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Redox Proteomics Uncovers Peroxynitrite-sensitive Proteins
That Help Escherichia coli to Overcome Nitrosative Stress™
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(Background: Oxidative thiol modifications are thought to be one of the major effects of peroxynitrite on proteins.
Results: Quantitative redox proteomics identified proteins thiol-modified by peroxynitrite, and cells lacking these proteins

Conclusion: Thiol modifications caused by peroxynitrite in Escherichia coli are highly specific for a small number of selected

Significance: Thiol modifications regulate the activity of proteins under peroxynitrite stress.
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Peroxynitrite is a highly reactive chemical species with anti-
bacterial properties that are synthesized in immune cells. In a
proteomic approach, we identified specific target proteins of
peroxynitrite-induced modifications in Escherichia coli.
Although peroxynitrite caused a fairly indiscriminate nitration
of tyrosine residues, reversible modifications of protein thiols
were highly specific. We used a quantitative redox proteomic
method based on isotope-coded affinity tag chemistry and iden-
tified four proteins consistently thiol-modified in cells treated
with peroxynitrite as follows: AsnB, FrmA, MaeB, and RidA. All
four were required for peroxynitrite stress tolerance in vivo.
Three of the identified proteins were modified at highly con-
served cysteines, and MaeB and FrmA are known to be directly
involved in the oxidative and nitrosative stress response in
E. coli. In in vitro studies, we could show that the activity of
RidA, a recently discovered enamine/imine deaminase, is regu-
lated in a specific manner by the modification of its single con-
served cysteine. Mutation of this cysteine 107 to serine gener-
ated a constitutively active protein that was not susceptible to
peroxynitrite.

Oxidative and nitrosative stress, caused by increased levels of
reactive oxygen and nitrogen species (ROS* and RNS), leads to
cellular damage and is considered to be a major factor in many
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pathologies. The response of cells to oxidative and nitrosative
stressors such as hydrogen peroxide, superoxide, and nitric
oxide has been extensively studied in the past, and much of our
knowledge about the mechanisms of these responses has been
discovered in model organisms such as Escherichia coli (1-3).
As more of these studies were conducted, it became apparent
that ROS and RNS do not only have damaging effects on the cell
but also play roles in cellular signaling and regulation. Thus, the
concept of “redox regulation” emerged. Many of the regulatory
mechanisms discovered are mediated through proteins that
have redox-sensitive cysteines (4). Cysteine is predestined as a
sensor of redox changes in the cellular environment, because its
thiol group cannot only be modified easily through oxidation
but several of these modifications, including sulfenic acids, dis-
ulfides, thiolations, and nitrosylations, are reversible in vivo as
well. This led to a paradigmatic model; a redox-regulated pro-
tein typically contains one or several redox-sensing cysteines,
which are in the free thiol state in the reducing environment of
the cytosol. When the cell encounters exogenous or endoge-
nous oxidative and/or nitrosative stress, the redox-sensitive
cysteine(s) become oxidized, which leads to a change in protein
structure, frequently inactivating the protein in question but
sometimes activating a function that is required under the
redox stress conditions encountered by the cell. Redox-regu-
lated proteins include metabolic enzymes, regulators, kinases,
chaperones, and other key players in cellular signaling (1, 5-7).
Once the cell has overcome the redox stress, cellular systems
such as the glutaredoxin or thioredoxin system reduce the
redox-sensing cysteines and return the protein’s activity back to
“normal.” This regulation is typically highly specific, and pro-
teins have been shown to be oxidized exclusively by selected
nitrosative or oxidative agents (8, 9). Even very strong oxidants
such as hydrogen peroxide, which, given its high redox poten-
tial of +1349 mV (10), should be capable of oxidizing virtually
every thiol in a cell, only have relatively few specific targets in
the cell. This selectivity can be explained by the fact that thiol-
redox reactions are governed much more by kinetic constraints
than by thermodynamics.

VOLUME 288+NUMBER 27-JULY 5,2013



TABLE 1
Overview of E. coli strains used in this study

Peroxynitrite-sensitive Proteins in E. coli

Donor strains were obtained from the Keio collection at the National BioResource Project (National Institute of Genomics, Japan) (17).

