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Protein Thiol Modifications
Visualized In Vivo
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Thiol-disulfide interconversions play a crucial role in the chemistry of biological systems. They participate in the major
systems that control the cellular redox potential and prevent oxidative damage. In addition, thiol-disulfide exchange
reactions serve as molecular switches in a growing number of redox-regulated proteins. We developed a differential
thiol-trapping technique combined with two-dimensional gel analysis, which in combination with genetic studies,
allowed us to obtain a snapshot of the in vivo thiol status of cellular proteins. We determined the redox potential of
protein thiols in vivo, identified and dissected the in vivo substrate proteins of the major cellular thiol-disulfide
oxidoreductases, and discovered proteins that undergo thiol modifications during oxidative stress. Under normal
growth conditions most cytosolic proteins had reduced cysteines, confirming existing dogmas. Among the few partly
oxidized cytosolic proteins that we detected were proteins that are known to form disulfide bond intermediates
transiently during their catalytic cycle (e.g., dihydrolipoyl transacetylase and lipoamide dehydrogenase). Most proteins
with highly oxidized thiols were periplasmic proteins and were found to be in vivo substrates of the disulfide-bondforming protein DsbA. We discovered a substantial number of redox-sensitive cytoplasmic proteins, whose thiol
groups were significantly oxidized in strains lacking thioredoxin A. These included detoxifying enzymes as well as
many metabolic enzymes with active-site cysteines that were not known to be substrates for thioredoxin. H2O2induced oxidative stress resulted in the specific oxidation of thiols of proteins involved in detoxification of H2O2 and of
enzymes of cofactor and amino acid biosynthesis pathways such as thiolperoxidase, GTP-cyclohydrolase I, and the
cobalamin-independent methionine synthase MetE. Remarkably, a number of these proteins were previously or are
now shown to be redox regulated.
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respiration and have been shown to accumulate under
conditions of oxidative stress. Over the past few years, an
increasing number of thiol-containing proteins has been
identiﬁed that use ROS as a mediator to quickly regulate their
protein activity (Linke and Jakob 2003). This new class of
redox-regulated proteins includes the molecular chaperone
Hsp33, which we discovered in 1999 (Jakob et al. 1999),
metabolic enzymes (e.g., glyceraldehyde-3-phosphate dehydrogenase [GapDH]) (Cotgreave et al. 2002), prokaryotic and
eukaryotic transcription factors (OxyR and Yap1) (Rainwater
et al. 1995; Zheng et al. 1998; Kang et al. 1999; Kuge et al.
2001; Kim et al. 2002), kinases (protein kinase C and Raf)
(Gopalakrishna and Jaken 2000; Hoyos et al. 2002), and
phosphatases (PTP1B and PTEN) (Barrett et al. 1999; Leslie et
al. 2003). What all these proteins have in common are highly
reactive cysteine residues that are quickly and reversibly
modiﬁed upon exposure to oxidative stress. These modiﬁcations include disulﬁde bond formation (e.g., in Hsp33, RsrA,
and OxyR), nitrosylation (e.g., in Ras and OxyR), glutathio-

Introduction
Cysteine is one of the most rarely used amino acids in the
proteins of most organisms studied so far (Pe’er et al. 2004).
Therefore, when highly conserved in proteins, it usually plays
crucial roles in the structure, function, or regulation of the
protein. This is due to the ability of thiol groups to stabilize
protein structures by forming covalent disulﬁde bonds and to
coordinate metal ions, as well as due to their high reactivity
and redox properties.
Proteins in the extracellular space and oxidizing cell
compartments (e.g., endoplasmic reticulum and periplasm)
often rely on disulﬁde bonds to support their correct folding
and maintain their structural stability (Bardwell 1994).
Cytosolic proteins, on the other hand, are present within
the reducing environment of the cytosol. Here, cysteine
residues are reduced and often found in binding pockets of
substrates, coenzymes, or metal cofactors (e.g., in zinc binding
dehydrogenases), or are present in the active site of enzymes,
where they directly participate in the catalytic reaction (e.g.,
in cysteine proteases). Moreover, cysteine residues are also
often involved in redox reactions, where transfer of electrons
proceeds via thiol-disulﬁde exchange reactions. Importantly,
the activity of all these cytosolic enzymes usually depends on
the preservation of the reduced state of the cysteine
residue(s) involved.
The very same properties that make cysteine the perfect
amino acid for redox reactions, metal coordination and thioldisulﬁde interchanges, also make cysteines extremely vulnerable to oxidation by reactive oxygen species (ROS). ROS arise
transiently during normal metabolism as toxic byproducts of
PLoS Biology | www.plosbiology.org

Received April 16, 2004; Accepted August 3, 2004; Published October 5, 2004
DOI: 10.1371/journal.pbio.0020333
Copyright: Ó 2004 Leichert and Jakob. This is an open-access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
Abbreviations: 2D, two-dimensional; GapDH, glyceraldehyde-3-phosphate dehydrogenase; H2O2, hydrogen peroxide; IAM, iodoacetamide; IF, isoform; TCA,
trichloracetic acid
Academic Editor: Joan Valentine, University of California, Los Angeles
*To whom correspondence should be addressed. E-mail: ujakob@umich.edu

1723

November 2004 | Volume 2 | Issue 11 | e333

Thiol Modifications Visualized In Vivo

nylation (e.g., in PTP1B, GapDH, and OxyR), or sulfenic acid
formation (e.g., in PTP1B and OxyR). These modiﬁcations
cause signiﬁcant conformational changes and either lead to
the activation (e.g., in Hsp33, OxyR, PKC, and Raf-kinase) or
inactivation (e.g., in p53 and PTEN) of the respective
protein’s function. Upon return to non–oxidative stress
conditions, cellular reductants such as the small molecule
glutathione as well as cellular reductases like thioredoxin and
glutaredoxin rapidly reduce the cysteine modiﬁcations and
restore the original protein activity. These ﬁndings suggested
that basically any protein with reactive cysteine residue(s) has
the potential of being redox regulated. Many important
regulatory proteins such as zinc ﬁnger proteins contain
clusters of conserved cysteines and are, therefore, attractive
targets for redox regulation.
Over the past few years, several proteomic strategies have
been developed to identify proteins that undergo thiol
modiﬁcations in vivo. These methods addressed very speciﬁc
questions and were used to either identify disulﬁde-bonded
or glutathionylated proteins under oxidative stress conditions in vivo (Fratelli et al. 2002; Cumming et al. 2004),
thioredoxin-targeted proteins in chloroplasts and Escherichia
coli (Motohashi et al. 2001; Yano et al. 2001; Kumar et al.
2004), or target proteins of periplasmic thiol-disulﬁde
oxidoreductases (Hiniker and Bardwell 2004; Kadokura et
al. 2004). None of these methods, however, generated a
general and global overview of thiol-modiﬁed proteins in
vivo. We have now invented a differential thiol-trapping
technique combined with two-dimensional (2D) gel analysis
to monitor the in vivo thiol status of cellular proteins upon
variations in the redox homeostasis of the cells. To test our
method, we analyzed the thiol-disulﬁde status of proteins in
aerobically growing E. coli cells and conﬁrmed that the
majority of proteins with thiol modiﬁcations are localized to
the oxidizing environment of the periplasm. We found that
the periplasmic thiol-disulﬁde oxidoreductase DsbA is responsible for these protein thiol modiﬁcations and identiﬁed
novel DsbA substrate proteins. We then used our method to
visualize directly the extent of ROS-induced thiol oxidation
during aerobic growth and identiﬁed a number of cytosolic
proteins with reactive cysteine residues that require functional thioredoxin to maintain their reduced thiol state.
Finally, we analyzed the thiol status of cellular proteins in
cells that were exposed to H2O2-induced oxidative stress and
discovered a select group of new potentially redox-regulated
proteins in vivo.

Figure 1. Schematic Overview of Our Differential Thiol-Trapping
Technique
Under normal growth conditions (top), a hypothetical cytoplasmic
protein present within the complex mixture of the crude whole-cell
extract is fully reduced. Upon incubation in TCA, all thiol-disulﬁde
exchange reactions are quenched and the cells lyse. In the ﬁrst thioltrapping step, the protein is denatured and incubated with IAM.
Accessible thiol groups are quickly carbamidomethylated (CAM) and
blocked for the subsequent reduction/alkylation steps. After TCA
precipitation and washing, DTT is added to reduce oxidized
cysteines, and 14C-labeled IAM is used to modify potentially newly
released, accessible cysteines.
Under oxidative stress conditions (bottom) the cysteine residues
become modiﬁed (e.g., sulfenic acid and disulﬁde bonds). In the ﬁrst
trapping step, IAM cannot attack the oxidized disulﬁde bond. Only
after reduction with DTT are the cysteines accessible to the 14Clabeled IAM. Therefore, the 14C radioactivity correlates with the
degree of thiol modiﬁcation in the protein. The differentially trapped
protein species are chemically identical regardless of their original
thiol-disulﬁde status. This ensures their identical migration behavior
on 2D gel electrophoresis.
DOI: 10.1371/journal.pbio.0020333.g001

alkylated with cold, unlabeled IAM under denaturating
conditions. In a next step, all reversible thiol modiﬁcations
that developed during normal growth or oxidative stress
treatment (e.g., disulﬁde bonds and sulfenic acids) were
reduced with DTT, and the newly accessible thiol groups were
modiﬁed with 14C-labeled IAM. Therefore, radioactivity was
speciﬁcally incorporated into proteins that originally contained thiol modiﬁcations. High ratios of 14C activity/protein
are predicted for proteins with thiol modiﬁcations while low
ratios of 14C activity/protein are predicted for proteins whose
thiol groups are not signiﬁcantly modiﬁed in vivo (Figure 1).
The differentially trapped protein extract was then
separated by 2D gel electrophoresis. Importantly, due to this
speciﬁc trapping technique, all accessible thiol groups of each
protein were carbamidomethylated to an extent that is
independent of the original thiol-disulﬁde status of the
protein. This ensures their identical migration behavior on
2D gels. The 2D gels were stained with colloidal Coomassie
blue to get a measure of the total protein content. The 14C
radioactivity, which correlates to the degree of thiol
modiﬁcation in the individual spots, was determined by
exposing the dried gels to phosphor screens. Then, the 14C
activity/protein ratio was visualized and quantiﬁed.

