site of the other subunit form a redox-active center (Biterova
et al., 2005; Sandalova et al., 2001). The proposed mechanism of mammalian
TR involves the reduction of the N-terminal active site disulfide by
NADPH via enzyme-bound FAD, the electron transfer from the N-termi-
nal dithiol to the C-terminal selenenylsulfide, and finally reduction of the
substrate by the C-terminal selenolthiol (Cheng et al., 2009; Zhong et al.,
2000). TGR differs from other TRs in that it also has an N-terminal
glutaredoxin domain, which can be reduced by the C-terminal selenolthiol
as well as by glutathione. In addition, TRs occur in a variety of forms that
differ in their N-terminal regions.

The accessibility and high-reactivity selenocysteine (Sec) in the C-ter-
minal tetrapeptide allows mammalian TRs to be active in vitro with a wide
range of substrates from small molecules, such as selenite and lipid hydro-
peroxides, to proteins such as Trx, protein disulfide isomerase (PDI), and
glutathione peroxidases (GPxs) (Arner, 2009; Gromer et al., 2004). The
major intracellular substrates of TRs are thought to be Trxs, which in turn
deliver reducing equivalents to many cellular proteins. One example is
ribonucleotide reductase, which is essential for DNA synthesis and converts
ribonucleotides to deoxyribonucleotides. Trxs also reduce methionine sulf-
oxide reductases and peroxiredoxins, and therefore are involved in the
repair of oxidized proteins and in redox signaling via hydrogen peroxide
(Arner and Holmgren, 2000; Holmgren, 1985). In addition, the Trx system
participates in many cellular pathways by controlling the redox state of
transcription factors via cysteines critical for DNA binding; these transcrip-
tion factors include NF-kB, AP-1, and p53 (Lillig and Holmgren, 2007).
Therefore, TRs are involved in the control of cellular growth, proliferation,
viability, and apoptosis through the control of Trx activity and cellular
redox state. Another major cellular redox system is the glutathione system,
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which is also powered by NADPH. Trx and glutathione systems work in
parallel, but also may overlap in function.

Identification of substrates of TRs has been a slow process, with new
targets identified mostly on a one-to-one basis. However, the reaction
mechanism of TRs supports a method that could trap TR substrates in a
covalent nonproductive complex with TRs. Accordingly, attachment of
TRs to affinity matrices allows isolation and identification of these targets.
This method is described in this chapter with focus on targets for TR1 and
TR3.

2. Preparation of TR-immobilized

Affinity Resins

Preparation of TR-immobilized resins is based on an established
procedure that employs cyanogen bromide (CNBr)-activated Sepharose
4B. CNBr-activated matrices, such as Sepharose- or agarose-based, are
commonly used materials in proteins analysis. They are widely used
for preparation of protein affinity resins to study protein–protein interac-
tions, antibody isolation, and protein purification. Such affinity resins were
previously used to characterize targets of plant and animal Trxs, wherein the
immobilized Trxs were used in which the resolving Cys in the active
site was mutated to Ser or Ala (Motohashi et al., 2001; Schwertassek et al.,
2007). Removal of the resolving Cys allowed trapping of Trx-interacting
proteins due to formation of stable mixed disulfides between monothiol
Trx and its substrate. Subsequently, Trx targets could be eluted from the
Trx resin by reducing the mixed disulfide with a reducing agent such as
dithiothreitol (DTT).

We adapted a similar catalytic mechanism-based method to identify
targets of TRs. The following recombinant mammalian TR forms were
prepared: (i) wild-type TR containing a C-terminal GCUG tetrapeptide
(this sample was a 1:1 mixture of the Sec-containing form and the form
truncated at the Sec UGA codon due inefficiency of Sec insertion into
recombinant TRs), (ii) a mutant in which Cys in the C-terminal tetrapep-
tide was replaced with Ser (GSUG) (this form also was a 1:1 mixture of the
Sec-containing form and the form truncated at Ser), (iii) a mutant in which
Sec was replaced with Cys (GCCG), (iv) a mutant in which Sec in the
C-terminal tetrapeptide was replaced with Cys and Cys was replaced with
Ser (GSCG), (v) a mutant in which both Cys and Sec were replaced with
Ser residues (GSSG), and (vi) a truncated mutant in which the Sec codon
functioned as a stop signal (GC-stop). Each TR form was then linked to a
CNBr-activated Sepharose to prepare TR-immobilized affinity resins.
It was previously found that Sec is essential for catalysis by mammalian
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TRs (Gromer et al., 2003; Zhong and Holmgren, 2000). This is thought to
act as the attacking group that reduced the active site disulfide in oxidized
Trxs, forming an intermediate selenenylsulfide bond between TR and Trx.
The Cys adjacent to Sec in the sequence is thought to act as a resolving
residue, which reduces the intermediate selenenylsulfide (Arner, 2009).
Alternatively, this Cys might be the attacking residue and Sec may be the
resolving residue. In this case, one would expect to find differences in the
ability of mutant TR forms to bind target proteins. In particular, GSUG,
GC, and GSCG mutants would be expected to stabilize the mixed selene-
nylsulfide or disulfide bonds between TR and Trx (or others targets),
whereas GCUG, GCCG, and especially GSSG mutants would be expected
to either complete the reaction or not interact with the substrate. Thus, the
target proteins present in cell lysates could be enriched through formation of
mixed disulfide or selenenylsulfide intermediates with some immobilized
TR, whereas other mutant TR forms could serve as controls. Schematic
representation of our method is shown in Fig. 14.1.
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Figure 14.1 Schematic representation of the mechanism-based method for identifica-
tion of TR targets. Upper panel: putative mechanism of Trx (shown in gray) reduction
by TR (shown in black), in which the reduced selenolthiol group in TR provides, in a
two-step process, reducing equivalents to the active site disulfide in Trx. TR-CU
designates the wild-type form of protein containing Cys and Sec in the C-terminal
tetrapeptide. Lower panel: mechanism-based procedure for identification of TR targets.
A C-truncated mutant of an immobilized TR (([OH] indicates a non-redox residue in
the TR active site) designated as TR-C) allows trapping of the target via a disulfide
bond. Subsequent addition of DTT elutes the target, which is then subjected to tryptic
digest and a MS/MS sequencing procedure for protein identification.
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2.1. Materials

Recombinant mouse or human TRs; various forms differing in their
C-terminal regions (see examples of mutants in the section above)

HisBind HiTrap metal-affinity column (GE HealthCare)
20,50-ADP-Sepharose (GE HealthCare)
CNBr-activated Sepharose 4B (Sigma)
Buffer A: 0.1 M NaHCO3, 0.5 M NaCl, pH 8.5
Buffer B: 0.2 M glycine, pH 8.0

2.2. Method

1. The recombinant wild-type and C-terminal mutant form of human or
mouse TR are prepared as described previously (Turanov et al., 2006).
Briefly, BL21(DE) Escherichia coli cells transformed with pET-28-TR
constructs are grown in LB medium and protein expression is induced
with 0.5 mM IPTG when cells reach �0.6 A600nm. After the induction,
cells are grown overnight at 30 �C, harvested by centrifugation and
stored at �80 �C until used.

2. E. coli cells are resuspended at 4 �C in 50 mM sodium phosphate,
500 mMNaCl, 20 mM imidazole, pH 8.0, containing Protease Inhibitor
Cocktail EDTA-free (Roche) and sonicated. Following centrifugation
for 30 min at 14,000 rpm at 4 �C, the supernatant is loaded onto a 5-ml
HisBind column (GE HealthCare). Recombinant proteins containing
N-terminal His-tag are eluted with a linear gradient of 20–250 mM
imidazole in loading buffer. Fractions containing TR are pooled, dia-
lyzed against phosphate-buffered saline (PBS), pH 7.4, and applied to a
5-ml 20,50-ADP-Sepharose (GE HealthCare) column equilibrated with
PBS. The column is washed extensively with PBS and the bound
proteins are eluted with 1 M NaCl in PBS, then fractions containing
pure proteins are dialyzed against PBS and stored at �80 �C.

3. Different TR forms (10–20 mg) in 100 mM sodium carbonate buffer,
pH 8.5, containing 0.5 M NaCl (coupling buffer A) are incubated with
freshly activated CNBr-activated Sepharose 4B according to the manu-
facturer’s protocol. The resin is gently mixed with a end-over-end mixer
for 2 h at room temperature or overnight at 4 �C.

4. Unbound protein ligand is washed from resin with buffer A and
unreacted groups are blocked with 0.2 M glycine, pH 8.0 (buffer B)
for 2 h at room temperature or overnight at 4 �C.

5. After several washing steps with buffer A, the TR-affinity resin is
equilibrated with PBS or another buffer suitable for following steps.

6. The bright yellow color of the resin and colorless protein solution after
protein binding will indicate successful preparation of the TR-affinity
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resin. The immobilized TR is quantified based on the difference
between the amounts of TR initially used and remaining in solution
after the coupling reaction. Typically, more than 90% of protein could
be immobilized.

3. Identification of Targets of Mammalian TRs

in Cell Lysates

To identify cellular targets, the immobilized TR forms are reduced
with NADPH, briefly washed with a buffer to remove the excess reductant,
and mouse or rat liver mitochondrial or cytosolic lysates are added to each
resin. Following incubation and washing, the target proteins are then eluted
by adding a DTT-containing buffer. Eluted proteins are concentrated and
analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE). Resulting protein gels are stained by Coomassie Blue or
Silver staining. Analysis of stained gels may reveal several protein bands,
which are present independent of the TR form used. The binding of these
proteins is either nonspecific or does not involve the C-terminal tetrapep-
tide, and these proteins are deemed as nonspecific TR targets, or at least
they do not associate due to the redox chemistry of TR. Next, specific
protein bands can be cut from the gel and subjected to protein identification
by mass spectrometry analysis, LC–MS/MS. Identification of TR targets is
summarized in Scheme 14.1.

Using TR-affinity columns, we identified cytosolic and mitochondrial
Trxs as major TR targets in mouse and rat liver (Turanov et al., 2006). We
found that that the TR-C form (truncated TR with only one Cys-residue
in C-terminal active site) was particularly efficient in binding Trx, whereas
the TR-SS form (double Ser mutant form, used as negative control) did not
show significant Trx binding, as expected (Fig. 14.2).

3.1. Materials

Mouse and rat tissues (liver)
TR-affinity resins
Phosphate-buffered saline
Buffer A: 20 mM HEPES, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM

EGTA, 10 mM KCl
Buffer B: 50 mM Tris–HCl, pH 8.0, 200 mM NaCl
Other reagents: NADPH, DTT (Sigma), Complete Protease Inhibitor

Cocktail (Roche Applied Science)
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Scheme 14.1 Identification of targets of mammalian TRs in cell lysates.
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Figure 14.2 Identification of Trx1 as the major target of TR1. Rat liver cytosolic
fractions were incubated with different TR1-immobilized resins. Bound proteins were
eluted with DTT and separated by SDS–PAGE. SC, C, and SS indicate immobilized TR
mutant forms. The gel was stained with Coomassie Blue. Molecular weights of protein
standards (in kDa) are shown on the right. Arrow shows migration of Trx1. Lower panel
shows Western blotting (WB) with anti-Trx1 antibodies.
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3.2. Method

1. Preparation of cellular fractions is carried out by differential centrifuga-
tion. Rat livers (10–20 g) or mouse livers (2–5 g) are washed twice in
ice-cold PBS and lysed on ice with 60 Dounce strokes with a tight fitting
pestle in buffered sucrose (buffer A) containing 20 mMHEPES, pH 7.5,
250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 10 mMKCl, and a tablet/
10 ml of Complete Protease Inhibitor Cocktail (Roche Applied Sci-
ence). After two centrifugation runs at 1000�g for 30 min to discard
nuclei, mitochondria were pelleted at 10,000�g for 30 min, washed
once, resuspended in buffer A and stored at �80 �C. The cytosolic
fraction was obtained by ultracentrifugation of the postmitochondrial
supernatant at 100,000�g for 1 h. To obtain mitochondrial lysate, an
aliquot of the mitochondrial fraction is thawed and resuspended in an
appropriate buffer or PBS, sonicated, and the mitochondrial lysate is
collected by centrifugation at 10,000�g. Protein content is determined
by the Bradford assay (Bio-Rad).

2. TR-immobilized affinity resins are prepared as described above using
CNBr-Sepharose. The immobilized TR is initially reduced with
0.2 mM NADPH for 30 min in buffer B. In order to search for TR
targets, rat or mouse liver mitochondrial or cytosolic lysates in buffer B
or PBS (10–50 mg of total protein) are incubated with 1–2 ml of TR-
immobilized resin containing 5–10 mg of TR at room temperature for
1 h under gentle stirring. The resins are washed with 50 mM Tris–HCl,
pH 8.0, and 200 mM NaCl (buffer B) to remove nonspecifically bound
proteins. The washing is repeated until the absorbance of the wash
fraction at 280 nm is negligible. Finally, the resin is suspended in
50 mM Tris–HCl, pH 8.0, 200 mM NaCl, and 10 mM DTT and the
mixture is incubated for 30 min at room temperature. Eluted proteins
are separated from the resin by centrifugation. The proteins are con-
centrated and separated on SDS–PAGE gels, visualized by Western blot
analyses or subjected to staining with Coomassie or Silver Staining Kit
(Bio-Rad) and to identification of proteins by LC–MS/MS.

4. Concluding Remarks and Future Perspectives

The described method can be used to search for TR targets in different
tissues and cellular compartments, such as the ER, cytosol, and mitochon-
dria. Lysates prepared from other organisms as well as biological fluids
containing Trxs should also be amenable to this method. We further suggest
that this mechanism-based affinity method can be used to isolate TR targets
such as Trx from a variety of biological samples for further proteomic
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analyses, for example, posttranslational modifications and binding partners.
Figure 14.2 shows a typical result with mouse TR1 and illustrates specificity
of this method. Trx substrates could also be efficiently isolated on the TR3
affinity columns. Therefore, we suggest that this should be a general method
of affinity isolation of Trxs and other TR substrates. Ultimately, the pro-
teomic method including the efficient 2D SDS–PAGE and LC–MS/MS
analysis can be developed for high-throughput analysis of TR-interacting
proteins. The concept behind this method can also be transferred to certain
other pyridine nucleotide-disulfide oxidoreductases for identification of
their respective targets.
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Abstract

Thioredoxin reductase 1 (TR1) is a major antioxidant and redox regulator in

mammalian cells and appears to function as a double-edged sword in that it has

roles in preventing and promoting/sustaining cancer. TR1 is overexpressed in

many cancer cells and targeting its removal often leads to a reversal in numer-

ous malignant characteristics which has marked this selenoenzyme as a prime

target for cancer therapy. Since alterations in TR1 activity may lead to a better
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understanding of the etiology of cancer and new avenues for providing better

therapeutic procedures, we have described herein techniques for removing and

reexpressing TR1 employing RNAi technology and for assessing the catalytic

activity of this enzyme.

1. Introduction

Seleniumhas long been known to have a role in decreasing the incidence
of certain forms of cancer (reviewed in Lu et al., 2009; Selenius et al., 2010;
Zeng and Combs, 2008). More recently, it has been shown that selenium-
containing proteins (selenoproteins) play a role in preventing colon (Irons
et al., 2006) and prostate cancers (Diwadkar-Navsariwala et al., 2006), and have
roles in protecting against other forms of cancer (Hatfield and Gladyshev,
2009; Rayman et al., 2009; Selenius et al., 2010; Steinbrenner and Sies, 2009).
It has also become apparent that selenium has a role in promoting and/or
sustaining malignancy. For example, thioredoxin reductase 1 (TR1) is a
selenium-containing enzyme that appears to be a double-edged sword in
having roles in preventing as well as promoting/sustaining cancer (e.g., see
Arnér, 2009; Hatfield, 2007; Hatfield et al., 2009; Yoo et al., 2006, 2007a).
This essential selenoenzyme has an important role in embryogenesis
( Jakupoglu et al., 2005), is expressed in all cell types and organs, and is one
of the major antioxidant and redox regulators in mammalian cells (Gromer
et al., 2005; Holmgren, 2006). It also has significant roles in transcription,
DNA repair, cell proliferation, and angiogenesis (see Arnér, 2009 for review;
andArnér andHolmgren, 2006; Biaglow andMiller, 2005; Fujino et al., 2006;
Rundlöf and Arnér, 2004 for earlier studies). TR1 maintains thioredoxin1
(Trx1) in the reduced state and therefore has an essential role in the Trx system
(Arnér and Holmgren, 2000). The selenium-containing moiety, selenocys-
teine (Sec), is theC-terminal penultimate amino acid inTR1 (Gladyshev et al.,
1996) and this Sec residue is required for TR1’s catalytic activity (Nordberg
et al., 1998; Zhong and Holmgren, 2000; Zhong et al., 1998). TR1 has also
been reported to have a role in activating the p53 tumor suppressor and
other tumor suppressor activities (Merrill et al., 1999), and is targeted by
carcinogenic electrophilic compounds (Moos et al., 2003). These observa-
tions—the fact that one of the foremost characteristics ofmost, if not all, cancer
cells is that they suffer from oxidative stress (Arnér, 2009; Arnér and
Holmgren, 2006; Biaglow and Miller, 2005; Fujino et al., 2006; Rundlöf
and Arnér, 2004; Steinbrenner and Sies, 2009), and the findings that TR1 acts
by reducing Trx1 and other redox regulators in cells (see Arnér, 2009 for
review; andArnér andHolmgren, 2000;Gromer et al., 2005;Holmgren, 2006
for earlier studies)—provide strong evidence that this selenoenzyme plays a
major role in cancer prevention.
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There is also strong evidence that TR1 has an important role in cancer
promotion and/or cancer maintenance. For example, TR1 is overexpressed
in many cancers and cancer cell lines (Arnér, 2009; Arnér and Holmgren,
2006; Biaglow andMiller, 2005; Fujino et al., 2006; Gundimeda et al., 2009;
Hedstrom et al., 2009; Rundlöf et al., 2004; Yoo et al., 2007a), and this
selenoenzyme may have similar roles in malignant and normal cells in
preventing or reducing oxidative stress. Numerous inhibitors of TR1 and
other potent anticancer drugs that target TR1 activity and alter cancer-
related properties also suggest that this protein has a major role in promoting
and/or sustaining cancer (see Arnér, 2009; Chew et al., 2010; Gandin et al.,
2010; Honeggar et al., 2009; Lam et al., 2009; Li et al., 2009; Selenius et al.,
2010; Urig and Becker, 2006; Yan et al., 2009; Yoo et al., 2007a and
references therein). Furthermore, comparing the expression of TR1 to
that of other selenoproteins in a variety of cancer cell lines showed that
TR1 was uniquely overexpressed (Yoo et al., 2007a). In addition, knock-
down of TR1 in a mouse lung carcinoma cell line using RNAi technology
reversed several malignant characteristics of these cells including manifesting
a dramatic reduction in tumor progression and metastasis in mice injected
with the TR1-deficient cell line compared with mice injected with the
corresponding cell line expressing normal levels of TR1 (Yoo et al., 2006).
The targeted removal of TR1 in a mouse cell line driven by oncogenic k-ras
(DT) resulted in this mouse line losing self-sufficiency of growth, exhibiting
a defective progression in the S-phase and a decreased expression of DNA
polymerase a (Yoo et al., 2007a). Each of the above studies demonstrating
that the impediment of TR1 activity in cancer cells upsets the malignancy
process strongly suggests that this selenoenzyme is an excellent target for
cancer therapy.