E. coli strain Genotype

Source/donor strain for P1 transduction

MG1655 F~ A ilvG™ rfb-50 rph-1 ATCC strain 700926, American Type Culture Collection/—
BL21 (DE3) F~ ompT ™ gal™ dem™ lon™ hsdSB (ry;~ my~ )A (DE3 (lacl Stratagene, Santa Clara, CA/—
lacUV5-T7 gene 1 ind1 sam7 nin5))
CL043 MG1655 asnB:Kan This work/E. coli JW0660
CL044 MG1655 frmA::Kan This work/E. coli JW0347
CL045 MG1655 maeB::Kan This work/E. coli W 2447
CL046 MG1655 ridA:Kan This work/E. coli JW5755
CL048 BL21 (DE3) ridA::Kan This work/E. coli JW5755
CL053 BL21 (DE3) pCLO01 (ridA in pET11-a) This work/—
CLO054 CL048 pCL002 (ridA Cys-107Ser in pET11-a) This work/—

To expand our knowledge of cysteines affected by oxidative
and nitrosative stressors, we looked in this study at the effects of
peroxynitrite (ONOQO™) on E. coli. ONOO™ is a highly reactive
species with antibacterial properties that can be synthesized in
high concentrations (up to 1 mM min™") by immune cells (11).
Immune cells release this RNS upon contact with invading
microorganisms. Peroxynitrite is the product of the recombi-
nation of the reactive oxygen species superoxide anion (O5) and
the reactive nitrogen species nitric oxide (NO’) and seems to be
more potent than the single species by themselves (12). Some of
its molecular effects are known as follows: peroxynitrite causes
damage to lipids, DNA, and proteins. In other organisms, it has
been shown that proteins are modified through tyrosine nitra-
tion and that thiol modifications are another source of protein
damage and/or regulation by peroxynitrite (13). In a recent
study in E. coli, the effect of ONOO™ on the transcriptome was
examined (14). Interestingly, typical oxidative stress response
genes were up-regulated, although genes involved in a nitrosa-
tive stress response were largely unaffected. In our study, we
particularly examined oxidative and nitrosative modifications
of E. coli proteins under peroxynitrite stress conditions.
Although tyrosine nitration can be detected in a major part of
E. coli proteins visible on a protein gel, our detailed mass spec-
trometry-based analysis of modified cysteines revealed that
only a small subset of E. coli proteins is modified at cysteine
residues in vivo. These proteins were AsnB, FrmA, MaeB, and
RidA. Interestingly, all four proteins had positive effects on the
growth of E. coli under peroxynitrite stress conditions. We
studied the implications of the thiol modifications in the pro-
tein RidA in more detail. RidA was recently discovered to act as
enamine/imine deaminase (15) and has not yet been implicated
in nitrosative stress. It contains a single cysteine (Cys-107) that
is conserved in many species. We show that this protein is spe-
cifically affected by RNS. RidA is an enzyme that accelerates the
formation of 2-ketobutyrate from threonine catalyzed by the
threonine deaminase IlvA. In in vitro experiments, we could
show that Cys-107 of RidA has a regulatory function, is specif-
ically modified by nitrosative stressors, and its oxidation inhib-
its its catalytic activity. However, Cys-107 is not directly
involved in the catalytic function of RidA, and a mutation to
serine results in a fully active but “redox-dead” enzyme.

EXPERIMENTAL PROCEDURES

Cell Growth and Maintenance—E. coli strains (Table 1) were
grown on LB plates for routine maintenance and in liquid
MOPS minimal media (16) supplemented with 10 um thiamine
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at 37 °C and 125 rpm in a water bath for physiological stress
experiments. MOPS minimal media were buffered at pH 7.4.
Cell density was monitored spectrophotometrically at 600 nm.
When an ODg, of ~0.4 was reached, the culture was split into
subcultures of 20 ml, and peroxynitrite was added to the sub-
cultures to a final concentration between 500 uM and 3 mm.
Because of the instability of peroxynitrite, the concentration of
the commercially available peroxynitrite stock solution in 0.3 M
NaOH (Cayman, Ann Arbor, MI) was determined spectropho-
tometrically immediately before the experiment using the
extinction coefficient of €5, = 1670 M~ ' cm™'. Volumes of
ONOO stock added to the culture did not exceed 2.5% (v/v),
and the identical volume of 0.3 M NaOH was used as vehicle
control in experiments.

Preparation of Deletion Strains—The deletion strains CL043
to CL046 and CL048 (see Table 1) were obtained by P1 trans-
duction of gene knock-outs from the Keio Collection from the
National BioResource Project (National Institute of Genomics,
Japan) (17) into E. coli K12 MG1655 and BL21(DE3). The P1
transduction procedure was performed as described elsewhere
(18). The successful transduction of the gene knock-out of
interest was verified by PCR with both strain-specific primers
(Table 2) and kanamycin resistance cassette-specific primers as
described (17). The Lac phenotype, which distinguishes donor
and recipient strain, was tested on MacConkey agar.