Results
A Differential Trapping Technique to Detect Oxidatively
Modified Proteins In Vivo
We have developed an innovative technique that allows us
to monitor globally the in vivo thiol status of cellular proteins
upon variations in the redox homeostasis of the cells. This
method is based on the sequential reaction of two variants of
the thiol-modifying reagent iodoacetamide (IAM) with
accessible cysteine residues in proteins (Figure 1). Wild-type
or mutant cells that were grown exponentially in glucoseminimal medium at 37 oC were exposed to the desired
oxidative stress treatment. Then, cells were treated with
trichloracetic acid (TCA) to rapidly quench thiol-disulﬁde
exchange reactions. All accessible thiol groups were then
PLoS Biology | www.plosbiology.org

The Majority of Oxidized Proteins Are Present in the
Periplasm of E. coli
In order to test our method, we analyzed the steady-state
thiol-disulﬁde status of cellular proteins in wild-type E. coli. E.
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coli strains were grown in minimal medium to mid-logarithmic phase, and the cells were harvested. The cysteines were
thiol trapped using our differential thiol-trapping technique
and separated on 2D gels. To analyze the extent of thiol
modiﬁcation and the distribution of thiol-modiﬁed proteins
in an unbiased way, we focused ﬁrst on the 100 most
abundant proteins on our colloidal Coomassie blue–stained
2D gels. We set the total spot intensity of all 100 protein spots
on the colloidal blue gel to 100% and determined the relative
spot intensity for each protein. We then quantiﬁed the 100
corresponding 14C activity spots on the phosphor image, set
their combined total spot intensities to 100%, and determined again the relative spot intensity for each protein.
Finally, we determined the 14C activity/protein ratios for each
of the 100 proteins. Low 14C activity/protein ratios were
predicted for non-thiol-modiﬁed proteins presumably
present in the reducing environment of the cytoplasm, while
high ratios of 14C activity/protein were predicted for proteins
with cellular thiol modiﬁcations such as those present in the
oxidizing milieu of the E. coli periplasm. As shown in Figure 2,
the majority of proteins (91 proteins) had a 14C activity/
protein ratio below 2.0, while nine proteins showed a higher
than 2.0-fold ratio.
Mass spectrometric identiﬁcation of a large number of
these proteins suggested that our differential thiol trapping is
indeed very selective for proteins with thiol modiﬁcations.
From the nine protein spots with a 14C activity/protein ratio
greater than 2.0, six are known periplasmic proteins such as
the periplasmic oligopeptide permease (OppA) and glyceroluptake protein (UgpB ), as well as proteins associated with the
outer membrane like the outer membrane porin protein A
(OmpA) (Figure 2A and 2B). Importantly, all of these proteins
harbor at least two cysteines, suggesting that they may form
structural disulﬁde bonds in the oxidizing environment of the
periplasm.
Three potentially cytoplasmic proteins were found to have
high 14C activity/protein ratios: dihydrolipoyl transacetylase
(AceF), lipoamide dehydrogenase (Lpd), and the stringent
starvation protein (SspA) (Figure 2A and 2B). AceF and Lpd
correspond to the enzymes E2 and E3 of the pyruvate
dehydrogenase complex. Lpd contains a reactive cysteine pair
in the active site that undergoes disulﬁde bond formation
during the regeneration of the disulﬁde bond of the
covalently bound cofactor lipoamide of AceF (Massey and
Veeger 1960). Detection of these proteins in our analysis is an
excellent indication that we obtained an in vivo snapshot of
proteins that use disulﬁde bond formation in their catalytic
cycle and shows that the method can detect the redox state of
covalently bound thiol-containing cofactors as well. SspA
contains only one cysteine residue. This cysteine residue
might be glutathionylated in vivo under steady-state conditions. Alternatively, however, SspA might co-migrate with
the low-abundance periplasmic protein arginine binding
protein ArtI that harbors two highly conserved cysteines
and migrates at a very similar position on periplasmic extract
gels (A. Hiniker, personal communication).
The majority of cytoplasmic proteins that contain numerous cysteines, on the other hand, revealed a 14C activity/
protein ratio below 2.0, including the very abundant
elongation factor EF-Tu (Tu elongation factor [TufB]-IF1)
with three cysteine residues (14C activity/protein ratio = 1.3
6 0.5) and isocitrate dehydrogenase with seven cysteine
PLoS Biology | www.plosbiology.org

Figure 2. Overall Thiol-Disulfide State of Cellular Proteins in Exponentially Growing E. coli Wild-Type Cells
(A) Colored overlay of the Coomassie blue–stained 2D gel (shown in
green) and the phosphor image (shown in red) of a differentially
trapped protein extract from exponentially growing E. coli wild-type
cells. Proteins with a high ratio of 14C activity/protein appear
red; proteins with a low ratio appear green. Protein spots with a
ratio of 14C activity/protein greater than 2.0 are indicated by an
arrow, while circles label abundant proteins without cysteines.
(B) Distribution of the 14C activity/protein ratio in the 100 most
abundant protein spots found on a Coomassie blue–stained gel. Bars
representing spots with a ratio higher than 2.0 are colored red and
are labeled with the name of the protein(s) they represent.
(C) Distribution of the 14C activity/protein ratio in the 100 most
intense protein spots found on the phosphor images. Bars representing spots with a ratio higher than 2.0 are colored red and are labeled
with the name of the protein(s) they represent.
(D) Regular and reverse trapping of exponentially growing E. coli
wild-type cells. Details of colored overlays of stained protein gels
(shown in green) and phosphor images (shown in red) of cell extracts
upon regular trapping (top) and reverse trapping (bottom).
DOI: 10.1371/journal.pbio.0020333.g002
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residues (14C activity/protein = 1.2 6 0.5). Protein spots that
showed extremely low 14C activity/protein ratios (less than
0.2) included the very abundant outer membrane porin
protein E as well as the cytoplasmic proteins P-speciﬁc
transport protein and trigger factor , all of which do not
contain any cysteine residues (Figure 2A). These results
indicated that under our labeling conditions, IAM was quite
speciﬁc for cysteine residues, and labeling of non-thiolcontaining amino acids could be neglected.
Because many proteins with thiol modiﬁcations are lowabundance periplasmic proteins, we performed a similar
analysis but focused now on the 100 most heavily 14Cmodiﬁed proteins rather than on the 100 most abundant
proteins (Figure 2C). A number of proteins that showed a
high 14C activity/protein ratio were periplasmic proteins that
we had previously identiﬁed. In addition, however, the lowabundance periplasmic proteins periplasmic histidine binding protein (HisJ), ArtJ, DsbA, and the periplasmic dipeptide
binding protein (DppA) were identiﬁed as proteins with a
very high degree of thiol modiﬁcation (14C activity/protein
ratio . 2.0) (Figure 2A and 2C). All four proteins are known
to be localized to the periplasm of E. coli and again contain at
least one pair of cysteine residues. Both DppA and HisJ have
recently been identiﬁed as substrates of the disulﬁde oxidase
DsbA (Hiniker and Bardwell 2004), conﬁrming that they do
contain disulﬁde bonds in vivo.
To obtain an idea about the sensitivity of our method, we
closely analyzed DsbA, a protein that contains two cysteine
residues and that has been found to be fully oxidized in wildtype E. coli cells using our technique as well as conventional
thiol-trapping methods (Kishigami et al. 1995). Although
DsbA was only a faint spot on protein gels (318 spots showed a
stronger signal), it was among the most abundant spots on the
phosphor image (the 27th most intense spot). This showed
that even in a low-abundant protein such as DsbA, the
presence of only two thiol-modiﬁed cysteines is fully
sufﬁcient to create a clearly detectable 14C signal.

conditions, on the other hand showed a very high ratio of 2.8
6 0.7 under reverse-trapping conditions. Based on these
results, we considered that the comparison of the 14C activity/
protein ratio of deﬁned protein spots in regular and reversetrapped samples could give us the ratio of oxidized and
reduced protein under steady-state conditions, if the reaction
mechanism of the protein oxidation was known.
14

ð1Þ
This should then allow us to determine the half-cell potential
or redox state of the cellular proteins in vivo. To test our
approach, we decided to calculate the redox state of Lpd, a
cytosolic enzyme that we identiﬁed in our screen to be partly
oxidized under steady-state conditions. Oxidative decarboxylation of pyruvate goes along with the reduction of
lipoamide, the prosthetic group of AceF. To regenerate this
complex, the disulﬁde bond in dihydrolipoamide is reoxidized by the active-site disulﬁde bond of Lpd, which itself
donates its electrons to the prosthetic ﬂavin adenine
dinucleotide and ultimately to nicotinamide adenine dinucleotide. Because the standard redox potentials of Lpd and
the dihydrolipoic acid/lipoic acid redox pair of AceF are
known (Table 1) (Maeda-Yorita et al. 1991; Nelson et al. 2000),
we determined the 14C activity/protein ratio of Lpd under
regular and reverse-trapping conditions and determined its
redox state in vivo.
EhðLpdÞ ¼ E0ðLpdÞ 