Since alteration of TR1 activity and function may provide insights into
the etiology of cancer, the techniques used for targeting the knockdown of
TR1 and its reexpression in cancer cells, the assays used for monitoring
TR1 expression and the means of assessing reduction of tumor formation
and metastasis related to TR1 deficiency should provide important avenues
for exploring the underlying mechanisms of this disease. We, therefore,
describe herein these techniques.

2. Materials and Methods

2.1. Mammalian cell lines and mice

Mouse Lewis lung carcinoma cells (LLC1) (obtained from ATCC) were used
for targeting TR1 removal and examining the resulting effects of TR1
deficiency on various cancer-related properties including tumor formation
and metastasis. LLC1 cells were selected for these studies as they are
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immunologically compatible with C57BL/6 mice and are known to form
solid tumors when injected into the flank of these mice and to metastasize to
lungs when injected into their tail vein. Mouse kidney (TCMK-1 obtained
from ATCC) cells were used to compare the efficiency of TR1 knockdown
constructs by transient transfection and the relative effects of the four siTR1
targeting constructs on the efficiency of removal of this selenoprotein.DTcells
(provided byDr. Yoon Sang Cho-Chung), which had been transformedwith
k-ras and aremalignant k-ras expressing cells, were derived fromNIH3T3 cells
(Noda et al., 1983) and used for stable transfection with a siTR1/siGPx1
double knockdown vector (Xu et al., 2009) as described below. C57BL/6
mice were used for a tumor formation assay by injecting malignant cells into
their flanks and for a metastasis assay by injecting malignant cells into their tail
veins and analyzing tumor formation in the lungs.

2.2. Targeted removal and reexpression of TR1

The knockdown vector used for this study, pU6-m3, was modified from
pSilencer 2.1-U6 Hygro (Ambion, Inc.) by introducing the following
changes: (1) the G and C bases at positions 468 and 469 were changed to
a single A that made the U6 promoter closer in sequence to the
corresponding wild-type gene; (2) the EcoRI site at position 4110 was
deleted; and (3) a new XhoI site was inserted at position 384. Introduction
of the two cloning sites resulted in a vector encoding multiple siRNA target
sequences. Candidate siRNA target regions were chosen in the 30-UTR of
mouse TR1 and glutathione peroxidase 1 (GPx1) mRNA (accession num-
ber: NM_015762, NM_008160) by using the online siDESIGN program
(Dharmacon, Inc.). Four of each sense–antisense oligonucleotides for TR1
and GPx1 knockdown candidate sequences were cloned into the pU6-m3
knockdown construct by using the BamH1–HindIII cloning site (Xu et al.,
2009; Yoo et al., 2007b). TR1 candidate target regions are shown in
Fig. 15.1 along with their targeting sequences. Each candidate knockdown
construct was confirmed by sequencing. Knockdown efficiencies were
examined by analyzing the levels of TR1 or GPx1 protein expression by
75Se-labeling after transient transfection into mouse kidney (TCMK-1)
cells. The mouse TR1 and GPx1 genes, including the 50- and 30-UTRs,
were amplified by PCR using cDNA from TCMK-1 cells and cloned into a
pcDNA3.1 expression vector (Invitrogen). To circumvent the knockdown
site for knock-in (reexpression) of TR1 and GPx1, the genes were modified
by introducing mutations in the siRNA target region by PCR using mutant
primers, siTR1-3m, 50-gtcttagtctcaaggtacctatgtctaatgtc-30, and GPx1-3m,
50-gcgagagatgggttcaata-30, where the bold letters indicate mutated regions.
TR1 has an AU-rich mRNA instability element (designated ARE) located
in the 30-UTR that affects the stability of the mRNA. To increase TR1
mRNA stability, the ARE was deleted (bases 2407–3310) using BlpI and
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XhoI restriction sites. Each of the resulting constructs generated for knock-
in of TR1 and GPx1 were designated as TR1 ki and GPx1 ki as discussed
below and in Fig. 15.6.

Knockdown of TR1 or double knockdown of TR1 and GPx1 was
carried out by transfecting LLC1 or DT cells as follows: 3 � 105 cells/well
were seeded in a 6-well plate, transfected with 4 mg of each knockdown
construct using Lipofectamine 2000 (Invitrogen) and incubated overnight.
Cells were grown in the presence of 500 mg/ml of hygromycin B (Media-
tech, Inc.) until the untransfected cells died and the transfected cells formed
colonies. The resulting TR1 and TR1/GPx1 knockdown cells were con-
firmed by 75Se-labeling, Western and Northern blot analyses and catalytic
activity assays.

2.3. Monitoring TR1 expression

2.3.1. Northern blot analysis
Northern blot analysis of TR1 was carried out by isolating total RNA using
TRIzol (Invitrogen) according to the manufacturer’s instructions. The
resulting RNA preparation was electrophoresed in 1� MOPS buffer
(3-(N-morpholino)propanesulfonic acid) on a 1% agarose gel containing
1� MOPS buffer and 6% formaldehyde and transblotted in 10� SSC
(saline-sodium citrate) to a Hybond Nþ nylon membrane (GEHealthcare).
Membranes were hybridized with a 32P-labeled TR1 cDNA probe
prepared by PCR of the entire coding region of the TR1 gene from
cDNA of TCMK-1 cells, washed twice with 2� SSC, 0.1% SDS and
once with 0.1� SSC, 0.1% SDS, exposed to a PhosphorImager (GE
Healthcare), and quantified using ImageQuant software (GE Healthcare).
Ribosomal 18S and 28S RNA were used as loading controls.

Selenocysteine
(TGA)

ORF SECIS ARE

siTR1–3
gtctcactttcaagctgtctaa

siTR1–1
aggtgaagttcaggaaggctc

siTR1–4
gtgaggtggatttagtcttaa

siTR1–2
ttcaaggtgctgtcctaaggc

Figure 15.1 Relative positions of the siTR1-targeted regions within the TR1 gene.
The overlapping reading frame (ORF) of TR1 is shown along with the TGA Sec codon
that occurs as the penultimate codon in the gene. The relative positions of the SECIS
element, the ARE region, and the four siTR1 RNAs, which are designated 1–4 (see
text), along with their targeting sequences, are shown.
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2.3.2. 75Se-labeling
To examine the expression of TR1 and other selenoproteins, cells were
seeded onto a 6-well plate (3 � 105 cells/well) and incubated for 18 h.
40 mCi of 75Se (20 nM; specific activity 1000 Ci/mmol; University of
Missouri Research Reactor) were added to each well and the cells incubated
for 24 h. Labeled cells were washed with ice-cold PBS twice, lysed with
lysis buffer (20 mM Tris–Cl, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 10 mM NaF, 5 mM EDTA, and protease inhibitor
cocktail), harvested using a cell scraper, incubated on ice with intermittent
vortexing and prepared by centrifugation at 13,000�g for 10 min. Protein
concentrations of lysates were measured using BCA Protein Assay Reagent
(Thermo Fisher Scientific Inc.). Thirty micrograms of each protein sample
were separated by electrophoresis on a 4–12% Bis-Tris NuPAGE gel. The
gel, following electrophoresis, was stained with Coomassie Blue, dried,
exposed to a PhosphorImager, and quantified using ImageQuant software.

2.3.3. Western blot analysis
Cells were washed with ice-cold PBS and whole cell lysates prepared as
above. Thirty micrograms of each protein sample were electrophoresed on
4–12% Bis-Tris NuPAGE gels, the separated proteins transferred to a PVDF
membrane, and then incubated initially with primary antibody according to
the manufacturer’s recommendation and finally with HRP-conjugated
secondary antibody (Cell Signaling Technology). Membranes were reacted
with SuperSignal West Dura Extended Duration Substrate (Pierce) and
exposed to X-ray film.

2.3.4. Thioredoxin reductase activity assay
Activity of TR was determined spectrophotometrically by the method of
Holmgren and Bjornstedt (1995) and Hill et al. (1997) as modified by Hintze
et al. (2003) and Smith and Levander (2002). The assay is based on the reduction
of 5,50-dithio-bis(2-nitrobenzoic acid (DTNB) by TR1. The time-dependent
increase inmaximal absorbancewasmeasured at 412 nm (extinction coefficient
27.2 or 13,600 M�1 cm�1 for TNB) using a microplate reader (Molecular
Devices, SpectramaxPlus 384with SoftmaxPro software). Since the assay is not
completely specific for TR activity, specific activity was determined by sub-
tracting the measured activity in the presence of the thioredoxin TR inhibitor
aurothioglucose (ATG; Sigma) from the total activity. A unit of activity was
defined as 1.0 mmol 5-thio-2-nitrobenzoic acid formed per min/mg protein.
Protein concentrations were measured using the BCA reagent.

� Materials
Phosphate buffer: 0.25 M Na2HPO4

Inhibition buffer: 0.25 mM ATG in cold phosphate buffer (protected from
light at 4 �C)
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Reaction mix (for six microwells (one reaction � inhibitor in triplicate)):
75 ml 0.035 M b-NADPH
75 ml 0.2 M EDTA
600 ml 0.25 M phosphate buffer
117 ml 0.063 M DTNB (in ethanol)
15 ml bovine serum albumin (BSA, 20 mg/ml)
685 ml dH2O

1. Cells were harvested with cold phosphate buffer (300 ml/well), sonicated
on ice, centrifuged, and the supernatant was kept on ice until measure-
ment. The reaction mix minus the NADPH was kept at 37 �C with
the NADPH added immediately prior to adding the sample at
measurement.

2. Blank controls consisted of (a) a buffer-blank in triplicate, containing
70 ml phosphate buffer and 220 ml complete reaction mix; and (b) a
buffer þ ATG-blank in triplicate, containing 50 ml phosphate buffer,
220 ml complete reaction mix and 20 ml inhibition buffer.

3. For each sample, two reactions were set up in triplicate in a 96-well
plate.
� Reaction 1 (sample): 25 ml cell lysate; 45 ml phosphate buffer; 220 ml
complete reaction mix (amount of cell lysate may be doubled, adjusting
the amount of phosphate buffer in the reaction mix).

� Reaction 2 (sample þ ATG): 25 ml cell lysate; 25 ml phosphate buffer;
220 ml complete reaction mix; 20 ml inhibition buffer.

4. Once the complete reaction mix (37 �C) was added, the plate was
measured immediately with a Spectramax Plus384 microplate reader.
Automix was initiated before first read. Using the kinetic assay setup
with path length check, and wavelength set at 412 nm, absorption was
measured for 2 min in four 15-s intervals. The appropriate negative
controls were subtracted from the results obtained for the samples.

5. To calculate the specific TR activity in the samples, the change in
absorbance/min (slope) from samples with ATG was subtracted from
the slope calculated for samples without ATG. The resulting value was
divided by the extinction coefficient 27.2, adjusted for the amount of
protein per sample, and subsequently expressed as mmol TNB/min/mg
protein.

2.4. Tumor formation activity of TR1 knockdown cells
assessed by in vitro and in vivo assays

2.4.1. Anchorage-independent growth assay
To assess the anchorage-independent growth of cells, 1000 control or
TR1 knockdown (siTR1) cells were suspended in noble agar (0.35%)
in growth medium (3.5 ml) containing 10% fetal bovine serum (FBS)
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and the cells were evenly spread onto 60 mm plates that had been previously
covered with a 4 ml basal layer of noble agar (0.7%) containing Dulbecco’s
modified Eagle’s medium without FBS. Plates were placed into a humidified
CO2 incubator at 37 �C for 14 days and 500 ml of fresh growth medium
was added onto agar plates every 5 days to replenish media and prevent the
plates from drying out. At the end of the incubation period, colonies were
visualized by staining the plates overnightwith 500ml ofr-iodonitrotetrazolium
violet (0.5 mg/ml, INT) at 37 �C in the above incubator and the plates
photographed.

2.4.2. Tumor formation assays
To assess tumor formation or metastatic capabilities of TR1-deficient
(siTR1) and control cell lines, 2 � 105 control (pU6-m3) or siTR1 cells
that had been maintained in a linear growth phase were either subcutane-
ously injected into the flanks of mice or into the tail veins of mice,
respectively. Mice that were injected subcutaneously into their flanks
were monitored every 2 days for 2 weeks, and after the 2-week period,
mice were euthanized, tumor tissue excised, tumors fixed with 10% neutral-
buffered formalin and stored at 4 �C for further analysis as described below.
Mice that were injected into tail veins were euthanized after 4 weeks,
autopsied for examining the extent of tumor formation in all tissues and
the lungs removed, photographed, fixed with 10% neutral-buffered forma-
lin and stored at 4 �C for further analysis. All mice used for assessing tumor
formation and metastatic capabilities of the two cell lines were 5-week-old
C57BL/6 females. Animal care was in accordance with the National Insti-
tutes of Health institutional guidelines under the expert direction of
Dr. John Dennis (NCI, NIH, Bethesda, MD).

2.4.3. In vitro chemotaxis and invasion assays
To further examine the effect of TR1 knockdown in cancer cell lines,
4 � 104 of either control or TR1 knockdown cells were seeded in the
upper chamber of a 24-well transwell migration and invasion assay plate
(BDBiosciences) containing amatrigel-coatedmembrane (8.0 mmpore size)
and 500 ml of serum-deficient media to trigger serum gradient-induced
chemotaxis. The cells were incubated in the upper chamber of the plate
for 18 h to allow cells to migrate through the membrane to the serum-
containing media (750 ml) in the lower well. The membrane was washed
with PBS twice and fixed with 100% methanol. Cells were visualized by
hematoxylin staining and those cells that did not move across the membrane
were removed with swab. Cells that migrated through the membrane were
photographed.
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3. Results and Discussion

We targeted the knockdown of TR1 in various malignant cells and
examined the resulting effects of TR1 deficiency on cancer development
(Yoo et al., 2006, 2007a). The 30-UTRs in eukaryotic selenoprotein
mRNAs contain the selenocysteine insertion sequence (SECIS) element
that governs the incorporation of Sec in response to UGA and therefore is
essential for the expression of this class of proteins (Low et al., 2000). This
information afforded us an opportunity to target the removal of selenopro-
teins and their subsequent reexpression without disrupting the protein
internal coding sequence of the mRNA (Yoo et al., 2007b). Other inves-
tigators have also used RNAi technology to target the removal of TR1 in
various normal or cancer cells (e.g., see Eriksson et al., 2009; Honeggar
et al., 2009; Liu and Shen, 2009; Watson et al., 2008) and the reader is
referred to these studies to see additional approaches of targeting TR1
knockdown that vary from those described herein. One advantage of
using mouse cancer cell lines in RNAi technology studies is that the
resulting protein-deficient cells can be injected into mice that are not
immunocompromised to further examine the effect of the loss of the
targeted protein on, for example, tumorigenicity and metastasis. It should
also be noted that RNAi technology has some pitfalls that must be taken
into consideration to fully assess the effects of altering the expression of the
targeted protein. For example, off-targeting is one of the major concerns to
rule out in order to ensure that any observed phenotypic or functional
changes are due totally to alteration in activity of the specifically intended
protein and not to an unintended target. The subject of off-targeting has
been addressed by us in considerable detail elsewhere (Xu et al., 2009), and
the simplest and easiest means of overcoming this potential problem is to
initially target more than one site in the intended protein and determine the
effects of each siRNA to ensure that those siRNAs acting efficiently to
remove the target give similar phenotypic results (see Section 3.1). It should
also be noted that the level of mRNA knockdown may be quite substantial
in some cases and may not coincide with the level of the loss of the
corresponding protein wherein the protein expression may remain quite
high. The level of protein, therefore, should be analyzed following the
knockdown of the corresponding mRNA target by Western blot analysis
and, in case of selenoproteins, also by 75Se-labeling. In addition, in assessing
levels of TR1, another potential problem is that the Sec moiety occurs at the
C-terminal penultimate position and the UGA codon can serve as a stop
codon resulting in a truncated protein which migrates at the same place on
gels as the normal protein following electrophoresis. Although 75Se-labeling
can be used to address these latter potential problems in accurately assessing
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TR1 levels, it is often best to additionally measure the catalytic activity of
TR1 that explicitly demonstrates the active level of this selenoenzyme
relative to that found in the corresponding control cell line or tissue.