Detection of Nitrotyrosine by Western Blot—E. coli MG1655
was stressed with 1, 2, or 3 mm peroxynitrite, and 0.3 M NaOH
was used as a vehicle control. Immediately before and 5, 16, and
60 min after stress treatment, 1-ml aliquots were harvested by
centrifugation (16,100 X g, 4 °C, 2 min) and washed twice with
1 ml of ice-cold 2X phosphate-buffered saline (PBS), pH 7.4.
The 2X PBS buffer was prepared by a 1:5 dilution of 10X PBS
stock (137 mM sodium chloride, 2.7 mm potassium chloride, 10
mM disodium hydrogen phosphate, and 1.8 mMm potassium
dihydrogen phosphate). The cell pellets were resuspended in
ice-cold 2X PBS in a volume that was adjusted to the OD,, (80
plat an ODg,, of 0.4). The samples were lysed in 1 X NuPAGE
SDS sample buffer and 1 X NuPAGE reducing agent at 95 °C for
10 min. Additionally, the samples were sonicated in a
VialTweeter sonicator (Hielscher Ultrasonics, Teltow, Ger-
many) for 15 sata cycle of 0.5 s at an amplitude of 100% to shear
DNA. Of each sample, 15 ul were applied to an SDS-PAGE
4-12% BisTris polyacrylamide gel (Invitrogen). As control, 10
plofal pg/ul nitrotyrosine/BSA solution (Sigma) was applied.
The electrophoresis was performed under reducing conditions
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TABLE 2

Primers used to verify the successful knock-out of genes in strains
used in this study

Gene Primer Sequence (5" —3')
asnB U_asnB GGATTCGAACCTGTGACCC
D_asnB CCAGCTGGATTTACCCGTC
Internal asnB to U GCAGCAGGTTTCTGATCAGC
Internal asnB to D GCTGATCAGAAACCTGCTGC
frmA U_frmA CCTGATCAACCATGATTTCCG
D_frmA CCAGTACTCCGGAAGAGAAG
Internal frmA to U CACGCATACCATGAGCCTG
Internal frmA to D CAAATGCAACGGCAGCACG
maeB U_maeB GTTAGCGTCATAATGCCAATTG
D_maeB CGAATTCCTTCCCAGGTCG
Internal maeB to U GATCAGGATCTGAGCTTTGG
Internal maeB to D CCAAAGCTCAGATCCTGATC
ridA U_ridA CGTTAAGCTATTTCCCGTGGC
D_ridA GCACGGTAATTGACCATATCC
Internal ridA to U GGTCAGATCCCGGTAAATCC
Internal ridA to D GGATTTACCGGGATCTGACC

according to the protocol provided by the manufacturer. Pro-
teins were transferred to a nitrocellulose membrane using the
iBlot Gel Transfer System (Invitrogen). Subsequently, the
nitrotyrosine antigen was detected with monoclonal rabbit
anti-nitrotyrosine antibodies (Sigma) diluted 1:1000 in 2% milk
powder in 1 X TBS and a secondary goat anti-rabbit IgG horse
radish peroxidase conjugate (Bio-Rad) diluted 1:2000 in 2%
milk powder in 1X TBS.

NOxICAT Labeling of Protein Extracts—The quantification
of the thiol redox proteome was performed according to the
recently described NOxICAT method (19). Briefly, the
NOXICAT method selectively labels reduced cysteines in a
complex sample with light ICAT reagent (20) and reversibly
oxidized cysteines with heavy ICAT under low oxygen
conditions.