RT ½Lpdred 
ln
zF
½Lpdox 

ð2Þ

The in vivo redox state of Lpd was found to be –0.261 6 0.009
V (pH 7.0). This was in excellent agreement with the proposed
ﬂow of electrons through this multienzyme system, showing
that Lpd is able to oxidize the dihydrolipoic acid in AceF
(E0=0.290). A reliable direct measurement of the redox
potential of the dihydrolipoic acid/lipoic acid redox couple in
AceF was not possible because of the very low signal that we
found for AceF in the reverse-trapping experiment. This
indicated that AceF is mostly in its thiol-oxidized state. This
probably reﬂects the fact that the prosthetic group is only
accessible to Lpd in its reduced state (Nelson et al. 2000),
which presumably allows AceF to keep its prosthetic group
oxidized even within the very reducing environment of the
cytosol. The redox potential that we determined for Lpd also
suggested that the components of this multienzyme complex
are neither in equilibrium with one another nor with the
overall GSH/GSSG redox potential in the cell (0.24 V at pH
7.0, an intracellular concentration of 5 mM GSH, and a ratio
of GSH/GSSG of 223:1 in E. coli DHB4 [Aslund et al. 1999]).
These results showed that the calculation of (standard) redox
potentials for proteins in vivo using our differential trapping
technique was possible when sufﬁcient amounts of reduced
and oxidized species could be detected and when their ratios
could be reliably quantiﬁed. Then, this technique proved to
be very useful to estimate the direction of electron ﬂow in
metabolic pathways in vivo.
We also calculated the standard redox potential of
alkylhydroperoxide reductase small subunit (AhpC), a protein
that uses disulﬁde bond formation to detoxify alkylhydroperoxides, assuming that under steady-state conditions it is in

Regular and Reverse Thiol Trapping—Determining Redox
States In Situ
Quantitative analysis of the ratio of oxidized and reduced
protein species in vivo can be used to determine the redox
state of the protein in the cell providing that the oxidation
mechanism of the protein is known (Watson and Jones 2003).
We therefore considered that if our regular thiol trapping
was completely alkylating all reactive cysteine residues, the
14
C activity/protein ratio of a deﬁned protein spot should
correspond to the amount of oxidized protein. To then
visualize and quantify the amount of reduced protein species
in the same protein spot, we decided to perform a reverse
trapping in parallel. In the reverse trapping, all free,
accessible cysteines were immediately alkylated with radioactive IAM, while oxidatively modiﬁed cysteines were
alkylated with cold IAM after their reduction. Therefore,
the 14C activity/protein ratio should now correspond to the
amount of reduced protein in the respective protein spot. We
conﬁrmed that proteins that had very high ratios of 14C
activity/protein such as oxidized OmpA IF1 and IF2 in our
regular trapping had very low ratios of 14C activity/protein
(0.2 6 0.08) in our reverse-trapped samples (Figure 2D). A
mostly reduced protein such as succinyl-CoA synthetase,
which had a low ratio of 0.7 6 0.2 under regular trapping
PLoS Biology | www.plosbiology.org

C activity=protein ratio ðreverse trappingÞ ½Proteinred 
¼
activity=protein ratio ðregular trappingÞ ½Proteinox 

14 C
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Table 1. Standard Redox Potentials, Redox Potentials, and 14C Activity/Protein Ratios in the Reverse and Regular Trapping Experiments
of Selected Redox Pairs
Redox Pair

Standard Redox
Potential

14

C Activity/Protein
Regular Trapping

Redox
Potential

Red/Ox Lpd C44–C49
0.264 6 0.009 Va 0.261 6 0.009 Vb 2.1 6 0.4b
Dihydrolipoic acid/Lipoic acid 0.290 Vc
Red/Ox AhpC C46–C165
0.257 6 0.009 Vd 0.241 6 0.003 Ve 0.9 6 0.1b

Ratio 14C
Ratio [ProtRed]/
Activity/
[ProtOx]
Protein Reverse
Trapping
1.7 6 0.4b

0.8 6 0.2

1.5 6 0.2b

0.3 6 0.2f

a

Maeda-Yorita et al. (1991).
Determined from the ratios obtained in the trapping experiment and the standard redox potential.
Nelson et al. (2000).
d
Determined from the ratios obtained in the trapping experiment, assuming that AhpC is in equilibrium with the cellular redox potential as represented by the GSH/GSSG
redox pair.
e
Calculated from the concentrations of GSH and GSSG in E. coli DHB4 (Aslund et al. 1999), assuming that AhpC is in equilibrium with the cellular redox potential as
represented by the GSH/GSSG redox pair.
f
Based on the formation of intermolecular dimers, a ratio of [AhpCred]2/[AhpCox] was used (Ellis and Poole 1997).
DOI: 10.1371/journal.pbio.0020333.t001
b
c

substrate protein OmpA, as well as of some other periplasmic
proteins, appeared to be only moderately affected by the lack
of DsbA (Figure 3A and 3B). Because the process of folding
and disulﬁde bond formation in OmpA has been shown to be
reasonably fast (half time, t1/2 = 5 min) even in the absence of
DsbA (Bardwell et al. 1991), we considered that air oxidation
was probably responsible for the disulﬁde bond formation in
proteins such as OmpA under steady-state conditions. To
investigate the role that air oxidation might play in the
disulﬁde bond formation of periplasmic proteins in vivo, we
performed the same thiol-trapping experiments using wildtype and dsbA::kan cells that were grown under very limiting
oxygen conditions. Under those oxygen-limited conditions
the 14C activity/protein ratio of OmpA and other periplasmic
proteins was dramatically decreased compared to wild-type
cells and also signiﬁcantly lower than in dsbA::kan cells grown
under normal oxygen conditions (Figure 3C; Table 2). These
results not only conﬁrmed that the thiol modiﬁcations that
we detected with our differential thiol-trapping technique
are indeed in vivo modiﬁcations and are not introduced
during the aerobic lysis and trapping of the sample, but also
clearly showed that DsbA is not absolutely necessary for the
thiol oxidation of certain periplasmic proteins under aerobic
conditions. Under low-oxygen conditions, however, which
occur in stationary phase or when cells are grown microaerobically, functional DsbA is absolutely required for the
successful disulﬁde bond formation in the E. coli periplasm.

equilibrium with the overall cellular redox potential. We
calculated a standard redox potential for AhpC of 0.257 6
0.009 V. This agrees well with studies in Helicobacter pylori
(Baker et al. 2001) and our ﬁndings (see below) that suggested
that thioredoxin (E0 = 0.270 V) (Krause et al. 1991) might
play a direct role in the catalytic cycle of AhpC.

Identification of the In Vivo Substrate Proteins of DsbA
We found that our method speciﬁcally and reliably
detected proteins with thiol modiﬁcations in vivo. This
suggested to us that our method should also be an excellent
tool to determine the in vivo substrate speciﬁcity of cellular
thiol-disulﬁde oxidoreductases. We therefore decided to ﬁrst
compare the thiol-disulﬁde status of proteins in wild-type E.
coli and strains that lack DsbA, the enzyme that is responsible
for disulﬁde bond formation in the periplasm of E. coli.
Previously, only a few DsbA substrates have been identiﬁed.
The studies that addressed this question in the past relied
either on the formation of covalent intermediates between an
active-site cysteine mutant of DsbA and substrate proteins
(Kadokura et al. 2004), or on the instability and premature
degradation of periplasmic proteins that are no longer
stabilized by disulﬁde bonds because of the absence of DsbA
(Hiniker and Bardwell 2004).
We grew wild-type E. coli cells and cells lacking the
chromosomal copy of DsbA (dsbA::kan) to mid-logarithmic
phase, harvested the cells, and differentially thiol-trapped the
cysteines. As shown in Figure 3 and Table 2, using our new
thiol-trapping technique, we identiﬁed a number of proteins
that showed signiﬁcantly less or no thiol modiﬁcation in dsbA
deletion strains than in wild-type strains. Among the proteins
that we selected for mass spectrometric analysis were known
DsbA substrate proteins (e.g., OmpA, DppA, organic solvent
tolerance protein [Imp], and HisJ) as well as a number of
proteins that have not yet been associated with DsbA (e.g.,
ArtJ and UgpB). Because all of these proteins are periplasmic
and have at least one conserved pair of cysteines, it appears
very likely that these proteins are also substrate proteins of
DsbA.
Interestingly, the oxidation state of the known DsbA
PLoS Biology | www.plosbiology.org

TrxA Protects a Large Number of Intracellular Proteins
from Oxidation
While DsbA promotes disulﬁde bond formation in the E.
coli periplasm, the thioredoxin and glutaredoxin systems
reduce disulﬁde bonds in the E. coli cytoplasm. These systems
not only prevent the formation of unwanted disulﬁde bonds
in cytoplasmic proteins, which often lead to the inactivation
of the respective proteins, but also play important regulatory
roles in the cell. For instance, the oxidative stress response in
both prokaryotes and eukaryotes is rapidly attenuated by
glutaredoxins and thioredoxins, which reduce and inactivate
the oxidative stress transcription factors OxyR or Yap1p
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(B) Overlay of the stained 2D gel (shown in green) and the phosphor
image (shown in red) of a differentially trapped protein extract from
exponentially growing dsbA::kan cells. Proteins that were found to
have a signiﬁcantly lower 14C activity/protein ratio in dsbA::kan cells
than in wild-type strain (A) are marked with an arrowhead. A circle
marks the position of DsbA on the wild-type gel.
(C) Overlay of the stained 2D gel (shown in green) and the phosphor
image (shown in red) of a differentially trapped protein extract from
E. coli dsbA::kan cells growing under oxygen limitation. Arrowheads
label proteins that were found to have a signiﬁcantly lower 14C
activity/protein ratio than the wild-type strain grown under oxygen
limitation. A circle marks the position of DsbA on the wild-type gel.
DOI: 10.1371/journal.pbio.0020333.g003