3.1. Knockdown of TR1

The positions of the four siTR1 targeting sites, designated siTR1-1,
siTR1-2, siTR1-3, and siTR1-4, relative to each other and to the SECIS
element and the ARE within the 30-UTR of TR1 are shown in Fig. 15.1.
The corresponding constructs were generated and TCMK-1 cells were
transiently transfected with each construct and the control vector, pU6-
m3, as described in Section 2. The transfected cell lines were labeled with
75Se and the resulting labeled selenoproteins from each are shown in
Fig. 15.2A. TCMK-1 cells that were not transfected were also labeled and
the resulting selenoproteins examined as a control along with the other
control cells (pU6-m3 transfected cells). Cells transfected with pU6-m3,
siTR1-1, and siTR1-2, and the untransfected cells expressed similar sele-
noprotein levels including the level of TR1. Since siTR1-1 and siTR1-
2 did not target TR1 reduction, they were not further examined. Cells
transiently transfected with the siTR1-3 and siTR1-4, however, manifested
dramatically reduced levels of TR1. LLC1 cells were then stably transfected
with these two constructs and the control construct. The knockdown of
TR1 relative to untransfected LLC1 cells and pU6-m3 transfected control
cells was examined following 75Se-labeling, Western blotting (Fig. 15.2B)
and Northern blotting (Fig. 15.2C). Both sites that were targeted in TR1
mRNA resulted in a dramatic reduction in the expression of this seleno-
protein relative to that observed with the control cells as assessed by these
three criteria. However, the knockdown of TR1 appeared to be slightly
more efficient with siTR1-3 than with siTR1-4. We therefore examined
the catalytic activity of this selenoenzyme with only siTR1-3 which also
demonstrated the virtual loss of activity (Fig. 15.2D).

3.2. Phenotypic changes in siTR1 transfected cells

It was important to determine whether the two TR1 targeting constructs
acted similarly in causing phenotypic changes in transfected cells to rule out
the effect of off-targeting (see Xu et al., 2009 and references therein).
A characteristic of many cancer cells, unlike most normal cells, is that they
can grow unanchored in soft agar. The ability of the two cell lines stably
transfected with siTR1-3 and siTR1-4 to grow in soft agar was compared to
the two control cell lines, LLC1 and LLC/pU6-m3 (Fig. 15.3). The
anchorage-independent growth of siTR1-3 and siTR1-4 transfected cells
was inhibited, suggesting that reduction in TR1 expression altered this
malignant characteristic. siTR1-4 appeared to grow slightly better than
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siTR1-3 which is consistent with the observations above showing that the
former targeting construct was not as efficient in removing TR1 expression
by Western blotting and TR1 mRNA expression by Northern blotting.
However, it should also be noted that the LLC/pU6-m3 transfected cells
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Figure 15.2 Knockdown of TR1. In (A), DT cells were transiently transfected with
the control construct, pU6-m3, or with the siRNA constructs, siTR1-1, siTR1-2,
siTR1-3, or siTR1-4. The untransfected cells (lane 1) and the resulting transfected
cells (lanes 2–5 as indicated) were labeled with 75Se, proteins extracted, 30 mg of each
sample applied to a gel, the gel electrophoresed and exposed to a PhosphorImager as
described in Section 2. In (B)–(D), LLC1 cells were stably transfected with pU6-m3,
siTR-1-3, or siTR1-4, the untransfected and transfected cells examined by (B) labeling
each cell line with 75Se as indicated in the figure, proteins samples prepared, electro-
phoresed and exposed a PhosphorImager as given in (A); (C) preparing each cell line
for Northern blot analysis and blotting using 28S and 18S ribosomal RNAs as loading
controls; and (D) preparing only the untransfected cells, pU6-m3, and siTR1-3 cell
lines for catalytic analysis and analyzing TR activity as described in Section 2. (The
figures in panels B and D were reproduced from Yoo et al., 2006.)
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appeared to grow slightly more efficiently than the corresponding untrans-
fected cells. The LLC/siTR1-3 transfected cells manifested other pheno-
typic changes that included morphology, a slight reduction in growth rate
and a dramatic reduction in the levels of two cancer-related proteins, Hgf
and Opn1 (data not shown; see Yoo et al., 2006), suggesting that additional
cancer-related properties are altered making the TR1-deficient cells more
like normal cells.

3.3. Tumorigenesis of TR1-deficient cells

Further studies were carried out only with the siTR1-3 construct. Mice
were injected in the flank with LLC1 cells stably transfected with the
siTR1-3 construct or the pU6-m3 construct to assess the ability of these
two cell lines to form a solid tumor (Fig. 15.4A). Progression of tumor
formation was determined after 2 weeks by euthanizing the mice, and
removing and examining the tumors. Mice injected with the control,
pU6-m3 cells had much larger tumors with an average weight of 0.341 g
compared to the mice injected with the siTR1-3 transfected cells that had

LLC1

LLC/siTR1–3 LLC/siTR1–4

LLC/pU6-m3

Figure 15.3 Phenotypic changes of TR1-deficient cells. LLC1 cells stably transfected
with the pU6-m3 control, siTR1-3, or siTR1-4 constructs were suspended in noble
agar/growth medium and evenly spread on plates covered with 0.7% noble agar and
grown for 14 days as described in Section 2. At the end of the growth period, colonies
were stained overnight with r-iodonitrotetrazolium violet, visualized, and
photographed.
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tumors with an average weight of 0.063 g (see Fig. 15.4A and figure
legend). The tumors that formed in mice injected with the TR1-deficient
cells were due to the loss of the siTR1-3 targeting vector as shown by
Western blotting and PCR analysis (Fig. 15.4B). The reason that the
siTR1-3 vector was lost is that all the constructs described herein were
retained in stably transfected cells with hygromycin B, whereas mice
injected with cells encoding the construct could not be treated with this
drug. PCR analysis of genomic DNA from both the pU6-m3 and siTR1
tumors demonstrated that the siTR1-3 construct was lost in the tumor cells
(Fig. 15.4B, lower panel). Western blot analysis showed higher levels of
TR1 in tumors developed from siTR1-3 transfected cells than siTR1-3
cells, suggesting that TR1 was required for tumor growth and that the
tumors arose due to reversal of the TR1 knockdown in this cancer model
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Figure 15.4 Tumorigenicity of TR1-deficient cells. In (A) Mice were injected in the
flank with LLC1 cells transfected with the pU6-m3 or siTR1-3 constructs, tumor
formation monitored every 2 days, and after 2 weeks, mice were euthanized, tumors
removed, weighed and the weights averaged from three separate mice (average weight
0.341 g in mice injected with the pU6-m3 control construct and 0.063 g in mice
injected with the siTR1-3 construct) and photographed. In (B), TR1 Western blot
analysis of tumor extracts (shown in the upper panel) and PCR analysis of genomic
DNA extracted from tumors of the pU6-m3 and siTR1-3 constructs (shown in the
lower panel). (The figures were reproduced from Yoo et al., 2006.)
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(Fig. 15.4B, upper panel). TheWestern blot analysis study is consistent with
the finding in the PCR experiment.

3.4. In vitro and in vivo metastatic analysis of
TR1-deficient cells

The metastatic potential of malignant cells can be examined in vitro prior to an
in vivo analysis by assessing their invasiveness and chemostatic potential. The
effect of TR1 deficiency on the metastatic potential of malignant cells was
examined by using an in vitro invasive and chemotactic assay and comparing
the efficiencies over an 18 h period of pU6-m3 control and siTR1-3
transfected LLC1 cells to migrate through the serum gradient environment
and the basement membrane (Fig. 15.5A). The TR1-deficient cells mani-
fested a significantly decreased migration compared to the control cells,
suggesting that this selenoenzyme is involved with the process of migration
in malignant cells (Fig. 15.5A). The involvement of TR1 in chemotaxis such

BA
LLC/pU6-m3

LLC/pU6-m3 LLC/siTR1–3

5mm

LLC/pU6-m3
LLC/siTR1–3

LLC/siTR1–3

Figure 15.5 Effects of TR1 knockdown on chemotaxis and metastasis. In (A), LLC/
pU6-m3 or siTR1-3 transfected cells (4 � 104 cells/chamber) were incubated in a
transwell migration and invasion assay plate containing a matrigel-coated membrane
and migrated cells were stained with hematoxylin and photographed as described in
Section 2. In (B), metastasis was assessed by injecting LLC/pU6-m3 or siTR1-3
transfected cells into the tail veins of mice, and after 4 weeks, lungs were removed
photographed (upper panel) and the slides shown in the lower panel were prepared
from lung samples from both animals, H&E stained and photographed as described in
Section 2. (The figures shown in panel B were reproduced from Yoo et al., 2006.)
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as a role in sensing the serum gradient, invasion of the TR1-deficient cells
through the extracellular matrix, and the intracellular migratory pathway in
the TR1-deficient cells need to be further examined to elucidate the molec-
ular mechanism(s) of TR1 and its probable substrate(s) in the metastatic
potential of malignant cells. However, the metastatic potential of the LLC/
siTR1-3 cells as assessed by an in vitro assay was severely altered suggesting that
metastasis in an in vivo assay would also likely be altered.

To assess the in vivo metastatic ability of pU6-m3 control and siTR1-3
cells, lungs of mice injected in the tail vein with either of these cell lines were
examined 4 weeks postinjection for the presence of tumors (Fig. 15.5B).
No tumors were found in the mice injected with the TR1 knockdown cells,
whereas tumors were present in the lungs of mice injected with the pU6-m3
control cells. Lung tissue frommice with apparent normal lungs that had been
injected with the siTR1-deficient cells and from mice with cancerous lungs
that had been injected with the pU6-m3 control cells were examined for
pathological changes (Fig. 15.5B, lower panel). Extensive malignancy was
observed in mice injected with the pU6-m3 control cells, but only normal
tissue was found in mice injected with the siTR1 knockdown cells.

3.5. Reexpression of TR1 in TR1-deficient cells

In assessing the role of TR1 in the etiology of cancer by means of using
RNAi technology, it is important to have a means of reexpressing the
knocked down protein to further examine its role in the malignancy
process. For example, the reintroduction of a protein can be done wherein
the exogenous protein contains a His-tag and is expressed in the absence of
the corresponding endogenous protein for examining alterations that
may occur in the targeted protein that might otherwise be undetected.
The His-tagged protein can then be isolated and purified in the absence
of endogenous protein for further study. Since we have also developed
techniques for simultaneous removal of multiple selenoproteins and their
subsequent reexpression, either individually or simultaneously (Xu et al.,
2009; Yoo et al., 2007b), and such procedures can be used to further explore
the role of selenoproteins in cancer etiology, the technology of multiple
knockdown and knock-in is further considered. DT cells were used for
stable transfection with an siTR1/siGPx1 double knockdown construct for
their simultaneous removal and subsequent knocking back-in by transiently
transfecting with the construct that either individually or simultaneously
circumvented the targeting vector resulting in the reexpression of one or
both of the removed selenoproteins. Transfected cells were labeled with
75Se to monitor the expression of selenoproteins in transfected DT cells
(Fig. 15.6). Two of the control cell lines stably transfected with either pU6-
m3 or the double siTR1/siGPx1 knockdown vector are shown, respec-
tively, in lanes 1 and 2 of the figure. The double targeting vector effectively
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removed TR1 and GPx1 expression. Replacement of the TR1 and GPx1
wild-type genes did not result in expression of the corresponding seleno-
proteins due to the presence of the siTR1 and siGPx1 RNAs generated
from the stably transfected vector (Fig. 15.6, lanes 3 and 5, respectively).
Circumventing the targeting regions with transiently transfected constructs
(designated in the figure as ‘‘ki’’ for knock-in) that either individually or
collectively bypassed the siRNAs by encoding TR1 and/or GPx1 genes
with mutations corresponding to the siRNAs resulted in reexpression of the
corresponding selenoprotein or selenoproteins (Fig. 15.6, lanes 4, 6, and 7).

The only variation in the above procedure in order to isolate the
reintroduced exogenous protein is to prepare the circumvention construct
with an N-terminal or a C-terminal His-tag on one or the other of the
reintroduced proteins.

TR1 wt
siTR1/siGPx1

–

– + +

+
+ +

+
+ +

+ – – –

––– – –
– – – – –

–––––

– ––––

–
TR1 ki

GPx1 wt
GPx1 ki

1 2 3 4 5 6 7

TR1

Gpx1

Figure 15.6 Simultaneous knockdown of TR1 and GPx1 and their individual or
simultaneous reexpression. DT cells were stably transfected initially with either the
pU6-m3 control construct or the siTR1/siGPx1 double knockdown construct. The
resulting stably transfected siTR1/siGPx1 double knockdown cells were subsequently
transiently transfected with either the control pcDNA3.1 expression vector or with one of
the following expression vectors encoding either the TR1 wild-type gene (designated
TR1 wt in the figure), TR1 knock-in gene (designated TR1 ki), GPx1 wild-type gene
(designated GPx1 wt), GPx1 knock-in gene (designated GPx1 ki), or TR1 and GPx1
knock-in genes (designated TR1 ki and GPx1 ki). All cell lines were labeled with 75Se,
cell extracts prepared and electrophoresed. In lane 1, the cells that were stably transfected
with the pU6-m3 control construct were transiently transfected with pcDNA3 expression
control vector, and in lanes 2–7, the cells that were stably transfected with the double
siTR1-siGPx1 construct were transiently transfected as follows: lane 2, the pcDNA3.1
expression control vector; lane 3, TR1 wt; lane 4, TR1 ki; lane 5, GPx1 wt; lane 6, GPx1
ki; and lane 7, TR1 ki-GPx1 ki. (The figure was reproduced from Xu et al., 2009.)
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4. Conclusions and Future Perspectives

Reducing the expression of TR1 in cancer cells using RNAi technol-
ogy has provided new insights into the underlying roles of this selenoen-
zyme in the malignant process. For example, TR1 deficiency in LLC1 cells
resulted in a reversal of their ability to grow unanchored in soft agar and
altered their tumorigenicity and metastatic properties making each of these
characteristics more similar to those of normal cells. In fact, it appeared that
TR1 activity was required in tumor formation following injection of
the TR1 knockdown cells as the resulting tumors that formed had lost
their TR1 knockdown construct (Fig. 15.4B).

The means by which levels of TR1 are measured in cells and tissues is
also an important factor to consider as partially or fully inactive TR1 can
also arise. For example, inactive TR1 can arise by the cessation of translation
at the UGA codon and partially active TR1 can result from replacement of
Sec with Cys. Labeling cells in culture or tumors (i.e., by labeling the
mouse) and examining the resulting levels of TR1 following electrophoresis
on gels and/or measuring catalytic activity in cells and tissues can overcome
such possible problems.

Reexpression of TR1 in TR1 knockdown cells provides a means of
expressing exogenous protein in the absence of the corresponding endoge-
nous protein. By inserting a His-tag at the N- or C-terminus for isolating
the protein, this technique can open new opportunities of exploring the
function of TR1 in malignant and normal cells.

Other investigators have compared the effects of reducing TR1 expres-
sion by siRNA knockdown and specific inhibitors and have found that
TR1 and Trx1 may act independently of each other in some situations in
the malignancy process (Eriksson et al., 2009; Watson et al., 2008). These
studies also provide insights into other possible pathways for exploring the
underlying roles of TR1 and Trx1 in malignancy.

It should also be noted that TR1-deficient DT cells lost their self-
sufficiency in growth and were found to have a defective progression in
their S-phase and a reduced expression of DNA polymerase a (Yoo et al.,
2007a). These studies suggested that TR1 is essential for self-sufficiency in
growth and provide further evidence that this selenoenzyme acts as a
procancer protein in DT cells and a prime target in cancer therapy. Inter-
estingly, self-sufficiency in growth is one of the six hallmarks of cancer as
defined by Hanahan and Weinberg (2000). Knockdown of TR1 in LLC1
cells demonstrated that TR1 has a role in tissue invasion and metastasis (Yoo
et al., 2006) that is another of the Hanahan and Weinstein cancer hallmarks.
Thus, RNAi technology has been used to show that TR1 plays a major role
in two of the six cancer hallmarks and can likely be used to demonstrate
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whether this selenoenzyme has roles in the other four cancer hallmarks
which are insensitive to antigrowth signals, evading apoptosis, sustained
angiogenesis, and limitless replicative potential (Hanahan and Weinberg,
2000). In fact, we have observed that TR1 deficiency in a breast cancer cell
line, EMT6, altered the ability of these cells to evade apoptosis and we are
examining the role of TR1 in the other cancer hallmarks (M.-H. Yoo,
B. A. Carlson, V. N. Gladyshev, D. L. Hatfield, unpublished data).