Bacterial cultures grown in MOPS minimal medium were
exposed to 1 and 3 mMm peroxynitrite for 16 and 60 min in the
medium. MOPS minimal medium is buffered at pH 7.4. Initial
steps of the sample preparation were carried out under low light
conditions, due to the known UV sensitivity of S-nitrosylated
proteins. To prevent artifactual thiol oxidation, samples were
harvested in argon-flushed containers, and buffers used were
equilibrated in small volumes (5 ml) for at least 4 h in an anaer-
obic chamber (Coy Labs, Ann Arbor, MI) prior to use. For each
sample, 2 ml of cell culture were harvested by centrifugation
(16,100 X g, 2 min, 4 °C) and washed twice with ice-cold anaer-
obic 2X PBS. The 2X PBS buffer was prepared by 1:5 dilution of
10X PBS stock (137 mm sodium chloride, 2.7 mm potassium
chloride, 10 mm disodium hydrogen phosphate, and 1.8 mm
potassium dihydrogen phosphate). The cell pellet was then
resuspended in an anaerobic mixture of 80 ul of denaturing
alkylation buffer (6 m urea, 0.5% (w/v) SDS, 10 mm EDTA, 200
mwm Tris-HCI, pH 8.5) and the content of one vial of cleavable
light ICAT reagent (AB Sciex, Framingham, MA) dissolved in
20 wl of acetonitrile (ACN). Cells were disrupted in this alkyla-
tion mix by sonication in a pre-chilled (4 °C) VialTweeter
instrument (Hielscher Ultrasonics, Teltow, Germany) with a
cycle of 0.5 s at an amplitude of 90% three times for 1 min
interrupted by a 1-min incubation on ice. The sample was then
briefly spun down (30's, 4 °C, 16,100 X g) and incubated at 1300
rpm for 2 h at 37 °C in the dark in a thermomixer (Eppendorf,
Hamburg, Germany).
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Proteins were precipitated by adding 400 ul of pre-chilled
(—20°C) acetone and incubated overnight at —20 °C. After
centrifugation (16,100 X g, 4 °C, 60 min), the protein pellet was
washed twice by rinsing with 400 ul of pre-chilled acetone
(—20°C). Subsequently, the protein pellet was dried and then
dissolved in a mixture of 80 ul of denaturing alkylation buffer, 2
ul of 50 mm tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) as a thiol-reducing agent, and the contents of one vial of
cleavable heavy ICAT dissolved in 20 ul of ACN. The sample
was incubated at 1300 rpm in a thermomixer for 2 h at 37 °C.
After incubation, proteins were precipitated with 400 ul of
prechilled acetone and stored for 4 h at —20 °C. After centrifu-
gation (16,100 X g, 4 °C, 60 min), the protein pellet was washed
and dried as described above. The resulting pellet was dissolved
in 80 ul of denaturing buffer from the ICAT methods develop-
ment kit and 20 ul of ACN. The sample was mixed with 100 ul
of 0.125 pg/ul trypsin solution (Invitrogen) and incubated
12-16 h at 37 °C without shaking. The ICAT-labeled peptides
were purified by cation exchange and avidin affinity with mate-
rials provided with the ICAT methods development kit accord-
ing to the manufacturer’s instructions. The eluate was concen-
trated to dryness in a vacuum centrifuge and re-dissolved in 5%
triisopropylsilane in trifluoroacetic acid (TFA) and incubated
for 2 h at 37 °C and 300 rpm. Subsequently, the samples were
concentrated to dryness in a vacuum centrifuge.

LC-MS/MS Analysis of Complex Samples—LC-MS/MS
experiments of at least four biologically independent replicates
were performed. The vehicle control and 16-min time point
were both repeated four times. The LC-MS/MS data files asso-
ciated with this manuscript may be downloaded from Pro-
teomeCommons.org Tranche using the following hash:
ZTgDWKANYpkMpwyAh7eoFbGOXKKkEnVUGYBHR3O8A -
EqCtbcCQSjwkGiBcNdTJM0eq6Ct7r/QayY/DBHRXiVWe9-
O9N2vcAAAAAAAACBQ==.

Briefly, NOxICAT-labeled peptides were separated by
reverse phase nano-LC and detected by MS/MS with Fourier
transform mass spectrometry in an LTQ Orbitrap instrument
(Thermo Fisher Scientific, Waltham, MA). Identification and
quantification were performed with Mascot (version 2.2.0,
MatrixScience, London, UK) against the EcoProt database (21)
and MSQuant version 1.4.3 (22).

For LC-MS/MS analysis, the samples were re-dissolved in 40
wl of 0.1% TFA. LC of 15 ul of the peptide sample was per-
formed using an HP Ultimate 3000 system (Dionex, Sunnyvale,
CA) equipped with a column oven (60 °C), a variable wave-
length UV detector (214 nm), and a loading pump and micro
pump system. For enrichment and desalting, the samples were
first loaded onto a 300-um X 5-mm Acclaim PepMap100 C18
micro-precolumn with 3-um particle size (Dionex). The load-
ing and washing steps were performed by the loading pump
system, with a mixture of 95% solvent A (0.1% TFA) and 5%
solvent B (0.1% TFA, 50% ACN (v/v)) at a flow rate of 30 ul/min
for 10 min. The pre-column was then connected to a 75-pum X
25-cm Acclaim PepMap 100 C18, 3 wm, 100-A column
(Dionex), where the peptide sample was loaded with 95% sol-
vent A (0.1% formic acid (v/v)) and 5% solvent B (0.1% formic
acid, 84% ACN) at a flow rate of 0.400 ul/min by the micro
pump system. Peptides were eluted with a linear gradient of 5%
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B to 40% B over 120 min at a flow rate of 0.400 ul/min. Mass
spectra were obtained on line by an LTQ Orbitrap XL and an
LTQ Orbitrap Velos instrument (Thermo Fisher Scientific,
Waltham, MA). Fourier transform mass spectrometry was per-
formed in a mass/charge range of 300 —2000 with a resolution of
30,000 (LTQ Orbitrap XL) or 60,000 (LTQ Orbitrap Velos).
The 6 or 20 most intense peaks (LTQ Orbitrap XL or LTQ
Orbitrap Velos, respectively, minimal signal intensity 1500,
charge range +2 to +4) in each MS spectrum were selected for
MS/MS fragmentation (collision energy 35 V) in collision-in-
duced dissociation mode. The exclusion list size was set to 500,
with an exclusion duration time of 35.00 s.