(Carmel-Harel and Storz 2000). Therefore, analysis of the
proteins that use these systems for their speciﬁc reduction
will help us to identify cytosolic proteins that use thiol
modiﬁcations in their functional life cycle.
To analyze the substrate speciﬁcity of cytoplasmic thioldisulﬁde oxidoreductases, we decided to compare the thioldisulﬁde status of proteins in a thioredoxin null mutant and
the isogenic wild-type E. coli strain. Importantly, strains that
lack the trxA gene do not exhibit a general disulﬁde stress
phenotype (Prinz et al. 1997), which minimizes potential
secondary thiol modiﬁcations in proteins that could be
otherwise attributed to those stresses (Derman et al. 1993).
The dramatic alteration in the oxidation state of a large
number of cellular proteins in a DtrxA strain as compared to a
wild-type E. coli strain is clearly visible (Figure 4). Of the 100
proteins that were selected based on their high level in 14C
activity, 37 protein spots showed a more than 2-fold further
increase in thiol modiﬁcation in DtrxA strains compared to
wild-type strains, where functional thioredoxin is apparently
working successfully to keep them reduced. Proteins whose
14
C activity/protein ratio did not change in the absence of
thioredoxin included the majority of periplasmic proteins
that have been identiﬁed before, as well as some highly
abundant cytoplasmic proteins that harbor presumably
inaccessible or unreactive cysteines.
All 37 spots were selected for mass spectrometric analysis,
and resulted in the identiﬁcation of 27 individual proteins, 23
of which have either been shown or are predicted to be
localized to the reducing environment of the cytoplasm and
to contain at least one and up to ten cysteine residues (Table
3). Of those, at least six proteins (e.g., thioredoxin-linked thiol
peroxidase [Tpx], AhpC, GapDH, and aconitase B [AcnB])
have been previously shown to be targets of thioredoxin in
plants (Yamazaki et al. 2004) or, very recently, in E. coli
(Kumar et al. 2004) (Table 3). Thirteen proteins have cysteine
residues in the active site or the cofactor-binding site (e.g.,
aspartate semialdehyde dehydrogenase, citrate synthase, and
c-glutamyl phosphate reductase). Five proteins are known
metal-binding proteins either coordinating zinc via cysteines
(e.g., cobalamin-independent methionine synthase [MetE]
and carbonic anhydrase [YadF]), binding iron (e.g., alcohol/
acetaldehyde dehydrogenase[AdhE]), or harboring iron-sulfur
clusters (e.g., AcnB and succinate dehydrogenase [SdhB])
(Table 3). Reactive and/or accessible cysteine residues appear
to make these proteins particularly vulnerable to small
amounts of ROS, such as hydrogen peroxide (H2O2), which
are known to be produced as toxic byproducts of cellular
respiration in aerobically growing cells (Costa Seaver and
Imlay 2001). That H2O2 must be produced during aerobic
growth became also obvious when we found the detoxifying

Figure 3. Identification of In Vivo Substrate Proteins of the Periplasmic
Disulfide Bond Oxidase DsbA
(A) Colored overlay of the stained 2D gel (shown in green) and the
phosphor image (shown in red) of differentially trapped protein
extract from exponentially growing E. coli wild-type cells. Proteins
with a high 14C activity/protein ratio appear red, while proteins with a
low ratio appear green. Proteins that were found to have signiﬁcantly
lower ratio of 14C activity/protein in the dsbA::kan strain (B and C) are
labeled.
PLoS Biology | www.plosbiology.org
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Oligopeptide permease

Stress response protein
Periplasmic binding protein
of sn-glycerol-3-phosphate
transport system

P04805
P39182

P31554

P23843

P05838
P10904

GltX
HisJ

Impe

1729

Uptake of dipeptides

1.90

1.90
2.00
1.74
2.04
2.05
1.96
2.01
2.17
1.84
3.74
2.30

4.43

1.72
5.51

2.72

3.70

Fold
Change
Activity/
Proteina

0.117

0.172
0.094
0.309
0.109
0.253
0.253
0.220
0.153
0.202
0.003
0.089

0.013

0.129
0.004

0.124

0.047

p-Valueb

2.26

4.62
4.84
4.67
3.90
3.80
5.72
2.94
2.83
3.94
6.48
3.91

6.25

3.72
3.97

3.66

5.78

Fold
Change
Activity/
Protein—
Low O2c

1
2

2

PP

CP
PP

2

4

7
2

4

2

Number
of
Cysteines

OM

OM

CP
PP

PP

PP

Localizationd

Structural disulfide
bond; DsbA
substrate

Structural disulfide
bond, DsbA substrate

DsbA substrate

DsbA substrate

Structural disulfide
bond (by similarity
to HisJ)
Two structural
disulfide bonds;
DsbA substrate

Remarks

Tame et al. (1995);
Kadokura et al. (2004)

Bardwell et al. (1991)

Kadokura et al. (2004)

Hiniker and Bardwell (2004)

Dunten and Mowbray (1995);
Hiniker and Bardwell (2004)

Source
for
Remarks

b

The activity/protein ratio of the given protein spot on gels from differentially trapped extracts from E. coli DHB4 ( wild-type) was divided by the corresponding activity/protein ratio on gels from differentially trapped extracts from E.
coli LL029 (dsbA::kan).
The p-value according to the TTEST function of Excel 2000 (Microsoft, Redmond, Washington, United States).
c
The activity/protein ratio of the given protein spot on gels from differentially trapped extracts from E. coli DHB4 ( wild-type) grown under oxygen limitation was divided by the corresponding ratio on gels from differentially trapped
extracts from E. coli LL029 (dsbA::kan) grown under oxygen limitation.
d
Localization according to Swiss-Prot (http://us.expasy.org/sprot/) (Boeckmann et al. 2003) or PSORTB (http://www.psort.org/psortb/index.html) (Gardy et al. 2003). CP, cytoplasmic; IM, inner membrane; OM, outer membrane; PP,
periplasmic.
e
Imp and the outer membrane protein YaeT migrate to the same position in the 2D gels.
DOI: 10.1371/journal.pbio.0020333.t002

a

L11

P02934

P23847

DppA

OmpA IF 1
OmpA IF 2
OmpA IF 3
OmpA IF 4
OmpA IF 5
OmpA IF 6
OppA IF 1
OppA IF 2
OppA IF 3
SspA
UgpB

Glutamyl-tRNA synthetase
Histidine-binding protein of h
igh-affinity histidine transport system
Permeability of outer membrane to
large maltodextrins; antibiotic and
detergent sensitivity
Outer membrane protein 3a

P30860

ArtJ

Periplasmic binding
protein of Arg transport system

Swiss-Prot
Accession
Number

Protein

Description
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Citrate synthase
Serine hydroxymethyltransferase
Isocitrate dehydrogenase
Cobalamin-independent
methionine synthase
Survives lambda prophage induction;
transcription termination/
antitermination L factor
Oligopeptide permease

P26427
P00886

P00353
P06977

P00891
P00477
P08200
P25665

AhpC
AroG

Asd
GapA IF 1
GapA IF 2
GapA IF 3
GltA
GlyA
Icd
MetE IF 1
MetE IF 2
NusA
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P08178
P14178
P02389
P02351
P07014

P08328
P07459
P37901
P36857

PurM
PykF
RplE
RpsB
SdhB

SerA
SucD
Tpx
YadF

OppA IF 1 P23843
OppA IF 2
PhoU
P07656
ProA
P07004
PstB
P07655
PtsI
P08839
PurC
P21155

P03003

Aspartate semialdehyde dehydrogenase
Glyceraldehyde-3-P dehydrogenase

P36683
P17547

AcnB
AdhE

2.04
2.08

Phosphoglycerate dehydrogenase
Succinyl-CoA synthetase alpha-subunit
Thioredoxin-linked thiol peroxidase
Carbonic anhydrase

Phosphate transport system protein
c-glutamyl phosphate reductase
Phosphate import ATP-binding protein
Phosphotransferase system enzyme I
Phosphoribosylaminoimidazolesuccinocarboxamide synthetase
Phosphoribosylaminoimidazole synthetase
Pyruvate kinase I
50S ribosomal subunit protein L5
30S ribosomal subunit protein S2
Succinate dehydrogenase

3.03
2.50
3.49
4.28

3.30
2.41
2.14
2.93
2.65

2.09
2.25
2.16
2.13
2.22
2.62
2.62

2.22
2.17
2.06
2.14
4.50
3.62
2.22
3.36
2.75
2.82

0.02
0.02
0.01
0.01

0.06
0.05
0.08
0.02
0.01

0.04
0.05
0.04
0.07
0.01
0.07
0.04

0.03
0.01
0.02
0.03
0.02
0.01
0.07
0.02
0.01
0.08

0.07
0.03

0.08
0.05

CP
CP
PP
CP

CP
CP
CP
CP
IM

CP
CP
IM
CP
CP

PP

CP

CP
CP
CP
CP

CP
CP

CP
CP

CP
CP

4
5
3
5

7
6
1
1
11

5
7
4
4
3

2

3

7
3
6
7

4
3

2
7

10
9

Han et al. (1990)

C575 easily modified

C123 in co-factor binding site
C61, C95: Catalytical disulfide bond
C42, C101 coordinate Zn

C55, C60, C75: 2Fe-2S Cluster, C149,
C152, C155, C216: 4Fe-4S Cluster,
C159, C206, C212: 3Fe-4S Cluster14

Fraser et al. (1999)
Choi et al. (2003)
Hempel et al. (1993);
Cronk et al. 2001)

Darlison and Guest
(1984)

C130, C135 conserved and 4 Å apart Li et al. (1999)

Page et al. (2004)

C253 in active site

Tame et al. (1995)

Hempel et al. (1993);
Zhou et al. (1999)

C643, C726 coordinate Zn

Structural disulfide bond

Donald et al. (1991)
Schirch et al. (1985)

Ellis and Poole (1997)
Hempel et al. (1993);
Wagner et al. (2000)
Karsten and Viola (1992)
Duee et al. (1996)

Varghese et al. (2003)
Hempel et al. (1993)

Source
for
Remarks

C206 in co-factor binding site
C410 surface exposed

C710, C769, C772 4Fe-4S Cluster
C245 in active site of acetaldehyde
dehydrogenase domain
Catalytical disulfide bond
C208 in dimerization interface, C61
coordinates Mn
C135 in active site
C149 in active site

p-Valueb Locali- Number Remarks
Fold
zationc of
Change
Cysteines
Activity/
Proteina