Unquestionably, RNAi technology has proven to be a powerful tool in
the study of protein function, and now, in the study of selenoprotein
function in cancer. The various approaches employing this technology by
others (Eriksson et al., 2009; Honeggar et al., 2009; Liu and Shen, 2009;
Watson et al., 2008) and us (Xu et al., 2009; Yoo et al., 2006, 2007a,b) have
yielded many new insights into the underlying roles of TR1 in the malig-
nancy process, and undoubtedly, will shed much more light on the molec-
ular mechanisms driving cancer.
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Abstract

Apoptosis signal-regulating kinase 1 (ASK1) is a member of the mitogen-

activated protein kinase (MAPK) kinase kinase family and elicits a wide variety

of cellular responses to various types of stress through activation of the JNK

and p38 MAPK pathways. ASK1 is preferentially activated in response to

oxidative stress, but this regulatory mechanism is still not completely under-

stood. In our previous report, thioredoxin (Trx), which is an antioxidant protein

and plays pivotal roles in maintaining intracellular redox balance, inhibited

ASK1 kinase activity by direct binding to ASK1 under normal conditions. Under

oxidative conditions, ASK1 is dissociated from Trx and therefore fully acti-

vated. The active site of Trx contains two cysteine residues that undergo
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reversible oxidation to form a disulfide bond with each other, so that the

conformation of Trx is changed by intracellular redox conditions. Thus, the

oxidative stress-induced conformational change of Trx is particularly impor-

tant for interaction with and regulation of ASK1, and elucidation of the

regulatory mechanisms of ASK1 by Trx is critical to understanding the intra-

cellular redox signaling. In this chapter, we review the regulatory mechanisms

of ASK1 activity by Trx, and describe a method for monitoring in vitro binding

between Trx and ASK1 under various redox conditions. In addition, we present

methods to detect the oxidative stress-induced activation of ASK1 in the cells

by Western blot analysis and in vitro kinase assay. The techniques presented

in this chapter will be useful for a range of investigations into intracellular

redox signaling.

1. Overview

Living organisms are constantly exposed to reactive oxygen species
(ROS). While ROS have an important function as signal mediators, their
overproduction in cells induces oxidative stress, leading to apoptosis
(Genestra, 2007; Janssen-Heininger et al., 2008; Orrenius et al., 2007). There-
fore, the cells must have defense mechanisms against excessive production of
ROS. The thioredoxin (Trx) system is one of the major intracellular defense
mechanisms against oxidative stress (Powis and Montfort, 2001). Trx is an
antioxidant protein and contains two cysteine residues in the active site. Under
reduced conditions, the two cysteines in the active site of Trx have two thiols.
Under oxidized conditions, these thiols undergo reversible oxidation to form
an intramolecular disulfide bond with each other.

Previously, we showed that Trx inhibited oxidative stress-induced
apoptosis signaling (Saitoh et al., 1998). In unstimulated cells, Trx bound
directly to apoptosis signal-regulating kinase 1 (ASK1) and inhibited
ASK1 kinase activity. ASK1 is a member of the mitogen-activated protein
kinase (MAPK) kinase kinase family and activates the MAPK kinase 4
(MKK4)/MKK7-JNK and MKK3/6-p38 pathways in response to various
stresses, including oxidative stress, tumor necrosis factor-a (TNF-a), lipo-
polysaccharide (LPS), extracellular ATP, endoplasmic reticulum stress,
and calcium overload (Ichijo et al., 1997; Matsuzawa et al., 2005;
Nishitoh et al., 1998, 2002; Noguchi et al., 2008; Takeda et al., 2004,
2008; Tobiume et al., 2001). TNF-a, LPS, and ATP activate ASK1
through production of ROS. Our recent studies have suggested that
ROS-dependent activation of ASK1 is required for the oxidative stress-
induced death of various cells (Noguchi et al., 2008; Tobiume et al., 2001).
ASK1 is constitutively oligomerized through its C-terminal coiled-coil
(CCC) domain, which is necessary for basal activity (Gotoh and Cooper,
1998; Tobiume et al., 2002). In unstimulated cells, Trx inhibits the
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homophilic interaction through the N-terminal coiled-coil (NCC)
domain of ASK1, which is required for ROS-induced full activation of
ASK1 (Fujino et al., 2007). Under oxidative stress, Trx is dissociated from
ASK1, and autophosphorylation-dependent full activation of ASK1 is
induced by tight oligomerization of ASK1 through its NCC domain.
Thus, Trx has pivotal roles as a safety lock in apoptosis signaling
(Fig. 16.1). Furthermore, an in vitro binding assay revealed that ASK1
interacts with the reduced form of Trx, but not with the oxidized form of
Trx or with a Trx mutant in which both active site cysteines are replaced
with serine residues, resulting in the loss of the reducing activity (Saitoh
et al., 1998). This result indicates that the binding between Trx and ASK1
depends on the redox state of Trx. Our methods for the in vitro binding
assay of ASK1 and Trx are presented below as Methods 1–3, and the
results of the assay are presented in Fig. 16.2.

Next, we will introduce a method to measure ASK1 kinase activity in
the cells. In our previous report, ASK1 activity was shown to be tightly
regulated by phosphorylation at the activation segment of the kinase
domain of ASK1 (Tobiume et al., 2002). Thr 838 and Thr 845 are located
within the activation segment of human and mouse ASK1, respectively,
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Figure 16.1 Schematic model of ROS-induced activation of ASK1 regulated by Trx.
ASK1 is constitutively oligomerized through its CCC domain, and its kinase activity
is inhibited by direct binding with Trx. The production of ROS induces oxidization
of Trx and dissociation of Trx from ASK1. Following tight oligomerization of
ASK1 through the NCC domain, autophosphorylation and activation of ASK1 are
promoted.
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and the phosphorylation of these threonine residues is essential for the
activation of ASK1 (Fig. 16.3). The phospho-ASK antibody, which
recognizes the phosphorylation of these threonine residues, can be used
to monitor the activation status of ASK1 in response to a diverse array of
stresses, including oxidative stress. Below, we present our method for
using this antibody in a Western blot analysis to detect the oxidative
stress-induced activation of ASK1 (Method 4), and the results of the
analysis are presented in Fig. 16.4.

The kinase activity of ASK1 can be also detected by in vitro kinase assay.
ASK1, a member of the MAPK kinase kinase family, phosphorylates MAPK
kinases such as MKK4/MKK7 and MKK3/MKK6 as substrates. Therefore,
we also describe a method for in vitro kinase assay using recombinant kinase-
dead MKK6, GST-MKK6KD, as a substrate (Method 5). This method
can be used to evaluate ASK1 kinase activity and can also be applied to
other kinases.

− + +−
Pretreatment
with DTT

220

MW

A

B
MW GST GST−Trx

pc
DNA3 ASK1

97.4
(kDa)

(kDa)

220

ASK1

97.4
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Figure 16.2 The interaction between ASK1 and Trx depends on the redox state of
Trx. (A) Expression of in vitro-translated 35S-ASK1 by using a TNT T7 Quick Coupled
Transcription/Translation System. The expression plasmid pcDNA3 for 30-HA-tagged
ASK1 was used, and the intact pcDNA3 vector was used as a negative control.
(B) Binding of in vitro-translated 35S-ASK1 to the reduced form of GST-Trx protein.
Purified GST-fused Trx or GST alone as a negative control was immobilized on the
beads, then treated with 1 mM DTT or left untreated on ice for 30 min, washed with
buffer A, and subjected to an in vitro binding assay as described in Method 3. MW;
molecular weight.
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2. Materials

2.1. Cell culture

HEK293A cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma, St. Louis, MO) containing 10% heat-inactivated fetal
bovine serum (FBS; Bio West, Nuaille, France), 4.5 g/l glucose, and
100 units/ml penicillin-G (Meiji Seika, Tokyo, Japan) in 5% CO2 at 37

�C.

0.5mM H2O2

IB: p-ASK

0 5 15 30 60 120 (min)

p-ASK

*

IB: ASK1 ASK1

Figure 16.4 H2O2-induced activation of endogenous ASK1. Confluent HEK293A
cells were treated with 0.5 mM H2O2 for the indicated periods. The cell extracts
were subjected to immunoblotting with anti-total ASK1 and anti-phospho-ASK
antibodies. The asterisk (*) indicates a nonspecific reactive band.

hASK1: 822 DFGTSKRLAGINPCTETFTGTLQYMAPE
DFGTSKRLAGINPCTETFTGTLQYMAPEmASK1: 829

849
*

856

Activation segment

ASK1 – –NH2 COOH

N-terminal
coiled-coil

domain (NCC)

C-terminal
coiled-coil

domain (CCC)

Kinase
domain

*

Figure 16.3 Schematic representation of the domain structure of ASK1. Two coiled-
coil domains (NCC and CCC) play pivotal roles in the homophilic interaction and
activation of ASK1. The upper part of this figure shows the amino acid sequences of the
activation segments in the ASK1 kinase domain. The numbers indicate amino acid
positions of both ends of the activation segments. A phosphorylation site is essential for
the activation of ASK1 (Thr 838 and Thr 845 of human and mouse ASK1, respectively),
and is indicated by an asterisk (*). The phospho-ASK antibody recognizes the phos-
phorylation of these threonine residues.
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2.2. Reagents

Transfection was performed with Tfx-50 (Promega, Madison, WI) or
FuGENE6 (Roche, Mannheim, Germany) according to the manufacturer’s
instructions. Immunoblot analysis was performed with an ECL system (GE
Healthcare, Buckinghamshire, UK). H2O2 was purchased from Wako
(Tokyo, Japan). Protein G-Sepharose beads, protein A-Sepharose beads,
and glutathione-Sepharose beads were purchased from GE Healthcare. LB
medium was purchased from Sigma. In vitro-translated ASK1 was prepared
with a TNT T7 Quick Coupled Transcription/Translation System
(Promega).

2.3. Plasmids

HA-tagged human ASK1 expression plasmids in pcDNA3 vector (Invitro-
gen, Carlsbad, CA) were generated as described previously (Ichijo et al.,
1997; Saitoh et al., 1998). The plasmids of GST-tagged human Trx and
GST-tagged human MKK6KD for the bacterial fusion protein were con-
structed in pGEX-4T-1 vector (GE Healthcare) (Saitoh et al., 1998).

2.4. Antibodies

Antibodies to HA (12CA5 and 3F10; Roche), GST (GE Healthcare), and
Trx (FL-105; Santa Cruz Biotechnology, Santa Cruz, CA) were purchased
from commercial sources. Rabbit polyclonal antibody to phospho-ASK was
described previously (Tobiume et al., 2002). Rat monoclonal antibody to
ASK1 (TC003; Wako) was established using immunized rats with a GST-
tagged C-terminal fragment of mouse ASK1 corresponding to amino acids
948–1380 as described previously (Takeda et al., 2007).

2.5. Solutions

TBS-T: 20 mM Tris–HCl, pH 8.0, 137 mM NaCl, and 0.1% (v/v)
Tween 20

Buffer A: 20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA, 1%
(v/v) Triton X-100, and 1% (w/v) deoxycholate

Lysis buffer: 20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA, 1%
(v/v) Triton X-100, 1% (w/v) deoxycholate, 1 mM phenylmethylsulfo-
nyl fluoride (PMSF), and 5 mg/ml leupeptin or 150 units/ml aprotinin

IVK lysis buffer: 20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 5 mM EGTA,
1% (v/v) Triton X-100, 1% (w/v) deoxycholate, 12 mM b-glyceropho-
sphate, 10 mM NaF, 1 mM sodium orthovanadate, 3 mM dithiothreitol
(DTT), 1 mM PMSF, and 5 mg/ml leupeptin or 150 units/ml aprotinin
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Wash buffer: 20 mM Tris-HCl, pH 7.5, 150 mMNaCl, 5 mM EGTA, 2 mM
DTT, and 1 mM PMSF

IVK buffer: 20 mM Tris–HCl, pH 7.5, 20 mM MgCl2, 100 mM ATP, and
5 mCi of [g-32P] ATP (Perkin-Elmer, Norwalk, CT)

2 � SDS-sample buffer: 80 mM Tris–HCl, pH 8.8, 80 mg/l bromophenol
blue, 28.8% (v/v) glycerol, and 4% (w/v) sodium dodecyl sulfate (SDS)

Fixative 1: 7% (v/v) acetic acid and 30% (v/v) methanol
Fixative 2: 4% (v/v) glycerol and 25% (v/v) methanol
10�PBS: 8% (w/v) NaCl, 0.2% (w/v) KCl, 2.9% (w/v) Na2H-

PO4�12H2O, and 0.2% (w/v) KH2PO4

3. Methods

3.1. In vitro binding assay for ASK1 and Trx

3.1.1. Method 1: Preparation of glutathione S-transferase-tagged
thioredoxin (GST-Trx)

(1) To purify GST-Trx, Escherichia coli BL21 cells transformed with
pGEX-4T-1 vector for expression of GST-Trx are cultured in 50 ml
LB medium containing 20 mg ampicillin/l.

(2) When the cells are grown to confluence, 50 ml of culture medium is
all added to 500 ml LB medium containing 20 mg ampicillin/l and
placed in a shaking incubator (37 �C, 150 rpm) for 2 h.

(3) After incubation, the expression of GST-Trx is induced by further
incubation with isopropyl-b-D-thiogalactopyranoside (IPTG; 0.1 mM
final concentration) in a shaking incubator (30 �C, 150 rpm) for 2 h.

(4) After induction, the culture medium is centrifuged at 5,000 rpm for
20 min to collect E. coli cells. Following the removal of supernatant,
the pelleted cells are resuspended in 30 ml PBS containing 10 mM
EDTA. This suspension is centrifuged at 3,000 rpm for 30 min and the
supernatant is removed.

(5) The pelleted cells are resuspended in 30 ml PBS containing 10 mM
EDTA and 1% (v/v) Triton X-100, and the suspension is sonicated to
destroy the cell bodies. To prevent increased temperature, the suspen-
sion is sometimes placed on ice.

(6) The sonicated suspension is centrifuged at 18,500 rpm for 30 min at
4 �C, and the supernatant fluid is separated.

(7) The supernatant is incubated at 4 �C on a rotator with about 1 ml of
glutathione-Sepharose beads that have been washed three times with
PBS containing 10 mM EDTA.
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(8) After overnight incubation, to purify GST-Trx immobilized on glu-
tathione-Sepharose beads and remove Triton X-100, the beads are
sufficiently washed with PBS containing 10 mM EDTA.

(9) To check the purification of GST-Trx, the proteins immobilized on
the beads are boiled at 98 �C for 5 min with the same volume of
SDS-sample buffer containing 1 mM DTT, and each sample is sepa-
rated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE).

(10) The separated proteins are fixed with Fixative 1 and Fixative
2 solution.

(11) The gel is stained with Coomassie brilliant blue.

3.1.2. Method 2: Preparation of ASK1 protein
It is difficult to purify a full-length ASK1 protein from E. coli, because ASK1
may be partitioned into the insoluble fraction. Therefore, we recommend a
TNT T7 Quick Coupled Transcription/Translation System (Promega).
The T7 promoter is the most efficient for the transcription and translation
in this system. Thus, in this procedure, the 30-HA-tagged ASK1 expression
plasmid in pcDNA3 is used, and the intact vector is used as a negative
control.

The experiment is performed according to the procedure recommended
by Promega, except that twice the amount of plasmid is added to the
reaction mixture. Because the binding between ASK1 and Trx is dependent
on the expression levels of radiolabeled and epitope-tagged ASK1, these
expression levels should be determined by detection of radiolabel incor-
poration and immunoblotting analysis. Our methods for these procedures
are presented below.

(I) Detection of radiolabel incorporation
(1) After in vitro translation, 35S-labeled ASK1 protein is separated by

the SDS–PAGE method used in Method 1-(9) and -(10).
(2) The fixed gel is dried, and the labeled proteins are detected by an

image analyzer. The results are indicated in Fig. 16.2 A.
(II) Detection of epitope-tagged ASK1

(1) Because the reaction mixture is crude, it is difficult to detect
30-HA-tagged ASK1 by Western blot analysis. To remove unnec-
essary proteins, immunoprecipitation is performed. The reaction
mixture is diluted about 10-fold with buffer A and incubated with
anti-HA antibody (12CA5; Roche) at 4 �C on a rotator.

(2) After overnight incubation, the solution is incubated with protein
G-Sepharose beads for 1 h at 4 �C on a rotator.

(3) The beads are washed three times with buffer A.
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(4) To assess the expression of 30-HA-tagged ASK1, the proteins
immobilized on the beads are resolved by SDS–PAGE and trans-
ferred to a polyvinylidene difluoride membrane.

(5) After blocking with 5% skim milk in TBS-T, the membrane is
probed with anti-HA antibody (3F10; Roche). An ECL system
(GE Healthcare) is used for the detection.

3.1.3. Method 3: In vitro binding assay

(1) To prepare the reduced form of Trx, GST-Trx immobilized on the
glutathione-Sepharose beads is incubated with buffer A containing
1 mM DTT at 4 �C for 30 min on a rotator.

(2) The beads are washed three times with buffer A for the removal of
DTT.

(3) In vitro-translated ASK1 is incubated with DTT-treated or -untreated
beads in buffer A at 4 �C for 30 min. For easy detection, we recom-
mend that more than 50 ml of reaction mixture be incubated with the
beads in each sample. If the volume of beads is too large, nonspecific
binding may be more detectable. Therefore, we often use 15 ml of beads
in each sample.

(4) After incubation, the beads are washed five times with buffer A.
(5) Each sample is analyzed by SDS–PAGE and Western blotting. In this

assay, the amount of GST-Trx should be equal in each sample.
To evaluate the amount of GST-Trx, the lower part of the SDS–
PAGE gel is cut out, transferred, and immunoblotted with anti-GST
antibody (GE Healthcare) or anti-Trx antibody (FL-105; Santa Cruz
Biotechnology). To detect 35S-labeled ASK1, the upper part of the
SDS–PAGE gel is analyzed in the same manner as in Method 2-(I). The
results of this experiment are presented in Fig. 16.2 B. In this experi-
ment, GST protein was used as a negative control.