Data Analysis-Protein Quantification Using MSQuant—For
quantifying the redox state of thiol groups, the LC-MS/MS data
were evaluated by MSQuant version 1.4.3 (8, 22). MSQuant
allows visualization and validation of peptide identification
results of the mass spectrometry data and supports relative pro-
tein quantification based on ICAT. To be able to use the
MSQuant software version 1.4.3 in our context, we additionally
installed the following programs: Internet Explorer version 6.0
(Microsoft Corp., Redmond, WA), Xcalibur version 2.0.7,
BioWorks Browser 3.3 (both Thermo Fisher Scientific), and
DTASuperCharge version 1.17 (22). The data analysis was
divided into three steps.

Data Analysis Step 1. File Conversion by DTASuperCharge
Version 1.17—In the first processing step, DTASuperCharge
software extracted the peak list from the raw data file and con-
verted it into an .mgf file (mascot generic file). The chosen
parameters in DTA processing were “N-2 if phosphorylation
loss” for precursor mass determination with a precursor toler-
ance of 0.01 and a bad precursor cutoff at 15 Da. Furthermore,
the box “use charge state from DTA file” was checked.

Data Analysis Step 2. Protein/Peptide Identification with
Mascot and Construction of .html Result File—Protein/peptide
identification was accomplished using the Mascot search
engine (version 2.2.0, Matrix Science, London, UK). Each
MS/MS spectrum was searched against an E. coli-specific decoy
database based on the EcoProt database (21). The following
parameters were used for the Mascot search. Trypsin specificity
was selected with one potentially missed cleavage; Light ICAT,
Heavy ICAT, and Oxidation (M) were chosen as variable mod-
ifications. Furthermore, only MS/MS spectra from peptides
with a charge from +1 to +4 were used for identification. We
used a peptide tolerance of =15 ppm and a MS/MS tolerance of
+0.4 Da. To generate an .html result file for use in MSQuant,
the mascot search result was converted to “peptide summary”
with the following parameters: significance threshold p < 0.05,
the “max number of hits” was cut below 5% false discovery rate,
and the ions score cutoff was set to 15. The boxes “show pop-
ups,” “MudPit scoring,” and “require bold red” were checked.
The generated peptide summary was saved as “webpage, com-
plete” .html file with Internet Explorer 6.0.

Data Analysis Step 3. Quantification with MSQuant Software—
After adding the .html result file and the corresponding .RAW
file to MSQuant, both files were “associated.” Before starting
the MSQuant workflow, the parameters for correlation settings
and options were set according to supplemental Table 1. The
protein list created by MSQuant was quantified using the
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MSQuant quantification mode. All quantitations were manu-
ally verified, and for further quantitation, values in ratio heavy
ICAT/light ICAT below 0.01 were set to 0.01. Peptides were
selected as candidate peptide if a difference in the fold change of
>4 in the peroxynitrite-treated sample compared with both
control samples (untreated control and vehicle control) was
observed in all biological replicates. The statistical significance
was additionally determined using Student’s ¢ test with the
TTEST function of Excel for Mac 2011 version 14.2.5 with the
following parameters: tails 2 and type 3 (Microsoft Corp., Red-
mond, WA).

Cloning and Mutagenesis of RidA—The RidA gene was
amplified from genomic DNA by PCR with the primers ridA
for (5'-CATCATATGAGCAAAACTATCGC-3’) and ridA_
rev (5'-GGAGGATCCTTCTTAGCGACGA-3’). The PCR
product was cloned into pET11a (Stratagene, Santa Clara, CA)
using the Ndel and BamHI restriction sites, generating pCLOO1.
The C107S mutant was created from pCL001 by QuikChange
mutagenesis, using the mutagenic primers C107S_for (5'-
TTCCCGGCACGTTCTTCCGTTGAAGTTGCC-3") and
C107S_rev (5'-GGCAACTTCAACGGAAGAACGTGCCGG-
GAA-3'), yielding the mutagenized plasmid pCL002.