Alkyl hydroperoxide reductase small subunit 2.33
DAHP synthetase
2.38

Aconitase B
Alcohol/Acetaldehyde dehydrogenase

Swiss-Prot Description
Accession
Number

Protein
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a
The 14C activity/protein ratio of the given protein spot on gels from differentially trapped extracts from E. coli DHB4 ( wild-type) was divided by the corresponding 14C activity/protein ratio on gels from differentially trapped extracts
from E. coli WP570 (DtrxA).
b
The p-value according to the TTEST function of Excel 2000.
c
Localization according to Swiss-Prot (http://us.expasy.org/sprot/) (Boeckmann et al. 2003) or PSORTB (http://www.psort.org/psortb/index.html) (Gardy et al. 2003). CP, cytoplasmic; IM, inner membrane; OM, outer membrane; PP,
periplasmic.
DOI: 10.1371/journal.pbio.0020333.t003

1
OM
0.05
0.01
0.10
0.04
0.01
0.01
0.09
3.03
2.05
2.66
2.80
4.68
2.45
2.22
Probable methionine-binding lipoprotein MetQ
P28635
YaeC
T47
T59
T73
T79
T93
T99

Fold
Change
Activity/
Proteina
Description
Swiss-Prot
Accession
Number
Protein

Table 3. Continued
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Figure 4. Identification of the In Vivo Substrate Proteins of Thioredoxin A
(A) Colored overlay of the stained 2D gel (shown in green) and the
phosphor image (shown in red) of differentially trapped protein
extract from exponentially growing E. coli wild-type cells. Proteins
with a high ratio of activity per protein appear red, proteins with a
low ratio appear green. Proteins that were found to have a
signiﬁcantly higher ratio of activity per protein in the trxA strain
(B) are labeled.
(B) Overlay of the stained 2D gel (shown in green) and the phosphor
image (shown in red) of differentially trapped protein extract from
exponentially growing E. coli DtrxA cells. Proteins that were found to
have a signiﬁcantly higher ratio of 14C activity/protein in the DtrxA
strain are labeled with an arrow.
DOI: 10.1371/journal.pbio.0020333.g004

enzymes AhpC and the thioredoxin-linked Tpx to be largely
oxidized. Both proteins use disulﬁde bond formation to
detoxify peroxides and appear to require functional thioredoxin to regenerate their reduced thiol status.
The in vivo snapshot of the thiol status of proteins in
thioredoxin-defective strains shows for the ﬁrst time, to our
knowledge, the detrimental effects of small amounts of ROS
generated during aerobic growth on cytosolic proteins, and
the important role that thioredoxin A plays in regenerating
these proteins. A surprisingly large number of cytosolic
proteins appear to harbor such oxidation-sensitive cysteine
residues that require the constant presence of the reducing
thioredoxin system under aerobic growth. We cannot exclude
1731
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at this point the possibility that the other cellular redox
system glutaredoxin is overwhelmed by the accumulation of
thiol-modiﬁed proteins in thioredoxin-deﬁcient strains as
well. This might be the reason why we detect thiol-modiﬁed
MetE, one of the very few known glutathionylated E. coli
proteins (Hondorp and Matthews 2004), which presumably
requires functional glutaredoxin for its regeneration. It is
also important to note that we focused only on the 100 most
intense protein spots on the phosphor image. A signiﬁcant
number of additional proteins showed an at least 2-fold
further increase in their 14C activity/protein ratio in trxA
cells as compared to wild-type cells. These are likely also
substrates of thioredoxin and remain to be identiﬁed (Figure
4).
Only three periplasmic proteins were found to be increasingly thiol-modiﬁed in the absence of cytoplasmic thioredoxin; Tpx, OppA , and the methionine-binding protein MetQ
(YaeC). In the case of Tpx, thioredoxin A has been suggested
to be an essential component in its functional regulation.
This makes Tpx a potential substrate protein of the
periplasmic thiol-disulﬁde oxidoreductase systems DsbC or
DsbG, which are connected to cytoplasmic thioredoxin via
the membrane protein DsbD. Absence of thioredoxin in the
cytoplasm would lead to the accumulation of oxidized DsbC
and DsbG in the periplasm, which would then no longer be
able to reduce and/or isomerize disulﬁde bonds in periplasmic proteins such as Tpx; this would explain the accumulation of oxidized proteins in the periplasm. The same could
apply for the other two periplasmic proteins that we
identiﬁed in this study. Alternatively, however, thiol modiﬁcations that occur and are not reduced in the cytoplasm
might prevent their efﬁcient transport, or might impair
potential attachments of lipid anchors. The latter might be
the case for the lipid protein MetQ (YaeC), whose single
cysteine is predicted to be linked to a lipid anchor.
Figure 5. Identification of Oxidative Stress–Sensitive Proteins In Vivo
(A) Overlay of the stained 2D gel (shown in green) and the phosphor
image (shown in red) of differentially trapped protein extracts from
H2O2-stressed E. coli wild-type cells. Proteins that were found to have
a signiﬁcantly higher ratio of 14C activity/protein after 10 min of
H2O2 treatment than in untreated cells are labeled.
(B) Time course of the oxidation of proteins in E. coli wild-type cells
upon treatment with H2O2. Details of the colored overlays of stained
protein gels (shown in green) and phosphor images (shown in red) of
cell extracts taken before (Co) and 2, 5, 10, and 30 min after addition
of H2O2 to the cells. The selected proteins are FolE, Tpx, MetE, and
TufB. Bar charts on the right show the oxidation-dependent change
in ratio of 14C activity/protein of the protein spot labeled by an
arrowhead.
(C) Time course of the oxidation of MetE in E. coli wild-type cells
upon treatment with 1 mM diamide. Details of the colored overlays of
stained protein gels (shown in green) and autoradiographs taken on
X-ray ﬁlms (shown in red) of cell extracts taken before (Co) and 2, 10,
and 30 min after addition of diamide to the cells.
DOI: 10.1371/journal.pbio.0020333.g005

Identification of Proteins Sensitive to Oxidative Stress
Over the past few years, an increasing number of redoxsensitive proteins have been identiﬁed that use the oxidation
state of reactive cysteine residues as a regulatory switch.
Oxidative stress–induced thiol modiﬁcations lead to conformational changes and to the transient activation or
inactivation of the respective protein. Upon return to non–
oxidative stress conditions, cellular reductants such as the
thioredoxin system rapidly reduce the cysteine modiﬁcations
and restore the original protein activity. The observation that
the function of so many different cysteine-containing
proteins is regulated by the redox conditions of the environment, suggests that basically any protein with one or more
reactive and exposed cysteines has the potential of being
redox-regulated. Because many important regulatory and
biosynthetic proteins contain clusters of cysteines in the
active site or cofactor-binding site, they can therefore be
considered attractive and potential targets for this novel form
of functional regulation.
To investigate thiol modiﬁcation under conditions of
exogenous oxidative stress, wild-type E. coli cells were grown
to mid-logarithmic phase and exposed to oxidative stress
treatment by addition of H2O2. Here, we focused on the 100
most heavily 14C-labeled proteins after 10 min of H2O2
treatment, and compared their 14C activity/protein ratio to
the ratio immediately before and 2, 5, and 30 min after the
PLoS Biology | www.plosbiology.org

addition of H2O2 (Figure 5; Table 4). From the 100 most thiolmodiﬁed proteins in oxidatively stressed E. coli cells, seven
proteins showed increasing thiol modiﬁcation upon exposure
to oxidative stress. These included H2O2-detoxifying enzymes
such as Tpx, as well as a number of biosynthetic enzymes such
as MetE, GTP cyclohydrolase (FolE), and phosphoglycerate
dehydrogenase (SerA).
Importantly, in the companion paper by Hondorp and
Matthews (2004), MetE has been shown to be redox-regulated
1732
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P08328
P37901

SerA
Tpx
1.66

Phenylalanyl-tRNA synthetase
1.86
beta-subunit
Phosphoglycerate dehydrogenase 1.80
Thioredoxin-linked thiol peroxidase 2.61
0.084

0.004
0.004

0.014
CP
PP

CP

CP
CP
CP

4
3

13

2
3
7

C61, C95 catalytical
disulfide bond

C110, C181 coordinate Zn
C410 surface exposed
C643, C726 coordinate Zn;
C645 surface exposed

Choi et al. (2003)

Rebelo et al. (2003); Schirch et al. (1985)
Schirch et al. (1985)
Schirch et al. (1985);
Zhou et al. (1999);
R. Pejchal and M. Ludwig,
personal communication

Source
for
Remarks

a
The activity/protein ratio of the given protein spot on gels from differentially trapped extracts from E. coli DHB4 ( wild-type) treated with 4 mM H2O2 was divided by the corresponding ratio on gels from differentially trapped
extracts from untreated E. coli DHB4.
b
The p-value according to the TTEST function of Excel 2000.
c
Localization according to Swiss-Prot (http://us.expasy.org/sprot/) (Boeckmann et al. 2003) or PSORTB (http://www.psort.org/psortb/index.html) (Gardy et al. 2003). CP, cytoplasmic; PP, periplasmic.
DOI: 10.1371/journal.pbio.0020333.t004

H82

P07395

PheT

0.001
0.030
0.058

5.30
1.64
1.74

GTP cyclohydrolase I
Serine hydroxymethyltransferase
Cobalamin-independent
methionine synthase

FolE
GlyA
MetE

P27511
P00477
P25665
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modiﬁcations play regulatory or functional roles in the other
proteins that we discovered as well (e.g., GlyA, PheT, and
SerA). All of these proteins have numerous cysteine residues,
which are either surface exposed or might play other
functional roles that have not yet been identiﬁed (Table 4).
Detailed biochemical analysis is now required to investigate
the exact role that thiol modiﬁcations play in these
potentially redox-regulated proteins.