3.2. Detection of endogenous ASK1 activation by
phospho- ASK antibody

3.2.1. Method 4

(1) HEK293A cells are grown in DMEM supplemented with 10% heat-
inactivated FBS and 100 units/ml of penicillin-G in 5% CO2 at 37

�C.
(2) Confluent HEK293A cells in a 24-well plate are stimulated with

0.5 mM H2O2.
(3) After the indicated periods, the cells are lysed by 120 ml of lysis buffer

supplemented with PhosSTOP (Roche) at 4 �C.
(4) 40 ml of the cell extract is subjected to immunoblotting with anti-total

ASK1 and anti-phospho-ASK antibodies. The immunoblotting is

Regulation of ASK1 in Redox Signaling 285



performed as described above in Method 2-(II)-(4) and -(5). The results
are shown in Fig. 16.4.

Antibodies against activated ASK1 are commercially available from
several companies, including Cell Signaling Technology and Wako.

3.3. In vitro kinase assay

3.3.1. Method 5

(1) Confluent HEK293A cells expressing 30-HA-tagged ASK1 in a 6-well
plate are treated with 1 mM H2O2 or left untreated. Transfection is
performed using Tfx-50 (Promega) or FuGENE6 (Roche) according
to the manufacturer’s instruction.

(2) After stimulation, the cells are lysed by 800 ml of IVK lysis buffer at
4 �C.

(3) To determine the expression level of 30-HA-tagged ASK1, 50 ml of the
cell extract is subjected to immunoblotting with anti-HA antibody
(3F10) by the above-described method.

(4) 750 ml of the cell extract is incubated with anti-HA antibody (12CA5)
for 1 h on ice, and then 20 ml of protein-A Sepharose is added and the
extract is incubated for an additional 20 min on ice.

(5) The beads are washed twice with wash buffer and incubated with 0.2 g
of GST-MKK6KD in IVK buffer at room temperature for 10 min (final
volume 30 ml).

(6) The reaction is terminated by addition of SDS-sample buffer and the
supernatant is subjected to SDS–PAGE.

(7) The fixed and dried gel or transferred membrane is exposed to a BAS
imaging plate (Fuji, Tokyo, Japan). ASK1 activity is obtained as an
image of phosphorylated GST-MKK6KD. This method was previously
performed in a study by Tobiume et al. (2002).

4. Comment

Many previous reports have demonstrated that ASK1 is regulated by
various binding partners (Takeda et al., 2008). We identified Trx as one of
the key components in the regulation of oxidative stress-induced activation
of ASK1 (Saitoh et al., 1998). Trx binds directly to ASK1 and inhibits its
kinase activity in the cells. Although the precise inhibitory mechanism of
Trx in ASK1 activation is not yet completely understood, in this chapter we
showed by in vitro binding assay that the binding of Trx to ASK1 can be
monitored by controlling the redox state of Trx. The advantage of this
method is that the redox state of recombinant proteins can be directly
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controlled in vitro. It is difficult to regulate the redox state of proteins in cell
lines. Although GST-Trx protein immobilized on the beads can be stored at
4 �C for about 1 month, recombinant proteins should be used as soon as
possible. Furthermore, because Trx could be oxidized in air, pretreatment
with DTT (as described in Method 3-(1)) should be performed just before
incubation with in vitro-translated ASK1.

Phospho-ASK antibodies, such as that used in the present study, have
been shown to be a useful and accurate tool for detecting and quantifying
the amount of activated ASK1 (Tobiume et al., 2002). In recent years,
several other antibodies against activated ASK1 have also become commer-
cially available. The use of such antibodies to monitor the amount of
activated ASK1 under various conditions will be crucial to improving our
understanding of the physiological and pathophysiological roles of ASK1.

In this chapter, we focused on redox signaling mediated by the
ASK1–Trx system. Recently, many reports have suggested that ROS
are produced not only as by-products of aerobic metabolism but also as
signaling mediators controlling cell proliferation, migration, and differenti-
ation ( Janssen-Heininger et al., 2008; Rhee et al., 2000). Redox-regulating
and -regulated proteins, including Trx and ASK1, may also play important
roles in these physiological events. We hope that this volume will engender
new biochemical and biomedical investigations into the roles of ROS.
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Abstract

The oxidation of protein cysteine residues represents significant posttransla-

tional modifications that impact a wide variety of signal transduction cascades

and diverse biological processes. Oxidation of cysteines occurs through reac-

tions with reactive oxygen as well as nitrogen species. These oxidative events

can lead to irreversible modifications, such as the formation of sulfonic acids, or

manifest as reversible modifications such as the conjugation of glutathione with

the cysteine moiety, a process termed S-glutathionylation (also referred to as

S-glutathiolation, or protein mixed disulfides). Similarly, S-nitrosothiols can

also react with the thiol group in a process known as S-nitrosylation (or

S-nitrosation). It is the latter two events that have recently come to the forefront

of cellular biology through their ability to reversibly impact numerous cellular

processes. Herein we describe two protocols for the detection of S-glutathio-

nylated or S-nitrosylated proteins in situ. The protocol for the detection of

S-glutathionylated proteins relies on the catalytic specificity of glutaredoxin-1

for the reduction of S-glutathionylated proteins. The protocol for the detection

of S-nitrosylated proteins represents a modification of the previously described

biotin switch protocol, which relies on ascorbate in the presence of chelators to
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decompose S-nitrosylated proteins. These techniques can be applied in situ to

elucidate which compartments in tissues are affected in diseased states whose

underlying pathologies are thought to represent a redox imbalance.

1. Introduction

Cysteines with low pKa values ranging from 4 to 5 as dictated by the
charges and the electrophilic nature of surrounding amino acids are
described as being ‘‘reactive’’ with regard to their susceptibility to undergo
oxidative modifications. The pKa of most cysteines within a protein’s
structure is 8.5 and not considered to be highly susceptible to oxidative
modification and are thus considered ‘‘nonreactive’’ (Janssen-Heininger
et al., 2008; Meng et al., 2002). In nature, free cysteines are found to be
conserved within the primary sequence in numerous classes of proteins
throughout species, suggesting that there may be other roles intended for
cysteine residues beyond metal coordination and structural disulfide forma-
tion. Notably, there are numerous redox-based modifications applicable to
cysteine residues, including hydroxylation (SOH), nitrosylation (SNO),
glutathionylation (SSG), and the formation of inter/intramolecular disulfides
(S–S),with eachmodificationhaving the potential tomodify not only protein
structure but also function in awidely diverse fashion (Giles et al., 2003; Jacob
et al., 2003; Ji et al., 1999; Kim et al., 2002; Mallis and Thomas, 2000).

2. Protein S-Glutathionylation

Protein S-glutathionylation represents the conjugation of the low
molecular weight antioxidant molecule glutathione to cysteines within a
protein. As described, during oxidative stress, cysteines are among the most
vulnerable with regard to oxidative modifications. As an antioxidant mole-
cule, GSH is present within cells at millimolar concentrations (1–10 mM)
and it is believed that conjugation of GSH to oxidized cysteines serves a
protective mechanism in the prevention of overoxidation. More recently,
however, protein S-glutathionylation has been compared toO-phosphory-
lation with regard to its impact on protein structure and function, and its
ability to reversibly impact signaling pathways (Dalle-Donne et al., 2007;
Ghezzi, 2005; Holmgren et al., 2005). This comparison is further bolstered
by the observation that protein S-glutathionylation occurs not only in
response to overt oxidative injury but also in pathophysiological states,
and in settings where ratios of GSH to oxidized GSH (GSSG) are low
(i.e., 100:1 vs. 3:1). Further, the heterogeneity of cysteine reactivity with
oxidants imparts a unique specificity toward protein S-glutathionylation
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formation. Finally, there exist mechanisms by which S-glutathionylation
formation and resolution are exquisitely regulated (Dalle-Donne et al.,
2007, 2008; Gallogly and Mieyal, 2007; Ghezzi, 2005; Shelton et al., 2005).

Glutaredoxins (Grx) are lowmolecularweight (9–14 kDa) enzymes of the
oxidoreductase class of enzymes, and under physiological conditions play an
important role in the reduction of S-glutathionylated proteins. It is worthy of
mention that under conditions of oxidative stresswhenGSSGconcentrations
are increased, Grx causes increases in protein S-glutathionylation, instead of
decreases. Of the mammalian isoforms, Grx1 is the most extensively
described and characterized. Localized primarily in the cytoplasm, Grx1
compared to other thiol–disulfide oxidoreductases (i.e., Grx2 and thiore-
doxin (Trx)) is significantly more efficient in catalyzing the deglutathionyla-
tion of proteins. Despite its lower concentrationwithin cells (1mM compared
to 10 mM for Trx), Grx1 has a 10-fold lower Km value for ribonucleotide
reductase and a 5000-fold higher kcat/Km for S-glutathionylated cysteines
in vitro as compared to Trx (Chrestensen et al., 2000; Holmgren, 1976;
Holmgren et al., 1978). Under physiological conditions where GSH/GSSG
ratios are high, Grx1 functions through the monothiol mechanism in the
reduction of mixed disulfides. With regard to cellular processes, Grx1 has
been shown to be important in cellular differentiation, regulation of tran-
scription factor activation, and apoptosis (Anathy et al., 2009; Pineda-Molina
et al., 2001; Takashima et al., 1999). We have utilized the catalytic specificity
of Grx1 to successfully detect S-glutathionylated proteins in paraffin embed-
ded tissues in situ. The protocol is schematically depicted in Fig. 17.1, and
described in the following section.

2.1. In situ detection of S-glutathionylated proteins

1. After dewaxing tissue samples in three changes of xylene, tissue is
rehydrated in 100%, 95%, and 75% ethanol, and washed in one change
of Tris-buffered saline (TBS). Free thiol groups are blocked with 40 mM

1. Block thiols 2. Add Grx1 3. Biotinylate and detect

-SH

-SH -SNEM-SNEM

-SSG -SSG

-SNEM

-SMPbiotin

Figure 17.1 Schematic representation of the Grx1-catalyzed cysteine derivatization
protocol. Free thiols are blocked by alkylation with NEM (1), followed by Grx1-
catalyzed reduction of S-glutathionylated proteins (2), and finally newly reduced
cysteines are labeled using MPB and detected using streptavidin-conjugated fluoro-
phores (3).

S-Glutathionylation and S-Nitrosylation 291



N-ethylmaleimide (NEM) in buffer that contains 25 mM HEPES,
pH 7.4, 0.1 mM EDTA, pH 8.0, 0.01 mM neocuproine, and 1% Triton
for 30 min.

2. After three washes with TBS, S-glutathionylated cysteine groups are
reduced by incubation with a reaction mix that contains recombinant
Grx1 and the components necessary for its activity as follows: 13.5 mg/ml
recombinant humanGrx1, 35mg/mlGSSG reductase, 1mMGSH, 1mM
NADPH, 18 mmol EDTA, and 137 mM Tris–HCl, pH 8.0 for 30 min.

3. After three washes with TBS, newly reduced cysteine residues are
labeled with 1 mM N-(3-maleimidylpropionyl) biocytin (MPB) dis-
solved in 25 mM HEPES, pH 7.4, 0.1 mM EDTA, pH 8.0, 0.01 mM
neocuproine for 30 min.

4. Excess MPB is removed by three washes with TBS.
5. Tissue samples are incubated with 0.5 mg/ml streptavidin-conjugated

fluorophores for 30 min. Nuclei are counter stained using appropriate
concentrations of dye (Fig. 17.2 A and B ).

Figure 17.2 Representative image of untreated paraffin embedded murine lungs
stained for S-glutathionylated proteins using the Grx1-catalyzed derivatization protocol
and visualization via confocal laser scanning microscopy (B and D). Panels A and C
represent nuclear counter stains for the tissues evaluated in (B) and (D), respectively.
Panel D: Following the protocol outlined herein, reactivity is seen primarily within the
epithelial cells of the conducting airways (inset) with some parenchymal reactivity.
Panel B: As a negative control, GSH was omitted from the reaction mix, resulting in a
loss of Grx-1-catalyzed labeling. Magnification ¼ 200�. Insets: zoom ¼ 4�.

292 Scott W. Aesif et al.



Prior to derivatization of tissues, all buffers are prepared fresh, and buffers
containing MPB protected from direct exposure to light. The reaction mix
containing Grx1 is prepared immediately prior to application. All steps are
conducted at room temperature.

Following Grx1-catalyzed cysteine derivatization, samples are routinely
analyzed by confocal microscopy. Use of confocal imaging is critical for
optimal detection of S-glutathionylated proteins over potential background
signals, and to elucidate tissue or cellular compartments that harbor S-
glutathionylated proteins which would be impossible using wide field
fluorescence. The specificity of Grx1 for S-glutathionylated proteins is
highlighted by the competitive inhibition of detectable signal by incubating
samples with 2.5 mg/ml S-glutathionylated bovine serum albumin (BSA),
as compared to fully reduced BSA. Omission of Grx1 from the reaction mix
should be an important reagent control as it highlights the requirement of
the presence of Grx1 in the observed labeling reaction. Furthermore,
omission of free GSH from the reaction mix completely abrogates detect-
able signal owing to its necessity in reducing catalytically active Grx1
(Fig. 17.2). As an additional negative control, samples should be incubated
with dithiothreitol (DTT) prior to incubation with NEM, in order to assess
the efficiency of blocking free cysteine residues. As a positive control, tissue
sections can be incubated with 400 mM diamide and 1 mM GSH for 10 min
prior to application of NEM (Aesif et al., 2009; Reynaert et al., 2006).

3. Protein S-Nitrosylation

Nitric oxide (NO) is an important signalingmolecule that exertsmany of
its effects through the posttranslational modification S-nitrosylation. S-Nitro-
sylation is the oxidation of cysteine thiols by NO-derived species such as
N2O3, but also by transnitrosylation from low molecular weight nitrosothiols
such as S-nitrosylated glutathione (GSNO) or nitrosylated proteins (Stamler
et al., 2001). To date, a large number of targets for S-nitrosylation have been
identified and linked to functional consequences. Importantly, protein regula-
tion by S-nitrosylation has been coupled to physiological stimuli that involve
both receptor-mediated activation of nitric oxide synthases (NOS), as well as
stimulus-induced denitrosylation (Benhar et al., 2009; Gow et al., 2002; Hess
et al., 2005). Multiple mechanisms for denitrosylation exist, including SNO
decomposition by various nonenzymatic compounds, ascorbate, and two
enzymatic pathways, namely Trx1 andGSNO reductase (Benhar et al., 2009).

Sample preparation and storage for the determination of nitrosothiol
content and protein nitrosylation requires great care since these moieties are
readily decomposed by a myriad of factors. Furthermore, only recently have
technological advances been made to facilitate research into this redox-

S-Glutathionylation and S-Nitrosylation 293



dependent posttranslational modification. For instance, an antibody was
developed against nitrosocysteine that has been used among others to
visualize protein S-nitrosylation in various tissues (Gow et al., 2002). S-
Nitrosylation of specific proteins can be achieved by measuring the release
of NO by these proteins using chemiluminescence, or by the biotin-switch
protocol as described by Jaffrey and Snyder (2001) and subsequently pub-
lished variations thereof. Finally, we have successfully adapted this biotin
derivatization procedure to detect protein S-nitrosylation in situ (Ckless
et al., 2004). The protocol is schematically depicted in Fig. 17.3 and
described in the following section.

3.1. In situ detection of S-nitrosylated proteins

1. After dewaxing tissue sections in three changes of xylene, tissue is rehy-
drated in 100%, 95%, and 75% ethanol, and washed three times with
phosphate-buffered saline (PBS) containing 0.4mMEDTA and 0.04mM
neocuproine. Next, free thiol groups are blocked with 40 mM NEM in
PBS containing 0.4 mM EDTA, 0.04 mM neocuproine, and 2.5% SDS
for 30 min.

2. After removal of blocking solution and three washes with PBS containing
0.4 mM EDTA and 0.04 mM neocuproine, sections are incubated with
1 mM sodium ascorbate in PBS for 15 min to reduce S-nitrosylated
proteins.

3. Newly reduced cysteine residues are then labeled with 0.1 mM MPB in
PBS for 30 min.

4. Excess MPB is removed by three washes with PBS containing 0.4 mM
EDTA and 0.04 mM neocuproine.

5. Tissues are next incubated for 30 min with 0.5 mg/ml of a fluorophore-
labeled streptavidin in order to visualize biotinylated proteins and nuclei
are counterstained with an appropriate dye.

All procedures prior to labeling with MPB must be performed under
protection from direct light and all reagents must be dissolved freshly before
their use. All incubation steps in the protocol occur at room temperature.

1. Block thiols 2. Ascorbate 3. Biotinylate and detect

-SH

-SH -SNEM-SNEM

-SNO -SNO

-SNEM

-SMPbiotin

Figure 17.3 Schematic representation of the protocol for detecting S-nitrosylated
proteins in situ. Free thiols are blocked by alkylation with NEM (1), S-nitrosylated
cysteines are reduced using ascorbate (2), and finally newly reduced cysteines are
labeled using MPB and detected using streptavidin-conjugated fluorophores (3).
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Following the biotin switch protocol to label protein S-nitrosylation,
tissues are analyzed by confocal microscopy. Use of confocal imaging is
critical to optimal detection of S-nitrosylated proteins over potential back-
ground signal, and to elucidate tissue or cellular compartments that harbor
S-nitrosylated proteins, which would be impossible to achieve using wide
field fluorescence. As a negative control, omission of the ascorbate decom-
position step should be performed, which, in the case of optimal blocking of
reduced cysteines, should result in the absence of labeling. Alternatively, S-
nitrosothiols can be decomposed with 1 mM ascorbate, or subjected UV-
mediated prephotolysis at 335 nm (Forrester et al., 2009) prior to blocking.
These steps should result in the absence of labeling. As a positive control,
tissue sections can be incubated with a nitrosothiol such as GSNO or
L-CysNO (100–500 mM) prior to the application of NEM.