Overexpression of RidA—For overexpression, E. coli BL21
CLO053 cells, carrying pCLO001, and E. coli CL054 cells, carrying
pCL002, were grown overnight without shaking in five flasks,
each containing 1 liter of LB media with 200 mg/liter ampicillin.
The next morning, the cultures were grown shaking at 125 rpm
until an OD,,, of 0.5 was reached. Protein expression was
induced by addition of 1 mm isopropyl 1-thio-B-p-galactopy-
ranoside to the cell culture. E. coli cells were harvested 5 h later
by centrifugation at 2000 X g and at 4 °C for 30 min.

Purification of RidA—The cell pellet was washed once with
40 ml of cold low salt buffer (40 mm HEPES-KOH, pH 7.5, 40
mwm KCl, 2 mm DTT) and resuspended in a mixture of 100 ml of
ice-cold low salt buffer and 2 ml of EDTA-free protease inhib-
itor mixture (Roche Applied Science). Cells were lysed by pass-
ing the cell suspension three times through a TS 0.75 constant
cell disruption system at 1.8 kbar and 4 °C (Constant Systems
Ltd., Daventry, UK) followed by the addition of 2 ml of Protease
Inhibitor Mixture and PMSF to a final concentration of 1 mm.
The cell lysate was centrifuged at 6700 X gand 4 °C for 1 h. The
supernatant was separated from the pellet and vacuum filtered
through a 0.2-um filter. The filtrate was loaded onto a four
times 5-ml HiTrap Q FF column (GE Healthcare) pre-equili-
brated with low salt buffer. Subsequently, 150 ml of low salt
buffer were applied to the column. The flow-through, contain-
ing RidA, was concentrated to 5 ml by using a Vivaspin 20 PES,
MWCO 5000 concentrator system (Sartorius Stedim Biotech,
Gottingen, Germany). The protein solution was loaded onto a
size exclusion Superdex 75 26/60 column (GE Healthcare), pre-
equilibrated with 40 mm potassium phosphate buffer, pH 7.5,
200 mMm potassium chloride, 2 mm DTT, running on an AKTA
purifier FPLC system (GE Healthcare). Fractions containing
purified RidA were combined and concentrated using the
Vivaspin 20 concentrator system. RidA aliquots were stored at
—80°C.
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In Vitro Treatment of RidA with Oxidative and Nitrosative
Stressors—For treatment of Rid A with oxidative and nitrosative
stressors, the storage buffer of purified RidA was replaced by
100 mMm potassium phosphate buffer, pH 7.3, containing no
reducing agent using a V-membrane Vivaspin 20 concentrator
system. RidA (70 um) was incubated with nitrosative and oxi-
dative stressors at 37 °C and 300 rpm in a thermomixer at molar
ratios of 1:1 and 1:10. Incubation times varied depending on the
stressor (peroxynitrite, 5 min; diamide and hydrogen peroxide,
20 min; and S-nitrosylated glutathione, 30 min). The oxidative
and nitrosative stressors were removed by NAP5-Sephadex
G-25 columns (GE Healthcare) equilibrated with 100 mm
potassium phosphate buffer, pH 7.3. Protein concentration was
determined spectrophotometrically using an extinction coeffi-
cient of €,5, = 2980 M~ cm ™" for the monomer of RidA, cal-
culated by the ProtParam web tool (23). Reduction with ascor-
bate was performed at 37 °C and 300 rpm in the presence of 1
mM ascorbate for 2 h.

Analytical Gel Filtration—Analytical gel filtration was car-
ried out in 50 mM phosphate buffer, 0.15 M sodium chloride, pH
7.0, on a Superdex 75 10/300 GL column connected to an
AKTA purifier FPLC system. The column was calibrated with a
commercially available mix containing 3 mg:ml~" conalbumin
(75 kDa), 3 mg'ml ™' carbonic anhydrase (29 kDa), 3 mg-ml ™"
ribonuclease (13.7 kDa), 3 mg'ml ™! aprotinin (6.5 kDa), and 4
mg-ml~ ' ovalbumin (44 kDa) (GE Healthcare). Of each sample,
100 wl were loaded onto the column, and the separation was
performed at a flow rate of 0.5 ml'min .

Ellman’s Assay to Determine Free Thiols in RidA—Protein
samples in 100 mM potassium phosphate buffer, pH 7.3, and 1
mM EDTA were analyzed in a 3.5-ml QS-macro cuvette (10
mm) (Hellma Analytics, Miillheim, Germany) equipped with a
magnetic stir bar in a temperature-controlled Jasco V-550 spec-
trophotometer at 20 °C (Jasco, Tokyo, Japan). 5,5'-Dithiobis-2-
nitrobenzoic acid (Ellman’s reagent) was added to a final con-
centration of 150 um, and the absorption at 412 nm was
monitored until no further increase in absorption was detect-
able. Free thiols were determined using the extinction coeffi-
cient of 2-nitro-5-thiobenzoate of €,,, = 14,150 M~ ":cm ™" (24).