in vivo and in vitro. The surface-exposed cysteine 645 in MetE
was found to be particularly sensitive to oxidative stress–
induced thiol modiﬁcations. The authors showed that this
thiol modiﬁcation transiently inactivated the enzyme, which
provided an excellent explanation for the observed methionine auxotrophy that accompanies oxidative stress in E. coli.
To compare the kinetics and extent of our H2O2-induced
thiol modiﬁcation of MetE with the diamide-induced glutathionylation observed by Hondorp and Matthews, we
analyzed the time course of MetE modiﬁcation upon
exposure of E. coli cells to 1 mM diamide. As shown in Figure
5C, MetE was maximally thiol-modiﬁed within 2 min of
diamide treatment and maintained its high level of thiol
modiﬁcation over at least 30 min of incubation. This was in
excellent agreement with the in vivo thiol trapping conducted by Hondorp and Matthews, who showed that at their
ﬁrst time point of 15 min, all of MetE was in the oxidized
state.
The second metabolic enzyme that we identiﬁed as being
particularly sensitive to oxidative stress was FolE, which
catalyzes the committed step in the synthesis of the onecarbon donor tetrahydrofolate. Analysis of its crystal structure revealed that FolE contains a cysteine-coordinating zinc
center, which escaped prior detection because of its high
oxidation sensitivity in vitro (Rebelo et al. 2003). Airoxidation of FolE leads to the inactivation of the enzyme.
We have now observed that FolE is one of the major targets of
H2O2 treatment in E. coli, with a more than 5-fold increase in
14
C activity/protein ratio upon H2O2 treatment. This suggested that FolE is also transiently oxidized and inactivated
upon oxidative stress in vivo, a ﬁnding that would clearly
make physiological sense. Tetrahydrofolate is a highly
oxidation-sensitive compound, and synthesizing it under
oxidative stress conditions would be extremely wasteful for
the cell.
Analysis of the time course of thiol modiﬁcation in FolE
during H2O2-induced oxidative stress treatment showed a
steady increase in thiol modiﬁcation. This was in contrast to
the time course of thioredoxin substrate proteins such as
Tpx, whose thiol modiﬁcation peaked around 2–5 min after
the start of the oxidative stress treatment (Figure 5B). This
suggests that FolE is indeed a protein whose redox state is not
controlled by thioredoxin and that is especially sensitive to
oxidative stress treatment.
A large number of cysteine-containing cytoplasmic proteins (e.g., isocitrate dehydrogenase), as well as all of the
identiﬁed periplasmic proteins, did not show any signiﬁcant
increase in oxidation-induced thiol modiﬁcation. This indicated that under oxidative stress conditions, the majority of
cytosolic proteins remain reduced and conﬁrmed that the
periplasmic proteins were already fully oxidized under
aerobic growth conditions. The probably best-known redoxregulated proteins in E. coli, the oxidative stress transcription
factor OxyR and the molecular chaperone Hsp33, were not
among the 100 most thiol-modiﬁed proteins after 10 min of
oxidative stress. This was not very surprising, given that OxyR
is a low-abundance protein and Hsp33 has an extremely low
pI (pH 4.35) and cannot be detected by our 2D gel system.
The fact, however, that we identiﬁed a number of proteins
that either have been shown (Tpx and MetE) or were
predicted (FolE) to undergo thiol modiﬁcation upon oxidative stress in vivo, made us very conﬁdent that thiol
PLoS Biology | www.plosbiology.org

Conclusion: A Widely Applicable New Method to Visualize
Thiol Modifications In Vivo
Over the past few years, a variety of reversible oxidative
cysteine modiﬁcations have been discovered that regulate the
activity of eu- and prokaryotic proteins. The most prominent
modiﬁcation is disulﬁde bond formation, but also transient
glutathionylation of cysteines or oxidation to sulfenic acid
have been found to play an important regulatory role in
many proteins (Barrett et al. 1999; Kim et al. 2002). These
modiﬁcations are usually transiently introduced by speciﬁc
stress conditions such as peroxide or disulﬁde stress and are
resolved by cellular thiol-disulﬁde oxidoreductases such as
thioredoxin and glutaredoxin, which are usually upregulated
during these stress conditions (Potamitou et al. 2002).
Several new proteomic strategies have now been developed
to probe for potential substrate proteins of cellular thioldisulﬁde oxidoreductases and proteins that undergo thiol
modiﬁcations during stress conditions. These strategies
involve the use of radioactive glutathione to detect glutathionylated proteins under oxidative stress conditions (Fratelli et al. 2002), ﬂuorescent thiol-reactive dyes to identify
thioredoxin-targeted proteins (Yano et al. 2001), or active-site
mutants of thiol-disulﬁde oxidoreductases, whose failure to
complete the enzymatic reaction leads to an irreversible
disulﬁde crosslink between thiol-disulﬁde oxidoreductase and
substrate, which can then be identiﬁed by SDS-PAGE or
diagonal PAGE in combination with mass spectrometry
(Motohashi et al. 2001; Balmer et al. 2003; Kadokura et al.
2004). Very recently a study also examined proteins that
interact very tightly with tap-tagged thioredoxin in E. coli
(Kumar et al. 2004). This technique, however, was unable to
distinguish between proteins that require thiol-disulﬁde
exchange reactions with thioredoxins (i.e., enzymatic substrates) and proteins that simply associate with thioredoxin
without the involvement of thiol chemistry. This was
especially emphasized by the ﬁnding that at least 25% of
the thioredoxin-associated proteins identiﬁed by Kumar et al.
did not contain any cysteines.
With the help of these various methods, a number of
proteins have been identiﬁed that serve as substrate proteins
of different thiol-disulﬁde oxidoreductases in E. coli and other
organisms. We have now developed a technique that allows us
to globally monitor and compare the thiol-disulﬁde status of
all cellular proteins that can be resolved in 2D gels. With this
technique, the substrate proteins of all major oxidoreductase
systems can be identiﬁed and dissected simply by comparing
the thiol status of proteins in the appropriate mutant strains.
In prokaryotes, for instance, substrate overlap and differences between the thioredoxin A and C can be analyzed by
simply comparing the thiol disulﬁde status in trxA and trxC 
cells. The substrate speciﬁcity of the complete thioredoxin
system can then be distinguished from the substrate
speciﬁcity of the glutaredoxin systems by comparing the
1734
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analysis. Gels were stained using colloidal Coomassie blue stain
(Neuhoff et al. 1985) and scanned using an Expression 1680 scanner
with transparency unit (Epson America, Long Beach, California,
United States) at 200-dpi resolution/16-bit grayscale. Phosphor
images were obtained by exposing LE Storage Phosphor Screens
(Amersham Biosciences, Piscataway, New Jersey, United States) to
dried gels for 7 d. The phosphor image screens were read out with the
Personal Molecular Imager FX (Biorad, Hercules, California, United
States) at a resolution of 100 lm. The original image size of the
phosphor image was changed to a resolution of 200 dpi with
PhotoShop 7.0 (Adobe Systems, San Jose, California, United States).
The phosphor images and images of the stained proteins were
analyzed using Delta 2D Software (Decodon, Greifswald, Germany).
Data analysis. For each of the described experiments, at least four
individually trapped samples of cultures were obtained from at least
two independent cell cultures. The only exceptions were the time
course of H2O2 treatment at the time points 2, 5, and 30 min, the
DsbA experiments under oxygen limitation, and the time course of
diamide treatment. For each of the experiments, the phosphor image
with the highest overall 14C activity was chosen for spot detection.
The 100 most abundant spots were chosen from the detected set of
spots and the boundaries transferred to all other phosphor images
and protein gel images using the Delta 2D ‘‘transfer spots’’ function.
The absolute intensity for each of these 100 spots on the protein gels
and the phosphor image was determined to quantitatively describe
the amount of protein and 14C activity for each protein spot. These
absolute spot intensities were then normalized over all 100 spots (for
trapping and reverse-trapping of wild-type cells, and for all H2O2
experiments). This normalization scheme was changed when the
thiol-disulﬁde status of the dsbA mutant strain was analyzed. This was
based on the consideration that a large number of the most intense
spots on the phosphor images are heavily thiol-modiﬁed periplasmic
proteins, which are putative DsbA substrate proteins. Normalizing
over those protein spots would largely affect our data analysis. We
therefore decided to normalize over four of the most abundant
intracellular spots, TufB isoform (IF) 1, GapA IF 1, AhpC, and GroEL,
whose thiol-disulﬁde status was not affected by the absence or
presence of DsbA. In the case of the trxA mutant strain, similar
considerations led us to normalize over four of the most abundant
periplasmic protein spots, OmpA IF 1, OmpA IF 2, HisJ, and ArtJ,
whose thiol-disulﬁde status was not inﬂuenced by the lack of TrxA
activity. Finally, the ratio of 14C activity/protein was calculated by
dividing the normalized intensity of the protein spot on the phosphor
image by the corresponding normalized intensity of the Coomassie
blue–stained protein spot. For a protein to be considered signiﬁcantly thiol-modiﬁed, the average of the 14C activity/protein ratio for
a given protein spot had to be at least 1.5-fold above the average of
the 14C activity/protein ratio of this protein under control conditions.
Identiﬁcation of proteins from 2D gels. Thiol-trapped samples
using nonradioactive IAM in both alkylation steps were separated on
2D gels and used to excise proteins of interest. These proteins were
identiﬁed by Peptide Mass Fingerprinting at the Michigan Proteome
Consortium (http://www.proteomeconsortium.org).

thiol-disulﬁde status of cellular proteins in strains lacking one
of the systems altogether.
Most importantly, this technique should be widely applicable to many different cell types and organisms. Preliminary
experiments in yeast, for instance, showed that AdhE,
GapDH, and SdhB are major targets for oxidative thiol
modiﬁcations in yeast (data not shown). We found the
respective E. coli homologs to be among the most redoxsensitive proteins in strains lacking thioredoxin A. The
reason why this method is applicable to both pro- and
eukaryotic cells is the rapid thiol-quenching step that involves
the incubation and lysis of cells in the presence of TCA. This
immediately stops all thiol-disulﬁde exchange reactions. All
subsequent trapping steps are then conducted with the
soluble proteins under denaturating conditions. These
unique features should allow us and others to monitor and
visualize the in vivo thiol status of cellular proteins upon
exposure of various cells and organisms to virtually every
physiological or pathological condition that is accompanied
by oxidative stress.