4. Summary

The protocols presented herein represent robust avenues for the in situ
detection of S-glutathionylated and S-nitrosylated proteins in tissues. They
are, however, not without potential and long debatable pitfalls, as neither
protocol absolutely excludes the possibility of false positivity due to the
reduction of intermolecular disulfides, or other oxidative modifications.
The labeling and detection of newly generated thiols depend on the speci-
ficity of ascorbate and human Grx1 toward S-nitrosylated and S-glutathio-
nylated proteins, respectively. As screening tools, however, these assays and
adaptations thereof that undoubtedly will be developed in the future will
provide valuable insights into which tissue or organ compartments are
affected by reversible cysteine oxidations.
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Abstract

Oxidation of lipids generates large quantities of highly reactive a,b-unsaturated
aldehydes (enals). Enals and their protein adducts accumulate in the tissues

of several pathologies. In vitro, low concentrations of enals such as HNE

(4-hydroxy trans-2-nonenal) affect cell signaling whereas high concentrations
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of enals are cytotoxic. Direct conjugation of the C2–C3 double bond of enals

with the sulfhydryl group of GSH is a major route for the metabolism and

detoxification of enals. Recently, we found that glutathionyl conjugate of HNE

(GS-HNE) enhances the peritoneal leukocyte infiltration and stimulates the

formation of proinflammatory lipid mediators. Moreover, the reduced form of

the glutathione conjugate of HNE (GS-DHN) elicits strong mitogenic signaling in

smooth muscle cells. In this chapter we discuss the methods to study the

metabolism of enals and the redox signaling properties of glutathionyl conju-

gates of HNE.

1. Introduction

Oxidation of lipids generates a variety of bioactive molecules includ-
ing lipid radicals, peroxides, isoprostanes, and epoxides. Of these, alde-
hydes, generated from the degradation of lipid hydroperoxides, are the
major end products (Esterbauer et al., 1991). Among the free aldehydes
generated from lipid peroxidation, the a,b-unsaturated aldehydes (enals)
are highly reactive. The a,b-unsaturation in aldehydes generates two
reactive centers in the molecule: a polarized carbonyl that could partici-
pate in the formation of Schiff bases and an electrophilic d carbon that
undergoes Michael addition reactions (Esterbauer et al., 1991). Conse-
quently, enals are several orders of magnitude more reactive than
corresponding saturated aldehydes or the aromatic aldehydes. Among the
enals, the C9 unsaturated aldehyde 4-hydroxy trans-2-nonenal (HNE) is
the most abundant. HNE is generated primarily from the peroxidation of
o-6 polyunsaturated fatty acids, and under some conditions, accounts for
>95% of the enals produced (Benedetti et al., 1980). Normal HNE
concentrations in tissue and plasma range from 0.8 to 2.8 mM and the
concentration of HNE in oxLDL has been estimated to be 150 mM
(Esterbauer et al., 1991). Apart from HNE, lipid peroxidation also gen-
erates highly reactive C3 enal, acrolein; C4 enal, crotonaldehyde; and the
C6 enal, hexenal. Acrolein is also generated from myeloperoxidase,
metabolism of anticancer drug cyclophosphamide and allyl amine, a dye
extensively used in the dye industry (Bhatnagar, 2006; Uchida et al.,
1998). High concentrations of acrolein and crotonaldehyde are also pres-
ent in automobile exhaust and cigarette smoke (Bhatnagar, 2006; Uchida
et al., 1998). Hexenal is one of the most abundant aldehydes present in
fruits and vegetables and is also extensively used as a flavoring agent (Feron
et al., 1991).

Enals and their protein adducts accumulate in several diseased tissues
such as atherosclerotic lesions (Srivastava et al., 2009; Uchida et al., 1998),
inflamed arteries (Rittner et al., 1999), ischemic hearts (Eaton et al., 1999),
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failing hearts (Srivastava et al., 2002), and neuronal lesions associated with
Parkinson (Yoritaka et al., 1996) and Alzheimer (Montine et al., 1997)
disease. The accumulation of enals and their protein adducts is indicative
of oxidative stress. In vitro, enals such as HNE affect multiple signaling
pathways (Dianzani, 1998, 2003; Robino et al., 2001), including mem-
brane conductances and signal transduction cascades (Dianzani, 1998,
2003; Robino et al., 2001). In several different cell types, exposure to
HNE leads to the activation of JNK (Dianzani, 1998, 2003; Robino et al.,
2001) and in stellate cells, HNE has been shown to covalently modify the
p46 and p54 isoforms of JNK (Parola et al., 1998). Data from our labora-
tory (Ruef et al., 2000) showed that HNE is a potent mitogen for vascular
smooth muscle cells (VSMC) and Ishii et al. (2004) found that HNE
induces the expression of scavenger receptors in VSMC. However,
the mechanisms by which enals such as HNE exert cell signaling are not
quite clear.

Our studies show that enals such as HNE are metabolized either by
direct conjugation with glutathione or by oxidative or reductive transfor-
mations (Hill et al., 2009; Srivastava et al., 1998b, 2001). The conjugation of
unsaturated aldehydes to glutathione is catalyzed by the glutathione
S-transferase (GSTs) isoforms, whereas oxidation of HNE to 4-hydroxy-
nonanoic acid (HNA) is catalyzed by aldehyde dehydrogenases. Both free
and glutathiolated HNE are efficient substrates of aldose reductase (AR),
and reduction via AR appears to be a significant fate of enals and their
glutathione conjugates in vivo.

Although enals such as HNE readily form glutathione conjugates, the
formation of GS-HNE may not by itself be sufficient for detoxification. We
found that in VSMC, GS-HNE activates PKC and stimulates NF-kB- and
AP-1-dependent gene transcription and smooth muscle cell proliferation
(Ramana et al., 2006). Our recent studies show that GS-HNE stimulates the
formation of superoxide radical and induces the expression of CD11b in
polymorphonuclear leukocytes (PMNs) in vitro, and intraperitoneal injec-
tion with GS-HNE significantly increases the peritoneal leukocyte infiltra-
tion and stimulates the formation of proinflammatory lipid mediators (Spite
et al., 2009). Similarly, the glutathionyl conjugate of acrolein has been
shown to increase superoxide formation (Adams and Klaidman, 1993) and
glutathione conjugates of enals have been shown to be markedly toxic and
can induce DNA damage or stimulate the production of reactive oxygen
species (Dittberner et al., 1995; Horvath et al., 1992). Initially, it was
thought that the reduction of aldehyde–glutathione conjugate by AR
would annul the reactivity and therefore the toxicity of the conjugate.
However, on contrary to this expectation, we found that the reduced
form of the glutathione conjugate of HNE (GS-DHN) elicits strong mito-
genic signaling in smooth muscle cells (Ramana et al., 2006). Incubation of
cell permeable esters of GS-HNE and GS-DHN with VSMC stimulated
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protein kinase C, NF-kB, AP-1, and promoted cell growth (Ramana et al.,
2006). Inhibition of AR, the protein which catalyzes the reduction of GS-
HNE to GS-DHN, prevented the GS-HNE-induced protein kinase C,
NF-kB, AP-1 activation and cell proliferation, but had no effect on GS-
DHN-induced cell signaling and growth. Pretreatment of the cells with
antibodies raised against the transporters of glutathione conjugates—RLIP
(Ral-binding protein) or multidrug resistance protein-2, promotes the
mitogenic effects of GS-DHN. Similarly, inhibition of RLIP by siRNA,
enhances the cell growth in response to glutathionyl conjugates of HNE,
whereas overexpression of RLIP diminishes the glutathionyl conjugates-
induced cell proliferation. Moreover, RLIP-knockout mice show higher
levels of GS-HNE in the liver (Warnke et al., 2008). Here, we briefly
describe the methods for the formation, characterization, and quantification
of glutathione conjugates of enals and their signaling properties.

2. Synthesis, Quantification, and

Characterization of Reagent

Glutathionyl Conjugates of HNE

2.1. GS-HNE

HNE and other a,b-unsaturated aldehydes are strong electrophiles that react
spontaneously with reduced glutathione. The reaction is stiochiometric,
and is accelerated by inorganic phosphate (Esterbauer et al., 1991). Other
nucleophiles such as histidine, lysine, and carnosine also react with these
aldehydes but the rate of conjugate formation with these nucleophiles is
usually an order of magnitude lower than with GSH. The GS-DHN is
stable at acidic pH and the conjugate, once prepared, could be stored either
in an acidic or an aprotic (acetonitrile) medium.

2.1.1. Synthesis
Reagent HNE and 4-(3H)-HNE (specific activity of 175 mCi/mmol) were
synthesized as described before (Srivastava et al., 1998b). Because of their
high reactivity, several unsaturated aldehydes are synthesized and stored as
esters. Before the experiments, the free aldehyde is released by the acid
hydrolysis of the ester (Srivastava et al., 1998b).

Described below briefly is the method for the synthesis of GS-HNE:

1. Dissolve 100 nmol of nonradioactive HNE and 100 nmol of radiola-
beled HNE containing 100,000 cpm 4-(3H)-HNE in 990 ml of 0.1 M
potassium phosphate, pH 7.0 in a quartz cuvette.

2. Add 10 ml of 50 mM GSH, prepared in ice-cold water. Incubate the
mixture at 37 �C in a temperature-controlled water bath.
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3. Monitor the reaction by following the consumption of HNE at 224 nm
(molar extinction coefficient ¼ 13,750). Formation of the glutathione
conjugates results in a decrease in the absorbance at 224 due to saturation
of the conjugated diene chromophore. Typically, under these experi-
mental conditions, >99% HNE is consumed in 30 min.

A similar procedure could be used to synthesize conjugates of other
enals. Short chain enals react faster with the sulfhydryl group of GSH than
the longer chain enals. The rate of reaction of acrolein with GSH is 25-fold
faster than crotonaldehyde and the rate of reaction of enals decreases further
with an increase in hydrocarbon chain length. Presence of a hydroxyl group
at the fourth carbon of medium chain enals (C5–C10) increases the rate of
reaction of enals with the sulfhydryl group of GSH by four- to eightfold,
whereas introduction of an additional double bond between the C4 and C5
of hydrocarbon chain completely abolishes their reactivity with GSH
(Srivastava et al., 1999).

2.1.2. Purification and quantification
For the synthesis of GS-HNE, HNE is incubated with an excess of GSH.
To remove unreacted GSH, the conjugate has to be purified by HPLC.
This is best accomplished by using reverse-phase (RP) HPLC. In our
laboratory, we typically use a Varian RP ODS C18 column preequilibrated
with 0.1% aqueous trifluoroacetic acid. The column is eluted using a
gradient consisting of solvent A (0.1% aqueous trifluoroacetic acid) and
solvent B (100% acetonitrile) at a flow rate of 1 ml min�1. The gradient is
established such that solvent B reaches 24% in 20 min, 26% in 30 min and is
held at this value for 10 min. In the next 10 min, solvent B reaches 60%, and
in an additional 5 min it reaches 100% and is held at this value for 10 min.
Samples are collected every 1 min and 50 ml aliquots are used to count the
radioactivity on a scintillation counter. As shown in Fig. 18.1A , under these
conditions, GS-HNE elutes with a retention time of 22 min. Typically,
we recover 86 � 6% radioactivity applied to the column by this protocol.

2.1.3. Characterization of GS-HNE
The chemical identity of reagent GS-HNE purified by HPLC is established
by electrospray ionization mass spectrometry (ESI-MS). We use a Micro-
Mass ZMD 2000 mass spectrometer (Waters-Micromass, Milford, MA).
The ESIþ-MS operating parameters are as follows: capillary voltage, 3.0 kV;
cone voltage, 13 V; extractor voltage, 9 V; source block temperature,
100 �C; and dissolvation temperature, 200 �C. Nitrogen at 3 p.s.i. is used
as nebulizer gas. Samples (50 ml) are mixed 1:1 with 50 ml of acetonitrile/
water/acetic acid (100/100/0.2) (v/v/v) and applied to the mass spectro-
photometer using a Harvard syringe pump at a rate of 5 ml/min. Spectra are
acquired at the rate of 200 a.m.u./s over the range of 20–2000 a.m.u.. As
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shown in Fig. 18.1B, the ESIþ-MS of HPLC peak I, eluting at 22 min,
shows a strong molecular ion with an m/z value of 464.3, consistent with
[M þ H]þ of GS-HNE. Another strong ion is generated with an m/z ratio
of 446.3, corresponding to the dehydrated daughter ion [M � H2O] of
GS-HNE. That the m/z 446 ion is derived from GS-HNE could be verified
by changing the repeller voltage of the electrospray source. An increase in
the repeller voltage should increase fragmentation and dehydration leading
to an increase in the m/z 446 ion. For quantification, the intensity of the
446 and the 464 m/z ions is added together.
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Figure 18.1 Purification and characterization of radiolabeled GS-HNE and GS-DHN.
GS-HNE is purified by reverse-phase HPLC on an ODS C18 column. One milliliter
fractions are collected and the radioactivity is quantified on a scintillation counter (A).
The HPLC-purified peak I is analyzed by ESIþ-MS (B). Ions with m/z values of 464.3
and 446.3 represent, [M þ H]þ of GS-HNE and its dehydrated daughter ion, respec-
tively. Panel C shows the ESIþ-MS analysis of reagent GS-DHN. Retention time of the
reagent GS-DHN on HPLC is identical to that of reagent GS-HNE. ESIþ-MS of the
HPLC peak corresponding to reagent GS-DHN shows the molecular ion with m/z
466.3 corresponds to [M þ H]þ of GS-DHN.
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2.2. Synthesis, purification, and characterization
of reagent GS-DHN

The GS-HNE conjugate could be reduced to generate GS-1,4-dihydroxy-
nonanol (GS-DHN). Our studies show that the AR catalyzes the reduction
of the conjugate (Srivastava et al., 1998a) and that the reduced conjugate
is biologically active (Ramana et al., 2006). The GS-HNE conjugate
could be reduced enzymatically, using recombinant AR (Abanova, Walnut,
CA). Alternatively, the conjugate could be reduced by sodium
borohydride.

1. Incubate 10 mg of human recombinant AR in 940 ml of 0.1M potassium
phosphate, pH 6.0, for 5 min at 37 �C in a cuvette.

2. Add 10 ml of 7.5 mM NADPH prepared in ice-cold water.
3. Add 50 ml of GS-[4-(3H)]-HNE, reconstituted in 0.1 M potassium

phosphate at a concentration of 200 mM.
4. Monitor the reaction by following the consumption of NADPH at

340 nm. Typically, under these experimental conditions, >99% GS-
[4-(3H)]-HNE is reduced in 3 h.

5. Alternatively, to a GS-HNE solution in methanol add 4 M excess of
NaBH4. Stir the mixture for 60 min at room temperature and then add
0.1 M HCl dropwise to the reaction mixture to bring the pH to 2.0.
Leave the mixture in acidic conditions for 30 min to decompose
unreacted NaBH4 and extract the conjugate three times with dichlor-
omethane and purify by HPLC as described above. Under the experi-
mental conditions described, the GS-DHN conjugate coelutes with GS-
HNE at the retention time of 22 min.

6. Chemical identity of reagent GS-DHN is established by ESIþ-MS as
described above. As shown in Fig. 18.1C, upon ESI-MS GS-DHN
forms a strong molecular ion with m/z value of 466.3.

2.3. Synthesis and characterization of esterified
glutathionyl conjugates

To examine the effect of GS-HNE and GS-DHN on cell signaling, cell
permeable esterified forms of their glutathionyl conjugates are used
(Ramana et al., 2006). They are synthesized as described below:

1. Incubate 4-(3H)-HNE (100 nmol) with 5 M excess of glutathione
monoethyl ester and monitor the consumption of HNE at 224 nm as
described above.

2. For the synthesis of the reduced form of the esterified glutathione-HNE
conjugate (GS-DHN-ester), incubate aliquots of the GS-HNE-ester
with AR and NADPH as described above.
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3. Esterified glutathionyl conjugates are purified on HPLC as described
above. Unlike the nonesterified conjugates, the GS-DHN-ester and GS-
HNE-ester are nicely separated and elute with the retention time of 28
and 31 min, respectively (Fig. 18.2A ).

4. Chemical identity of the esterified glutathionyl conjugates is established
by ESIþ-MS. ESIþ-MS of HPLC peak I shows a molecular ion with an
m/z value of 494.3, consistent with the [M þ H]þ of GS-DHN-ester
and ESIþ-MS of HPLC peak II shows strong ions with m/z values of
492.2 and 274.2 corresponding to [M þ H]þ of GS-HNE-ester and
its dehydrated daughter ion, respectively (Fig. 18.2B). The in-source
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Figure 18.2 Purification and characterization of GS-HNE-ester and GS-DHN-ester.
Reagent-esterified glutathionyl conjugates of HNE are separated by reverse-phase
HPLC on an ODS C18 column (A). Chemical identities of GS-HNE-ester and GS-
DHN-ester are established by ESIþ-MS. ESIþ-MS of the HPLC peak I shows strong
molecular ion with m/z value of 494.3 corresponding to the [M þ H]þ of GS-DHN-
ester (B). ESIþ-MS of the HPLC- peak II shows strong ions withm/z values of 492.2 and
474.2; consistent with the [M þ H]þ of GS-HNE-ester and its dehydrated daughter ion,
respectively (C).
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dehydration of GS-HNE-ester could be completely prevented by either
decreasing the cone voltage or by lowering the block temperature;
however, this results in a 10-fold decrease in signal intensity and thereby
decreases the signal-to-noise ratio (data not shown).