Ellman’s Assay in Crude Extracts—5 ml of cells in MOPS
minimal medium, treated 16 min with 1 mm diamide, 1 mMm
GSNO, and 1 mMm peroxynitrite were washed twice and resus-
pended in 1 ml of 2X PBS. Cells were lysed by sonication as
described. Crude extract (500 wl) was diluted with 500 ul of 2X
PBS, and 100 ul of 15 mm 5,5'-dithiobis-2-nitrobenzoic acid
(Ellman’s reagent) solution was added. The absorption at 412
nm was monitored in a temperature-controlled Jasco V-550
spectrophotometer at 25 °C (Jasco, Tokyo, Japan) for all sam-
ples, including the control (untreated cells) in parallel kinetics
mode, until the absorption reached a constant level. A,;, of the
control was set to 100%, and the A, of the other samples was
expressed as percentage of the control.

SDS-Gel Electrophoresis—Samples of RidA were incubated
with 10 mM iodoacetamide in 0.1 M potassium phosphate
buffer, pH 7.3, to avoid changes in the redox state of Cys-107
through air oxidation. The modified protein was then mixed
with the appropriate volume of 5X SDS loading buffer (10%
SDS, 50% glycerol, 300 mm Tris, pH 7.0, 0.05% bromphenol
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blue). Reducing buffer additionally contained 25% 2-mercapto-
ethanol. Samples were incubated for 10 min at 95 °C and then
separated on a NuPAGE 4-12% BisTris SDS gel (Invitrogen).
Gels were stained using Coomassie Brilliant Blue as described
previously (25).

Isoelectric Focusing (IEF) Gel Electrophoresis—IEF separation
was performed on a Novex IEF gel, pH 3-7 (Invitrogen). RidA
samples were mixed with the appropriate amount of 2X IEF
sample buffer, pH 3-7 (Invitrogen). Of each sample, 15 ul was
loaded onto the gel. Electrophoresis was performed according
to the manufacturer’s instructions.

Mass Spectrometry of Full-length RidA—RidA was treated
with peroxynitrite and GSNO as described. Stressors were
removed by ZipTip C18 micro columns (Millipore, Billerica,
MA) according to the instruction manual. RidA was eluted
from the ZipTips with 0.1% trifluoroacetic acid and 70% aceto-
nitrile. The sample was concentrated to dryness in a vacuum
centrifuge and re-dissolved in 50 ul 0.1% formic acid. The pro-
tein sample was analyzed with an LTQ Orbitrap Velos system
(Thermo Fisher Scientific, Waltham, MA) in positive ion mode
directly injecting the sample into the mass spectrometer using a
metal needle at a source voltage of 1.60 kV and a source current
of 0.48 pA.

Threonine Deaminase Assay—RidA and RidA C107S were
treated with different stressors as described. The threonine
deaminase assay was performed as described elsewhere (15).
Product formation was monitored in at least three independent
experiments spectrophotometrically at 230 nm in a 3.5-ml QS-
macrocuvette (10 mm) equipped with a magnetic stir bar in a
temperature-controlled Jasco V-550 spectrophotometer at
20 °C. RidA or RidA C107S at a concentration of 1.8 um, 0.9 um
IlvA, and 20 um pyridoxal phosphate in 1X reaction buffer (50
mM MES, 50 mm HEPES, 50 mm TAPS, pH 7.5) were stirred in
the cuvette, and the background absorption of this solution was
measured for a short time (<1 min) at 230 nm. To start the
reaction, threonine was added to a final concentration of 10
mM, and the formation of 2-ketobutyrate was followed for 300s.
The statistical significance in differences in activity was deter-
mined using Student’s ¢ test with the TTEST function of Excel
for Mac 2011, version 14.2.5, with the following parameters:
tails, 2, and type 2 (Microsoft Corp.).