Materials and Methods
Bacterial strains. E. coli DHB4 (F9 lac-pro lacIQ/D(ara-leu)7697
araD139 DlacX74 galE galK rpsL phoR D(phoA)PvuII DmalF3 thi) (herein
referred to as wild-type), WP570 (DHB4 DtrxA) (Prinz et al. 1997), and
LL029 (DHB4 dsbA::kan) were grown aerobically in glucose MOPS
minimal medium (Neidhardt et al. 1974) containing 40 lg/ml Lleucine and 10 lM thiamine at 37 8C. Oxygen-limited cultures were
grown in completely full 15-ml screw cap tubes. E. coli LL029 was
obtained by P1 transduction of a dsbA::kan insertion mutation into
DHB4. The dsbA-null strain AH55 was used as the source of the P1
transduction (Hiniker and Bardwell 2004).
Harvest of cell samples. Wild-type E. coli and the respective mutant
cells were grown to an OD600 of 0.4 at 37 oC. To expose wild-type E.
coli cells to oxidative stress treatment, the cells were then treated with
4 mM H2O2 or 1 mM diamide for the duration indicated. Then 1.8 ml
of the cell culture was harvested directly into 200 ll of ice-cold 100%
(w/v) TCA and stored on ice for at least 20 min.
Differential thiol trapping of cellular proteins. The TCA-treated
cells were centrifuged (13,000g, 4 8C, 30 min), and the resulting pellet
was washed with 500 ll of ice-cold 10% (w/v) TCA followed by a wash
with 200 ll of ice-cold 5% (w/v) TCA. The supernatant was removed
completely, and the pellet was resuspended in 40 ll of denaturing
buffer (6 M Urea, 200 mM Tris-HCl (pH 8.5), 10 mM EDTA, and 0.5 %
[w/v] SDS) supplemented with 100 mM IAM. This ﬁrst alkylation
procedure irreversibly modiﬁed all free thiol groups that were made
accessible by the urea and SDS-denaturation of the proteins. After 10
min of incubation at 25 8C, the reaction was stopped by adding 40 ll
of ice-cold 20% (w/v) TCA. After 20 min of incubation on ice, the
alkylated proteins were centrifuged again, and the pellet was washed
with TCA as described before. The protein pellet was then dissolved
in 20 ll of 10 mM DTT in denaturing buffer to reduce all reversible
thiol modiﬁcations such as disulﬁde bonds and sulfenic acids. After a
1-h incubation at 25 8C, 20 ll of a solution of 100 mM radioactively
labeled [14C-1]-IAM in denaturing buffer was added to titrate out the
DTT and to irreversibly alkylate all newly reduced cysteines. The
reaction mixture was incubated for 10 min at 25 8C. The reaction was
stopped by adding 40 ll of 20% (w/v) TCA. After precipitation on ice
and subsequent centrifugation, the pellet was washed ﬁrst with TCA
and then three times with 500 ll of ice-cold ethanol (for schematic
overview see Figure 1). Reverse-trapping experiments were conducted as described except that the ﬁrst alkylation procedure was
performed with [14C-1]-IAM while the second alkylation step was
performed with unlabeled IAM. For protein identiﬁcation purposes,
thiol-trapping experiments using nonradioactive IAM in both
alkylation steps were performed in parallel.
2D gel electrophoresis. The pellet of the thiol-trapped proteins
was dissolved in 500 ll of rehydration buffer (7 M urea, 2 M thiourea,
1% [w/v] Serdolit MB-1, 1% [w/v] dithiothreitol, 4% [w/v] Chaps, and
0.5% [v/v] Pharmalyte 3–10), and the 2D gel electrophoresis was
performed as previously described (Hiniker and Bardwell 2004).
Staining of the gels, storage phosphor autoradiography, and image
PLoS Biology | www.plosbiology.org

Supporting Information
Accession Numbers
The Swiss-Prot (http://www.ebi.ac.uk/swissprot/) accession numbers
for the gene products discussed in this paper are 30S ribosomal
subunit protein S2 (P02351), 50S ribosomal subunit protein L5
(P02389), AceF (P06959), AcnB (P36683), AdhE (P17547), AhpC
(P26427), and c-glutamyl phosphate reductase (P07004), ArtI
(P30859), ArtJ (P30860), aspartate semialdehyde dehydrogenase
(P00353), carbonic anhydrase (P36857), carbonic anhydrase
(P36857), citrate synthase (P00891), DAHP synthetase (P00886), DppA
(P23847), DsbA (P24991), GapA (P06977), glutamyl-tRNA synthetase
(P04805), GroEL (P06139), GTP cyclohydrolase I (P27511), HisJ
(P39182), Hsp33 (P45803), Imp (P31554), isocitrate dehydrogenase
(P08200), Lpd (P00391), MetE (P25665), MetQ/YaeC (P28635), NusA
(P03003), OmpA (P02934), OppA (P23843), OxyR (P11721), phenylalanyl-tRNA synthetase beta-subunit (P07395), phosphate import
ATP-binding protein (P07655), phosphoribosylaminoimidazole synthetase (P08178), phosphoribosylaminoimidazole-succinocarboxamide synthetase (P21155), phosphotransferase system enzyme I
(P08839), PhoU (P07656), porin protein E (P02932), P-speciﬁc
transport protein (P06128), pyruvate kinase I (P14178), SdhB
(P07014), SerA (P08328), serine hydroxymethyltransferase (P00477),
SspA (P05838), succinyl-CoA synthetase (P07459), Tpx (P37901),
trigger factor (P22257), TufB (P02990), and UgpB (P10904).
1735

November 2004 | Volume 2 | Issue 11 | e333

Thiol Modifications Visualized In Vivo

Acknowledgments
We are very grateful to Neeraj Korde for automating our database
searches. Peptide Mass Fingerprinting data were provided by the
Michigan Proteome Consortium (http://www.proteomeconsortium.
org), which is supported in part by funds from The Michigan Life
Sciences Corridor. We thank Prof. Dr. Fritz Scholz for helpful
discussion on the topic. We would also like to thank Dr. James

Bardwell for many helpful suggestions and for critically reading this
manuscript. The National Institutes of Health Grant GM065318 and a
Burroughs Wellcome Fund Career Award to UJ supported this work.
Conﬂicts of interest. The authors have declared that no conﬂicts of
interest exist.
Author contributions. UJ conceived and designed the experiments.
LIL performed the experiments. LIL and UJ analyzed the data and
&
wrote the paper.

References
Aslund F, Zheng M, Beckwith J, Storz G (1999) Regulation of the OxyR
transcription factor by hydrogen peroxide and the cellular thiol-disulﬁde
status. Proc Natl Acad Sci U S A 96: 6161–6165.
Baker LM, Raudonikiene A, Hoffman PS, Poole LB (2001) Essential
thioredoxin-dependent peroxiredoxin system from Helicobacter pylori:
Genetic and kinetic characterization. J Bacteriol 183: 1961–1973.
Balmer Y, Koller A, del Val G, Manieri W, Schurmann P, et al. (2003)
Proteomics gives insight into the regulatory function of chloroplast
thioredoxins. Proc Natl Acad Sci U S A 100: 370–375.
Bardwell JC (1994) Building bridges: Disulphide bond formation in the cell. Mol
Microbiol 14: 199–205.
Bardwell JC, McGovern K, Beckwith J (1991) Identiﬁcation of a protein
required for disulﬁde bond formation in vivo. Cell 67: 581–589.
Barrett WC, DeGnore JP, Konig S, Fales HM, Keng YF, et al. (1999) Regulation
of PTP1B via glutathionylation of the active site cysteine 215. Biochemistry
38: 6699–6705.
Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, et al. (2003)
The SWISS-PROT protein knowledgebase and its supplement TrEMBL in
2003. Nucleic Acids Res 31: 365–370.
Carmel-Harel O, Storz G (2000) Roles of the glutathione- and thioredoxindependent reduction systems in the Escherichia coli and Saccharomyces cerevisiae
responses to oxidative stress. Annu Rev Microbiol 54: 439–461.
Choi J, Choi S, Cha MK, Kim IH, Shin W (2003) Crystal structure of Escherichia
coli thiol peroxidase in the oxidized state: Insights into intramolecular
disulﬁde formation and substrate binding in atypical 2-Cys peroxiredoxins. J
Biol Chem 278: 49478–49486.
Costa Seaver L, Imlay JA (2001) Hydrogen peroxide ﬂuxes and compartmentalization inside growing Escherichia coli. J Bacteriol 183: 7182–7189.
Cotgreave IA, Gerdes R, Schuppe-Koistinen I, Lind C (2002) S-glutathionylation of glyceraldehyde-3-phosphate dehydrogenase: Role of thiol oxidation
and catalysis by glutaredoxin. Methods Enzymol 348: 175–182.
Cronk JD, Endrizzi JA, Cronk MR, O’Neill J W, Zhang KY (2001) Crystal
structure of E. coli beta-carbonic anhydrase, an enzyme with an unusual pHdependent activity. Protein Sci 10: 911–922.
Cumming RC, Andon NL, Haynes PA, Park M, Fischer WH, et al. (2004) Protein
disulﬁde bond formation in the cytoplasm during oxidative stress. J Biol
Chem 279: 21749–21758.
Darlison MG, Guest JR (1984) Nucleotide sequence encoding the iron-sulphur
protein subunit of the succinate dehydrogenase of Escherichia coli. Biochem J
223: 507–517.
Derman AI, Prinz WA, Belin D, Beckwith J (1993) Mutations that allow disulﬁde
bond formation in the cytoplasm of Escherichia coli. Science 262: 1744–1747.
Donald LJ, Crane BR, Anderson DH, Duckworth HW (1991) The role of
cysteine 206 in allosteric inhibition of Escherichia coli citrate synthase. Studies
by chemical modiﬁcation, site-directed mutagenesis, and 19F NMR. J Biol
Chem 266: 20709–20713.
Duee E, Olivier-Deyris L, Fanchon E, Corbier C, Branlant G, et al. (1996)
Comparison of the structures of wild-type and a N313T mutant of Escherichia
coli glyceraldehyde 3-phosphate dehydrogenases: Implication for NAD
binding and cooperativity. J Mol Biol 257: 814–838.
Dunten P, Mowbray SL (1995) Crystal structure of the dipeptide binding
protein from Escherichia coli involved in active transport and chemotaxis.
Protein Sci 4: 2327–2334.
Ellis HR, Poole LB (1997) Roles for the two cysteine residues of AhpC in
catalysis of peroxide reduction by alkyl hydroperoxide reductase from
Salmonella typhimurium. Biochemistry 36: 13349–13356.
Fraser ME, James MN, Bridger WA, Wolodko WT (1999) A detailed structural
description of Escherichia coli succinyl-CoA synthetase. J Mol Biol 285: 1633–
1653.
Fratelli M, Demol H, Puype M, Casagrande S, Eberini I, et al. (2002)
Identiﬁcation by redox proteomics of glutathionylated proteins in
oxidatively stressed human T lymphocytes. Proc Natl Acad Sci U S A 99:
3505–3510.
Gardy JL, Spencer C, Wang K, Ester M, Tusnady GE, et al. (2003) PSORT-B:
Improving protein subcellular localization prediction for Gram-negative
bacteria. Nucleic Acids Res 31: 3613–3617.
Gopalakrishna R, Jaken S (2000) Protein kinase C signaling and oxidative stress.
Free Radic Biol Med 28: 1349–1361.
Han MK, Roseman S, Brand L (1990) Sugar transport by the bacterial
phosphotransferase system. Characterization of the sulfhydryl groups and
site-speciﬁc labeling of enzyme I. J Biol Chem 265: 1985–1995.
Hempel J, Nicholas H, Lindahl R (1993) Aldehyde dehydrogenases: Widespread