3. Metabolism of HNE

3.1. Cellular metabolism of HNE

In most cells, HNE is rapidly metabolized. Cellular metabolism of HNE
generates several products that result from the enzymatic reduction or
oxidation of the aldehyde and the formation of a glutathione conjugate
(GS-HNE), which undergoes reductive metabolism to generate GS-DHN.
Glutathionyl conjugates of HNE account for 40–60% of the total metabo-
lites in cardiovascular tissues (Hill et al., 2009; Srivastava et al., 1998b, 2001).
Most of these metabolites including the glutathionyl conjugates are
extruded out of the cell and <1% of the enal is retained inside the cells or
are bound to intracellular proteins. Here, we describe briefly the method for
the quantification and characterization of HNE metabolites in PC12 cells.
For quantification, we have found it necessary to use radiolabeled [4-(3H)-
HNE] HNE.

1. Culture cells in 10 cm2 dishes to 80% confluency.
2. Prior to the experiment, rinse the cells with prewarmed (37 �C) Hank’s

balanced salt solution (HBSS).
3. Incubate the cells with 5 mM 4-(3H)-HNE (100,000 cpm) in 2.5 ml

HBSS for 30 min.
4. At the end of the incubation, remove the medium and separate the

radioactivity by HPLC on an RP C18 column (Fig. 18.3A ). HPLC
conditions are identical to those described for the purification of reagent
glutathionyl conjugates. On the basis of the retention time of the
synthetic metabolites four major peaks in the eluate are identified to be
glutathionyl conjugates of HNE (peak I), 1,4-dihydroxynonene (DHN;
peak II), HNA (peak III), and unmetabolized HNE (peak IV). The
chemical identity of these peaks is established by ESIþ-MS or gas
chromatography–mass spectrometry (GC–MS). Two other minor
peaks (peaks V and VI) are also observed. Chemical identity of these
peaks has yet not been established.

5. As shown in Fig. 18.3B, ESIþ-MS of HPLC peak I shows strong
molecular ions with m/z value of 466.3 and 464.3, consistent with
[M þ H]þ GS-DHN and GS-HNE. These data are consistent with
our previous studies showing that glutathionyl conjugates of HNE are
the major metabolites of HNE in cardiovascular tissues (Hill et al., 2009;
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Srivastava et al., 1998b, 2001). Sensitivity for the detection of glutathio-
nyl conjugates of enals in tissues could be significantly increased by using
ESIþ and select ion monitoring (Warnke et al., 2008).

3.2. Systemic metabolism of HNE

In this method, we describe, how enals such as HNE are metabolized
in vivo. It is currently believed that glutathionyl conjugates of HNE and
related enals are actively extruded into the circulation from the tissues in
which they are generated. The conjugates appearing the circulation are
taken up by the kidney and further processed and excreted in the urine as
mercapturates. Of the total metabolites of HNE recovered in the urine,
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Figure 18.3 Metabolism of HNE in PC12 Cells. PC12 Cells are incubated with
4-(3H)-HNE (5 mM) in 2.5 ml HBSS for 30 min at 37 �C. After the incubation, radioac-
tivity in the incubation medium is separated by HPLC on an ODS C18 reverse-phase
HPLC column. Panel A shows the HPLC profile of radiolabeled metabolites of [3H]-
HNE. Peaks I–IV correspond to the retention time of reagent glutathione conjugates of
HNE (GS-HNE and GS-DHN), DHN, HNA, and unmetabolized HNE, respectively.
Chemical identities of peaks V and VI have yet not been established. Panel B shows the
ESIþ-MS chromatogram of HPLC peak I. Molecular ions with m/z value of 464.3 and
466.3 correspond to [M þ H]þ of GS-HNE and GS-DHN, respectively. Ion with m/z
ratio of 446.3 corresponds to the dehydrated daughter ion of GS-HNE.
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upon intravenous injection of 4-(3H)-HNE to mouse, N-acetylcysteine-
DHN (NAC-DHN), formed fromGS-DHN, is the major metabolite and it
accounts for 34 � 4% of radioactivity recovered in the urine. These obser-
vations suggest glutathione conjugate formation and its subsequent reduc-
tion is the major pathway for the metabolism of HNE in vivo. NAC-DHN
has also been detected as the physiological component of human and rat
urine (Alary et al., 1998). NAC-DHN concentration in the urine could also
be used as a biomarker of oxidative stress in vivo (Kuiper et al., 2008).
Described below is the method for the quantification and characterization
of NAC-DHN in the urine of mice exposed to HNE. For identification and
quantification, radioactive HNE is required for these experiments.

1. Inject 4-(3H)-HNE (1 mg/kg in PBS; 1.0 � 106 cpm) in the tail vein of
C57BL/6 mice (25 � 3 g). House mice in metabolic cages and provide
water and food ad libitum.

2. Collect urine for 8 h
3. Aspirate an aliquot of urine (40 ml) in a glass tube and mix it with an

equal volume of trichloroacetic acid (20%, w/v) and remove the
precipitated proteins by centrifugation.

4. Separate the radioactivity in the supernatant by HPLC (Fig. 18.4A ) as
described above.

5. Radioactive peak eluting with the retention time of reagent NAC-
DHN (26 min), representing 34 � 4% of the radioactivity recovered
from HPLC, is further characterized by ESI�-MS.

6. Samples corresponding to the retention time of 26 min are dried under
vacuum, reconstituted in 100 ml of actonitrile:10% ammonium hydrox-
ide (v/v) and applied to the mass spectrophotometer using a Harvard
syringe pump at a rate of 5 ml/min. As shown in Fig. 18.4B, ESI�-MS of
these peak shows a strong molecular with m/z value of 320.1, consistent
with [M � H]� of NAC-DHN.

3.3. Systemic metabolism of acrolein

Similar to HNE, exposure of mice to the C3 enal acrolein results in the
formation of the formation of glutathionyl conjugates which are subse-
quently metabolized and excreted in the urine as mercapturic acids. Hydro-
xypropyl mercapturic acid (HPMA) is the major metabolite recovered in
the urine of mice exposed to acrolein. The following procedure is used for
the quantification and characterization of HPMA in urine. Because acrolein
is highly reactive and volatile, it is difficult to synthesize radiolabeled
acrolein. Hence, a 13C-standard is required to quantify acrolein-mercaptu-
rates by GC–MS. 13C-Acrolein was custom synthesized (Sigma Chemical
Co., St. Louis, MO). To study acrolein metabolism:
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1. Inject the mice with saline (0.1 ml, i.p.) or acrolein (2 mg/kg) and
collect the urine as described above.

2a. Synthesize the internal standard, [13C3]3-HPMA, by incubating [13C3]
3-acrolein with a 10-fold excess of NAC in 0.1 M Kþ-phosphate, pH
7.4, for 1 h at room temperature. Purify the NAC-propanal generated
from this reaction by RP HPLC on an ODS C18 column. Reduce the
NAC-propanal by incubating with AR or sodium borohydride as
described above and purify the product [13C3]3-HPMA by HPLC.
Establish the chemical identity by ESI-MS (Conklin et al., 2009).

2b. To quantify HPMA in the urine of control and acrolein exposed mice,
mix the internal standard [13C3]3-HPMA (10 nmol) to urine and
subject the urine to solid-phase extraction (Conklin et al., 2009).
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Figure 18.4 Systemic metabolism of HNE. Male C57 are injected with 4-(3H)-HNE
(1 mg/kg in PBS) in the tail vein and urine is collect for 8 h. Fifty microliters urine was
mixed with an equal volume of trichloroacetic acid (20%, w/v) and the proteins that are
precipitated are removed by centrifugation. Radioactivity in the supernatant is sepa-
rated by HPLC on an ODS C18 reverse-phase HPLC column as described in Fig. 18.1.
Panel A shows the HPLC profile of radiolabeled metabolites of [3H]-HNE in the urine.
Chemical identity of the radiolabeled peak eluting at 26 min, corresponding to the
retention time of reagent NAC-DHN, is established by ESI�-MS. As shown in Panel B,
ESI�-MS of these peak shows a strong molecular ion with m/z value of 320.1,
consistent with [M � H]� of NAC-DHN.
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After conditioning the cartridge, apply the urine on the cartridge, and
wash the cartridge with 2% NH4OH (6 ml) followed by methanol
(6 ml). Dry the cartridge under N2 and wash with 2% formic acid (6 ml,
aq.). Elute the samples with 30% MeOH/2% formic acid and dry them
under vacuum. Separate the mercapturates by RP HPLC and collect
the peak corresponding to the retention time of reagent HPMA.
Derivatize the samples with bistrimethylsilyltrifluoroacetamide for 1 h
at 70 �C. Injection samples (1 ml) into an Agilent Technologies (Santa
Clara, CA) 6890 N gas chromatograph equipped with an HP-5 capil-
lary column (50 m � 0.2 mm i.d. � 0.5-mm phase thickness) coupled
to a 5973 detector operated in the positive chemical ionization mode
with ammonia as the reagent gas. Quantify the ion with m/z value of
366, using the ion with m/z value of 369 ([13C3]3-HPMA) as an
internal standard (Conklin et al., 2009).

4. Signaling Properties of

Glutathionyl Conjugates of HNE

Unsaturated aldehydes are highly reactive. Thus, when generated in
cells or delivered exogenously, they induce a variety of stress responses and
activate inflammatory signaling. At high concentrations, these aldehydes
cause nonspecific toxicity (Esterbauer et al., 1991). In contrast, the glu-
tathionyl conjugates of enals such as HNE, though less reactive than the
parent aldehyde, elicit more selective signaling pathways. GS-DHN is a
mitogen for VSMC (Ramana et al., 2006) and its formation is required for
stimulation of the NF-kB pathway by HNE. GS-HNE, displays strong
proinflammatory properties (Spite et al., 2009). Described below are meth-
ods to examine the inflammatory properties of GS-HNE in acute peritoni-
tis. Other glutathione conjugates of enals may also have similar properties,
but these remain to be studied. Similar studies could be performed to
examine the biological effects of other conjugates of HNE and related enals.

4.1. Effect of glutathionyl conjugates of HNE on
acute peritonitis

1. Inject saline, GS-HNE, intraperitoneally (each 10 mg) to 6- to 8-week-
old male FVB mice.

2. After 4 h, lavage the peritonium with phosphate buffer saline.
3. Count total PMNs by differential analysis using Wright–Giemsa staining

and by FACS analysis using PE-conjugated anti-Gr-1 antibodies.
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4. For the assessment of vascular permeability, inject Evan’s blue dye (1%,
i.v.) prior to the intraperitoneal injection of GS-HNE and determine the
absorbance (OD610 nm) of the peritoneal lavage after 15 min.

5. For the quantification of lipid mediators, process the samples as
following:
(a) Lavage the peritonium with phosphate buffer saline, 4 h after the i.p

injection of saline or GS-HNE.
(b) Mix the exudates with 2 volumes of cold methanol, containing

400 pg of d4-PGE2 as an internal standard.
(c) Cool the samples to �20 �C for 30 min to allow protein

precipitation.
(d) Centrifuge the samples at 850�g for 20 min (4 �C) and perform the

solid-phase extraction of the supernatant, using C18 SEP-PAK
cartridges (Alltech, Deerfield, IL) as per manufacturer’s instructions.

(e) Dry the methyl formate fractions under N2 and resuspend the
samples in methanol and perform the LC/MS/MS analysis for the
quantification of proinflammatory lipid mediators LTB4, PGE2 and
thromboxane B2 (TXB2), and monohydroxy fatty acids—5-, 12-,
and 15-HETE, and 17-HDHA.

6. For the quantification of cysteinyl leukotriene formation, perform the
solid-phase extraction on exudates (5 ml), dry the methanol fractions
under N2 and resuspend the samples in extraction buffer. Quantify the
cysteinyl leukotriene formation by ELISA.

5. Conclusions

Our studies show that conjugation of enals with glutathione and
subsequent reduction of the glutathionyl conjugates of enals is a major
pathway for the cellular metabolism of enals. NAC-DHN and HPMA,
the reduced form of the mercapturic acids of HNE and acrolein, respec-
tively, are the major metabolites recovered in the urine of mice exposed to
acrolein and DHN. NAC-DHN has also been shown to be present in the
urine of healthy human subjects. GS-HNE promotes ROS formation in
PMNs and causes acute peritonitis in mice. Glutathionyl conjugates of
HNE mediate redox signaling and promote smooth muscle cell prolifera-
tion, and the mitogenic effect of glutathionyl conjugates is regulated by
glutathione conjugate transporter, RLIP (Fig. 18.5). In summary, glutathio-
nyl conjugates of enals could be critical regulators of redox signaling.
Careful employment of methods to synthesize and study the effects of
glutathione conjugates could lead to a better understanding of their role in
regulating cell physiology and function and the role of oxidative stress in
pharmacology and toxicology.
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Abstract

Increasing evidence supports that reactive oxygen species (ROS) generated from

mitochondria in vasculature significantly contribute to human disease. Themito-

chondrial antioxidant systems, particularly the redox protein thioredoxin-

2 (Trx2), provide a primary line of defense against cellular ROS.Using endothelial

cell culture and endothelial cell-specific transgenesis of Trx2 gene in mice, we

demonstrate the critical roles of Trx2 in regulating endothelium functions. Here,

we describe the methods related to generation and characterization of the Trx2
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transgenic mice, and the in vivo functional assays associated with Trx2 activities.

These methods could be applied to functional analyses for other redox genes.

1. Introduction

It has become clear that changes of cellular/systemic redox state, resulting
in increases in inflammation (e.g., TNF) and reactive oxygen species (ROS),
represent a common pathogenic mechanism for atherosclerosis. The vascular
cell that primarily limits the inflammatory and atherosclerotic process is the
endothelial cell (EC). Increasing evidence supports that ROS generated from
mitochondria in vasculature significantly contribute to EC dysfunction and
atherosclerotic progression. A key system regulatingmitochondria redox is the
mitochondria-specific thioredoxin (Trx2) system consisting of Trx2, Trx2
reductase (TrxR2), and Trx2-depndent peroxidase (Prx3) (Chang et al.,
2004). Trx is a small, multifunctional protein that has a redox-active site
(sequence Cys32-Gly-Pro-Cys35). Human Trx1 is a 104-amino-acid protein
with a molecular weight of 12 kDa that is localized to the cytosol. Human and
other mammalian Trx1s contain two catalytic site Cys residues (Cys32 and
Cys35) and three other Cys residues (Cys62, Cys69, and Cys73; all positions
are for humanTrx1). Trx2 (a 166 amino acid, 18 kDa protein)was identified in
mitochondria. Trx2 has a conserved Trx catalytic site and a consensus signal
sequence formitochondrial translocation.Trx2, likeTrx1, contains the redox-
active site (C90 and C93). It is conceivable that Trx2 in mitochondria under-
goes reversible oxidation to the Cys disulfide (Trx-S2), through the transfer of
reducing equivalents from the catalytic site Cys residues to a disulfide protein
substrate (protein-S2), thus maintaining protein in a reduced state. The
reduced form of Trx is then regenerated by Trx reductase (TrxR) at the
expense of NAPDH (Holmgren, 2000). Since mitochondria have the most
reducing environment among all cellular organelles, a reduced state is critical
for maintaining the mitochondria electrochemical potential, generation of
ATP, and eliminatingROS (Hansen et al., 2006).Manymitochondria proteins
including those involved in the respiratory chain are sensitive to oxidation by
ROS, resulting in augmentedROSgeneration and cell injury (Andreyev et al.,
2005). Therefore, reduction of the oxidized protein by Trx2 is critical for
maintaining mitochondria in a reduced state and normal function of mito-
chondria. Genetic knockout of Trx2 or TrxR2 causes embryonic lethality,
likely due to increased oxidative stresses. Likewise, cells with deficiency or
knockdown of Trx2, TrxR2, or Prx3 accumulate endogenous ROS, and are
highly sensitive to TNF (Chang et al., 2004; Conrad et al., 2004; Nonn et al.,
2003; Tanaka et al., 2002). Conversely, overexpression of Prx3 in mice
improved survival after myocardial infarction (Matsushima et al., 2006).
These data suggest that the Trx2 systemmay provide a primary line of defense
against cellular ROS and inflammation.
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The protein structure and function as well as the role of Trx1 in vascular
system have been extensively studied (Yamawaki et al., 2003). However,
little is known for the function and mechanism for the mitochondrial Trx2
antioxidant system in vasculature. Trx2 has been recently shown to have
antiapoptotic function by blocking mitochondria-specific apoptosis signal-
ing (Chen et al., 2002; Tanaka et al., 2002). Our data suggest that mito-
chondrial Trx2 may play critical roles in protecting ROS-induced EC
dysfunction. First, we have shown that Trx2 protects EC from ROS-
induced mitochondria-dependent apoptosis by inhibiting the activity of
proapoptotic protein kinase ASK1 through protein–protein interactions.
Trx2 in the mitochondria binds to ASK1 via a specific Cys residue (C30) on
ASK1 to regulate mitochondria-dependent apoptotic pathway. Interest-
ingly, a single Cys mutant within the catalytic site of Trx2 (Trx2-C93S
which should lack the redox-catalyzing activity), but not the double-
mutant (Trx2-C93/90S), retains the ability in ASK1 binding, inhibiting
ASK1-induced EC apoptosis. These data suggest that a direct association of
Trx2 with ASK1 is critical for the inhibitory effect of Trx2 on ASK1 (Zhang
et al., 2004). Second, we have demonstrated a critical role of Trx2 in
regulating EC function by increasing NO bioavailability. Specifically,
Trx2 expression driven by VE-cadherin promoter in mice increased total
antioxidants in plasma and reduced oxidative stress compared to the control
littermates. Aortas from Trx2 TG mice increased basal NO bioavailability,
resulting in reduced vasoconstriction to phenylephrine (PE) and enhanced
vasodilation to acetylcholine. Similarly, isolated mouse aorta EC from Trx2
TG mice markedly increased NO release. It has been shown that ROS not
only alters endothelium-dependent vascular relaxation through interaction
with NO, but the resultant peroxynitrite also oxidizes eNOS cofactor BH4,
causing a deficiency of BH4 and pathogenic uncoupling of eNOS
(Landmesser et al., 2003). Our data suggest that Trx2 increases NO bio-
availability by scavenging ROS generated from mitochondria. Therefore,
Trx2 TG EC or isolated mitochondria from these cells show increased
activities in scavenging ROS concomitant with reduced protein nitrotyr-
osine levels, an indicator of peroxynitrite (Zhang et al., 2007).