structural and functional diversity within a shared framework. Protein Sci 2:
1890–1900.
Hiniker A, Bardwell JC (2004) In vivo substrate speciﬁcity of periplasmic
disulﬁde oxidoreductases. J Biol Chem 279: 12967–12973.
Hondorp ER, Matthews RG (2004) Oxidative stress inactivates cobalaminindependent methionine synthase (MetE) in Escherichia coli. PLoS Biol 2: e336.
Hoyos B, Imam A, Korichneva I, Levi E, Chua R, et al. (2002) Activation of c-Raf
kinase by ultraviolet light. Regulation by retinoids. J Biol Chem 277: 23949–
23957.
Jakob U, Muse W, Eser M, Bardwell JC (1999) Chaperone activity with a redox
switch. Cell 96: 341–352.
Kadokura H, Tian H, Zander T, Bardwell JC, Beckwith J (2004) Snapshots of
DsbA in action: Detection of proteins in the process of oxidative folding.
Science 303: 534–537.
Kang JG, Paget MS, Seok YJ, Hahn MY, Bae JB, et al. (1999) RsrA, an anti-sigma
factor regulated by redox change. EMBO J 18: 4292–4298.
Karsten WE, Viola RE (1992) Identiﬁcation of an essential cysteine in the
reaction catalyzed by aspartate-beta-semialdehyde dehydrogenase from
Escherichia coli. Biochim Biophys Acta 1121: 234–238.
Kim SO, Merchant K, Nudelman R, Beyer WFJ, Keng T, et al. (2002) OxyR: A
molecular code for redox-related signaling. Cell 109: 383–396.
Kishigami S, Akiyama Y, Ito K (1995) Redox states of DsbA in the periplasm of
Escherichia coli. FEBS Lett 364: 55–58.
Krause G, Lundstrom J, Barea JL, Pueyo de la Cuesta C, Holmgren A (1991)
Mimicking the active site of protein disulﬁde-isomerase by substitution of
proline 34 in Escherichia coli thioredoxin. J Biol Chem 266: 9494–9500.
Kuge S, Arita M, Murayama A, Maeta K, Izawa S, et al. (2001) Regulation of the
yeast Yap1p nuclear export signal is mediated by redox signal-induced
reversible disulﬁde bond formation. Mol Cell Biol 21: 6139–6150.
Kumar JK, Tabor S, Richardson CC (2004) Proteomic analysis of thioredoxintargeted proteins in Escherichia coli. Proc Natl Acad Sci U S A 101: 3759–3764.
Leslie NR, Bennett D, Lindsay YE, Stewart H, Gray A, et al. (2003) Redox
regulation of PI 3-kinase signalling via inactivation of PTEN. EMBO J 22:
5501–5510.
Li C, Kappock TJ, Stubbe J, Weaver TM, Ealick SE (1999) X-ray crystal structure
of aminoimidazole ribonucleotide synthetase (PurM), from the Escherichia
coli purine biosynthetic pathway at 2.5 A resolution. Structure Fold Des 7:
1155–1166.
Linke K, Jakob U (2003) Not every disulﬁde lasts forever: Disulﬁde bond
formation as a redox switch. Antioxid Redox Signal 5: 425–434.
Maeda-Yorita K, Russell GC, Guest JR, Massey V, Williams CH Jr (1991)
Properties of lipoamide dehydrogenase altered by site-directed mutagenesis
at a key residue (I184Y) in the pyridine nucleotide binding domain.
Biochemistry 30: 11788–11795.
Massey V, Veeger C (1960) On the reaction mechanism of lipoyl dehydrogenase.
Biochim Biophys Acta 40: 184–185.
Motohashi K, Kondoh A, Stumpp MT, Hisabori T (2001) Comprehensive survey
of proteins targeted by chloroplast thioredoxin. Proc Natl Acad Sci U S A
98: 11224–11229.
Neidhardt FC, Bloch PL, Smith DF (1974) Culture medium for enterobacteria. J
Bacteriol 119: 736–747.
Nelson DL, Cox MM, Lehninger AL (2000) Lehninger principles of biochemistry, 3rd ed. New York: Worth Publishers. 1,152 p.
Neuhoff V, Stamm R, Eibl H (1985) Clear background and highly sensitive
protein staining with coomassie blue dyes in polyacrylamide gels—a
systematic analysis. Electrophoresis 6: 427–448.
Page R, Nelson MS, von Delft F, Elsliger MA, Canaves JM, et al. (2004) Crystal
structure of gamma-glutamyl phosphate reductase (TM0293) from Thermotoga maritima at 2.0 A resolution. Proteins 54: 157–161.
Pe’er I, Felder CE, Man O, Silman I, Sussman JL, et al. (2004) Proteomic
signatures: Amino acid and oligopeptide compositions differentiate among
phyla. Proteins 54: 20–40.
Potamitou A, Holmgren A, Vlamis-Gardikas A (2002) Protein levels of
Escherichia coli thioredoxins and glutaredoxins and their relation to null
mutants, growth phase, and function. J Biol Chem 277: 18561–18567.
Prinz WA, Aslund F, Holmgren A, Beckwith J (1997) The role of the thioredoxin
and glutaredoxin pathways in reducing protein disulﬁde bonds in the
Escherichia coli cytoplasm. J Biol Chem 272: 15661–15667.
Rainwater R, Parks D, Anderson ME, Tegtmeyer P, Mann K (1995) Role of
cysteine residues in regulation of p53 function. Mol Cell Biol 15: 3892–3903.
Rebelo J, Auerbach G, Bader G, Bracher A, Nar H, et al. (2003) Biosynthesis of
pteridines. Reaction mechanism of GTP cyclohydrolase I. J Mol Biol 326:
503–516.

PLoS Biology | www.plosbiology.org

1736

November 2004 | Volume 2 | Issue 11 | e333

Thiol Modifications Visualized In Vivo
Schirch V, Hopkins S, Villar E, Angelaccio S (1985) Serine hydroxymethyltransferase from Escherichia coli: Puriﬁcation and properties. J Bacteriol 163:
1–7.
Tame JR, Dodson EJ, Murshudov G, Higgins CF, Wilkinson AJ (1995) The crystal
structures of the oligopeptide-binding protein OppA complexed with
tripeptide and tetrapeptide ligands. Structure 3: 1395–1406.
Varghese S, Tang Y, Imlay JA (2003) Contrasting sensitivities of Escherichia coli
aconitases A and B to oxidation and iron depletion. J Bacteriol 185: 221–
230.
Wagner T, Shumilin IA, Bauerle R, Kretsinger RH (2000) Structure of 3-deoxyd-arabino-heptulosonate-7-phosphate synthase from Escherichia coli: Comparison of the Mn(2þ)*2-phosphoglycolate and the Pb(2þ)*2-phosphoenolpyruvate complexes and implications for catalysis. J Mol Biol 301: 389–399.

PLoS Biology | www.plosbiology.org

Watson WH, Jones DP (2003) Oxidation of nuclear thioredoxin during
oxidative stress. FEBS Lett 543: 144–147.
Yamazaki D, Motohashi K, Kasama T, Hara Y, Hisabori T (2004) Target proteins
of the cytosolic thioredoxins in Arabidopsis thaliana. Plant Cell Physiol 45: 18–
27.
Yano H, Wong JH, Lee YM, Cho MJ, Buchanan BB (2001) A strategy for the
identiﬁcation of proteins targeted by thioredoxin. Proc Natl Acad Sci U S A
98: 4794–4799.
Zheng M, Aslund F, Storz G (1998) Activation of the OxyR transcription factor
by reversible disulﬁde bond formation. Science 279: 1718–1721.
Zhou ZS, Peariso K, Penner-Hahn JE, Matthews RG (1999) Identiﬁcation of the
zinc ligands in cobalamin-independent methionine synthase (MetE) from
Escherichia coli. Biochemistry 38: 15915–15926.

1737

November 2004 | Volume 2 | Issue 11 | e333