For in vivo function of Trx2, by using EC-specific transgenesis ofmitochon-
drial form of thioredoxin gene inmice (Trx2 TG), we show the critical roles of
Trx2 in regulating endothelium functions. Under physiological condition,
Trx2 TG mice have increased oxidative stress and increased NO levels. Con-
sistently, aortas from Trx2 TG mice show reduced vasoconstriction and
enhanced vasodilation. EC isolated from Trx2 TG mice show increased capa-
cities in scavengingROSgenerated frommitochondria, resulting in increases in
NO bioavailability as well as increased resistance to ASK1-mediated apoptosis
and increased angiogenic activities (Dai et al., 2009; Zhang et al., 2007). We
then examined effect of Trx2 TG in several pathological models. In the ApoE-
deficiency mouse model, Trx2 prevents EC dysfunction and reduces
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hypercholesterolemia-induced atherosclerotic progression in ApoE-deficiency
mice (Zhang et al., 2007). In a variety of angiogenesis models such as VEGF-
induced cornea/retina angiogenesis in which NO is an important mediator,
Trx2TG showenhanced angiogenic responses. Finally,we appliedTrx2TG to
a femoral artery ligationmodel inwhichNO-mediatedEC function andROS-
induced EC apoptosis play important roles. Trx2 prevents ischemia-induced
ROS production, peroxynitrite formation, ASK1–JNK activation, inflamma-
tory responses, and EC apoptosis. Trx2 TG mice had enhanced arteriogenesis
and angiogenesis, enhanced capacity in limb perfusion recovery, and ischemic
reserve capacity. To define the relative contributions of Trx2-increased NO
and Trx2-reduced ASK1 apoptotic activity to angiogenesis in vivo, we exam-
ined Trx2 effects on ischemia-induced angiogenesis in eNOS-deficient mice.
The eNOS deletion caused severe impairment in the functional flow recovery
in response to ischemia. Trx2 expression in eNOS-KO mice still markedly
inhibited ischemia-induced ASK1 and EC apoptosis, leading to an enhanced
functional flow recovery (Dai et al., 2009).

These in vivo and in vitro data support that Trx2 maintains EC function
by two parallel pathways—scavenging ROS to increase NO bioavailability
and inhibiting ASK1 activity to enhance EC survival. Normal EC function
is pivotal to maintain antiatherosclerotic state while facilitate vessel repairs
upon injury. Therefore, Trx2 TG facilitates ischemia-mediated arteriogen-
esis and angiogenesis while preventing hypercholesterolemia-induced ath-
erosclerotic progression (Fig. 19.1).

2. Methods

Here, we describe methods related to generation and characterization
of the Trx2 transgenic mice and in vivo functional assays associated with
Trx2 activities. These methods could be applied to functional analyses of
other mitochondrial redox genes.

Trx2

NO bioavailabilityROS

EC survival/
proliferation

ASK1 Arteriogenesis/
angiogenesis

Atherosclerosis

Figure 19.1 A model for Trx2 function in ischemia-mediated angiogenesis. Trx2
maintains EC function by two parallel pathways – scavenging ROS to increase NO
bioavailability and inhibiting ASK1 activity to enhance EC survival, leading to
enhanced ischemia-mediated arteriogenesis and angiogenesis.
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2.1. Generation and characterization of the EC-specific
transgenic mice expressing Trx2

The VE-cadherin promoter in TA vector was obtained from Dr. Laura
Benjamin (Harvard Medical School). The 30-UTR (untranslated region)
from bovine growth hormone (bGH) was cloned into downstream of the
VE-cadherin promoter to generate pVE-pA vector (Zhang et al., 2007).
The human Trx2 cDNA with a HA-tag sequence at 30-end was inserted
into the EcoRI and XbaI sites between the VE-cadherin promoter and bGH
pA to obtain pVE-Trx2 plasmid. The plasmid was linearized with XhoI
digestion and the pronuclear injection was performed at Yale Transgenic
Core. The founder transgenics were identified by PCR of tail DNA with a
50 primer of Trx2 and 30 primer of HA. Trx2 TG mice were backcrossed
with C57BL/6 mice for more than six generations before experiments. All
experiments were performed with heterozygous Trx2 TG mice and their
non-TG littermates as controls. Transgene expression was visualized by
immunofluorescence microscopy. Eight to ten-week-old Trx2 TG or
wild-type (WT) littermates were perfused with phosphate-buffered saline
(PBS) for 5 min and then with 4% paraformaldehyde for 5 min at physio-
logical temperature and pressure. Blood vessels were then harvested and
diffusion-fixed overnight at 4 �C and then dehydrated in 30% sucrose
overnight at 4 �C. The vessels were then embedded, and 5-mm sections
were stained for rat high-affinity anti-HA antibody (Roche) followed by
Alexa Fluor 594 (red)-conjugated anti-rat secondary antibody. Endothe-
lium was visualized by goat anti-CD31 antibody (Santa Cruz) followed by
Alexa Fluor 488 (green)-conjugated anti-rat secondary antibody.

2.2. Systemic oxidative stress, total antioxidant,
hemodynamic, and echocardiography studies

8-Isoprostane in serum was determined by an ELISA kit from Cayman
Chemical. The isoprostanes are a family of eicosanoids of nonenzymatic
origin produced by random oxidation of tissue phospholipids by oxygen
radicals. Total antioxidant levels in serum were determined by the Total
Antioxidant Assay Kit from calbiochem. The assay relies on the ability of
antioxidants in the sample to inhibit the oxidation of ABTS (2,20-azino-di-
[3-ethylbenzthiazoline sulfonate]) to ABTSþ by metmyoglobin (a peroxi-
dase). The amount of ABTSþ produced can be monitored by reading the
absorbance at 600 nm. NOx (both nitrite and nitrate) in serum was deter-
mined by an assay kit from Cayman Chemical.

For hemodynamic studies, anesthesia was induced by intramuscular
ketamine injection. Mice were then intubated, placed on positive pressure
ventilation and light anesthesia maintained by inhaled isoflurane. The right
common jugular vein was cannulated with polyethylene tubing and a 1.9
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French transducer-tipped catheter (Millar Inc., Houston, TX) was
advanced into the left ventricle via the right carotid artery. Left ventricular
pressures, including high-fidelity positive and negative dP/dt, were
measured under basal conditions and during intravenous infusion of
graduated doses of dobutamine. Data were recorded by using MacLab
software and were analyzed by using the Heartbeat program (UC San
Diego). Echocardiograms were obtained on lightly anesthetized mice (iso-
flurane inhalation via nose cone) by using a 15M Hz transducer and a Sonos
7500 console. Zoomed 2D images were used to determine a short-axis
plane at the level of the papillary muscles and then M-mode was obtained at
this level. Measurements were obtained using the 7500 analysis software.

2.3. Serum NOx, NO release, eNOS phosphorylation, and
eNOS enzymatic assay, and vessel function assays

NO levels in serum or EC media were assessed by measuring nitrite levels
using a NO-specific chemiluminescence analyzer (Sievers, Boulder, CO).
Data are reported as NO2

� accumulation per mg protein (Fulton et al.,
1999). Serum or media were deproteinized and samples containing NO2

�

were refluxed in glacial acetic acid containing sodium iodide. Under these
conditions, NO2

� was quantitatively reduced to NO, which was quantified
by a chemiluminescence detector after reaction with ozone in a NO
analyzer. In all the experiments, NO2

� release was inhibitable by a NOS
inhibitor. The eNOS activity assay was determined based on the conversion
of 3H-L-arginine to 3H-L-citrulline, and was performed according to the
protocol provided by the manufacturer (Calbiochem, Nitric Oxide
Synthase Assay Kit). Data are presented as pmol 3H-L-citrulline per min
per protein. In some experiments, cells were treated with VEGF (10–50 ng/
ml) for 30 min as a positive control for NO release, eNOS phosphorylation,
and eNOS enzymatic assays.

Aortic-ring assay was used for NO-dependent vessel function studies.
The thoracic aorta is dissected from both male and female mice (8–10 weeks
old) and cut into cylindrical, 3-mm-long segments. The rings are suspended
by two tungsten wires mounted in a vessel myograph system (Danish
Myotechnologies, Aarhus, Denmark). The aortas were bathed in oxyge-
nated Krebs buffer and submitted to a resting tension of 9.8 mN. After
60 min of equilibration with frequent washings, concentration response
curves for PE were generated to determine vasoconstrictor responses. To
study vasodilator and L-nitro arginine methyl ester (L-NAME) responses,
the rings were preconstricted with a submaximal concentration of PE, and
acetylcholine (ACh) (10�9–10�5 M), sodium nitroprusside (SNP) (10�9–
3 � 10�7 M), or L-NAME (100 mM) was injected at the plateau of the PE-
induced contraction.
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2.3.1. Isolation of mitochondria from aortic and heart tissues
Isolation of mitochondria was performed according to the instructions of
Mitochondria Isolation kit for Tissue (PIERCE, 89801). A Dounce grinder
was prechilled on ice. Protease inhibitors (Roche, 11697498001) were
added to Mitochondria Isolation Reagent A, C, and Wash Buffer immedi-
ately before use. The whole aorta or heart tissues were washed twice in PBS,
and then were cut into small pieces. Pellets in Reagent A solution were
homogenized in the Dounce grinder. After adding Mitochondria Isolation
Reagent C, cover the top of the homogenizer with parafilm and mix by
inverting for several times. The homogenate were centrifuged at 700�g for
10 min at 4 �C. The crude mitochondria fractions those in supernatant were
collected by further centrifugation at 3000�g for 15 min at 4 �C. If desired,
save the supernatant as the cytosolic fraction for analysis. Mitochondria
pellets were surface washed and collected in Wash Buffer at 12,000�g for
5 min at 4 �C. Protein concentrations were determined with a protein assay
reagent (Bio-Rad) using BSA (Sigma-Aldrich) as standard.

2.3.2. Mitochondria purification
Mitochondria pellets were layered onto 1–1.5 M discontinuous sucrose in
10 mM Tris–HCl, 1 mM EDTA, pH 7.5, plus protease inhibitors, and
centrifuged at 10,000 g in Beckman SW28 rotor for 30 min at 4 �C. The
mitochondria formed a layer at 1–1.5 M sucrose interface. The layer were
collected and washed in 1�MS buffer (210 mM mannitol, 70 mM sucrose,
5 mM Tris–HCl, 1 mM EDTA, pH 7.5).

2.4. Mouse EC culture and ROS measurement

Mouse aortic EC isolation from WT and Trx2 TG mice was performed as
follows. For immunoselection, 10 ml beads (per T-75 of mouse lung cells)
were washed thrice with 1 ml of buffer A (PBS þ2% FBS) and resuspended
in 100 ml of buffer A. Ten microliters (10 mg) of anti-mouse ICAM-2 or
10 ml (10 mg) of PECAM-1 were added and rocked at 4 �C for 2 h. Beads
were washed thrice and resuspended in 160 ml of buffer A. Confluent mouse
aortic cells cultured in a T-75 flask were placed at 4 �C for 5 min and
incubated with the beads at 4 �C for 1 h. Cells were then washed with warm
PBS and treated with 3 ml of warm trypsin/EDTA. When cells were
detached, 7 ml of growth media were added. An empty 15-ml tube in the
magnetic was placed on the holder and the cell suspension (�10 ml) was
added slowly by placing the pipette on the wall of the tube so that the cells
pass through the magnetic field. Cells were incubated for 5 min, and the
media are carefully aspirated. The 15-ml tube was removed from the
magnetic holder and the beads/cells were resuspended in 10 ml of media.
The selected cells were plated on 0.2% gelatin-coated flasks and cultured for
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3–7 days. When the cells were confluent, another round of immunoselec-
tion was performed. The purity of EC population was more than 98%
as determined by Dil-LDL-fluorescein isothiocyanate (FITC) staining
followed by flow cytometry analyses.

For measurement of total intracellular ROS, we used 5,6-chloromethyl-
20,70-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, preferentially
for H2O2), or dihydroethidium (DHE, preferentially for superoxide).
For measurement of total mitochondrial ROS, we used dihydrorhodamine
123 (DHR123, preferentially for H2O2), or MitoTracker Red CM-
H2XROS (MitoROS, preferentially for superoxide). All probes were pur-
chased from Molecular Probes. Cells were loaded with 5 mM of a indicated
probe and were incubated at 37 �C for 20 min, and were immediately
detached and subjected to analytic flow cytometry on a FACSort (BD
Biosciences). The fluorescence signal was recorded on the FL1 (green) or
FL3 (red) channel and analyzed by using CellQuest software. As controls,
cells were treated with TNF (10 ng/ml), paraquat (1 mM), or H2O2 (1 mM)
for indicated times.

2.5. Localization of Trx2 by confocal
immunofluorescence microscopy

Cells fixation, permeabilization, and staining were described previously
(Zhang et al., 2004). For mitochondria visualization, cells were stained
with 20 nM tetramethylrhodamine methyl ester (TMRM) (Molecular
Probes, Eugene, OR) for 30 min at 37 �C and washed twice with PBS.
For indirect fluorescence microscopy, the FITC-conjugated anti-IgG, and
tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-IgG were
purchased from Molecular Probes. Confocal immunofluorescence micros-
copy was performed using an Olympus confocal microscope.

2.6. Apoptosis assays

2.6.1. Cell apoptotic assay
Cells were treated with TNF (10 ng/ml) plus cycloheximide (10 mg/ml) for
6 h. Cell nuclei were stained with DAPI (2.5 mg/ml) and apoptotic cell
(nucleus fragmentation) were counted under UV microscope.

2.6.2. Caspase-9 activity assay
Caspase-9 activity was measured with a Caspase-9 peptide substrate acetyl-
ASP-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) (Sigma)
as described previously for Caspase 3 (Liu and Min, 2002). Briefly, BAEC
were harvested in a lysis buffer (25 mMHepes, pH 7.4, 5 mMCHAPS, 5 mM
DTT) and incubated on ice for 15–20 min followed by a centrifugation at
14,000�g for 10–15 min at 4 �C. For each reaction, 5 ml (200 mg) of cell
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lysate was incubated with 200 ml of 16 mM Caspase-9 peptide substrate
acetyl-Val-Glu-His-Asp-7-amido-4-methylcoumarin (Ac-VEHD-AMC) in
the assay buffer (25 mMHepes, pH 7.4, 5 mM EDTA, 0.1% CHAPS, 5 mM
DTT). The reaction was incubated in the dark for 1–1.5 h and fluorescence
was measured in a fluorescence plate reader. The measured fluorescence was
used as an arbitrary unit.

2.6.3. Cytochrome c release assay
To obtain the cytosolic fraction, cells were washed with PBS and resus-
pended in 50 ml of 250 mM sucrose and 70 mM Tris (pH 7.0) with protease
inhibitors mixture (Roche Diagnostics Corp., Indianapolis, Indiana, USA).
Ten milliliters of 4 mg/ml digitonin was added followed by incubation at
room temperature for 2 min. Two milliliters of cells were stained with
trypan blue followed by direct observation with light phase contrast micros-
copy to obtain lysis of 90–95% of cells. This approach allows preparation of
cytosol that is essentially free of mitochondrial contamination (Chen et al.,
2002). After centrifugation at 600�g for 2 min at room temperature, the
supernatant was collected as the cytosolic fraction. To prepare the mito-
chondrial fraction, cells were washed once with PBS, resuspended in ice-
cold hypotonic buffer (10 mMNaCl, 1.5 mMCaCl2, 10 mM Tris–HCl, pH
7.5, with protease inhibitors mixture, and kept on ice for 10 min. MS buffer
(210 mMmannitol, 70 mM sucrose, 5 mM EDTA, 5 mM Tris, pH 7.6) was
then added, and cells were homogenized using a Dounce homogenizer with
30 strokes. Disruption of plasma membrane was monitored by trypan blue
staining. After removing the nuclear fraction by two successive centrifuga-
tions at 3000�g for 10 min, the supernatant was centrifuged at 12,000�g for
10 min. The pellet was collected as the mitochondrial portion and resus-
pended in lysis buffer (50 mM HEPES, pH 7.0, 500 mM NaCl, and 1%
Nonidet P-40), supplemented with a mixture of protease inhibitors. After
measuring the protein concentrations (Bio-Rad reagents), the recombinant
protein contents in both fractions were analyzed byWestern blot analysis for
cytochrome c (BD PharMingen, San Diego, California, USA), Trx1, Trx2,
and ASK1 as indicated.
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