RidA Abundance and Steady State—For RidA abundance
and steady state analysis, 1 ml of bacterial culture was harvested
at an OD of 0.4 (5 min, 4 °C, 16,100 X g) and the supernatant
discarded. The cell pellet was resuspended in 40 ul of TE buffer,
pH 8.0 (10 mm Tris, 1 mm EDTA), and cell disruption was car-
ried out by sonication as described. After a short centrifugation
step, 10 ul of reducing SDS loading buffer was added to the
sample, and the sample was heated for 10 min at 95 °C. Of the
sample, 10 pl (corresponding to 10® cells) were loaded on a
4-12% BisTris SDS gel. Purified RidA (10 ul) with known
amounts of 0.01 to 66 ng were loaded onto the same SDS gel for
calibration purposes. After SDS-PAGE separation, proteins
were transferred to a nitrocellulose membrane using the iBlot
Gel Transfer System (Invitrogen). Subsequently the membrane
was incubated in a specific polyclonal rabbit anti-RidA anti-
body diluted 1:2000 in 2% milk powder in 1X TBS. The anti-
RidA antibody was detected by the secondary IRDye 680LT
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goat anti-rabbit IgG (H+L) (Li-COR Biosciences, Bad Hom-
burg, Germany) diluted 1:5000 in 2% milk powder in 1X TBS.
RidA bands were visualized in the Odyssey Infrared Imaging
System (Li-COR Biosciences).

RidA Stability—Cell cultures were treated with chloram-
phenicol (final concentration 200 ug/ml) to inhibit de novo pro-
tein synthesis. Aliquots of 1 ml were harvested at the indicated
time points from peroxynitrite-stressed and untreated cultures
and immediately frozen in liquid nitrogen until they could be
further processed. The aliquots were thawed on ice, and cells
were pelleted at 4 °C for 5 min at 16,100 X g. The cells were
resuspended in 40 ul of TE buffer, pH 8.0, and lysed by sonica-
tion as described. RidA was detected via Western blot as
described.

Quantification of RidA Abundance—The abundance of RidA
was determined in quantitatively scanned Western blots by
measuring the integrated density in selections of the bands
24 X 21 pixels in size using the Analysis tool in Photoshop CS5
extended (Adobe Systems Inc., San Jose, CA). A selection of
identical size in an empty lane served as background and was
subtracted from the values of the individual bands. The densi-
ties of the signals derived from purified RidA were plotted
against the known quantity of RidA in those bands. These val-
ues were used as input in the GROWTH function of Excel for
Mac 2011 version 14.2.5 to calculate the amount of RidA from
the density detected in the neighboring cell lysates bands. The
average from three experiments was used to calculate the mol-
ecules per cell and the effective molarity of RidA in the medium.

Western Blot-based Detection of Protein Glutathionylation
and Sulfenylation—Sample harvest was carried out as de-
scribed, and glutathionylation was detected on nonreducing
and reducing SDS-polyacrylamide gels using commercially
available anti-glutathione monoclonal antibodies (Virogen,
Watertown, MA) at a dilution of 1:1000 in 2% milk powder in
1X TBS as described. Nonreduced and reduced glutathione/
ovalbumin (Biotrend, Cologne, Germany) with a concentration
of 0.2 ug/ul served as control. Similarly, sulfenylation was
detected with commercially available anti-cysteine sulfenic
acid polyclonal antibodies (Millipore, Temecula, CA) diluted
1:5000 in 2% milk powder in 1X TBS. Hydrogen peroxide-
treated GAPDH served as a control.

RESULTS

Peroxynitrite Affects E. coli Growth in a Dose-dependent
Manner—To get an idea about the influence of peroxynitrite on
E. coli growth, we added increasing amounts of ONOO™ (500
UM to 3 mM) to an exponentially growing cell culture in MOPS
minimal medium (16). Upon addition of 1 mm or more per-
oxynitrite, the cells immediately ceased growth. The length of
the growth arrest increased with the quantity of peroxynitrite
added. To test if peroxynitrite is bactericidal under these con-
ditions, we checked cell survival. The number of viable cells
remained constant in cultures treated with concentrations of
up to 2 mym; a concentration of 3 mm eventually led to cell death
(Fig. 1). After a lag phase, the cultures resumed growth at a rate
comparable with growth before treatment, indicating that
E. coli can overcome peroxynitrite stress even at fairly high con-
centrations (Fig. 1).
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FIGURE 1. Growth and survival of E. coli wild type cells under different
peroxynitrite concentrations (500 um to 3 mm). A, E. coli MG1655 wild type
was grown at 37 °C in MOPS medium to an ODg,, of about 0.4. Then the
culture was split into five subcultures. The subcultures were stressed with
different peroxynitrite concentrations as follows: unstressed control (H); 500
M (O); 1 mm (A), 2 mm (O); 3 mm (). B, E. coli MG1655 wild type was treated
for 16 min with different concentrations of peroxynitrite. Untreated cells and
cells treated with an identical volume of 0.3 m NaOH served as (vehicle) con-
trol. Cells were diluted and plated onto LB agar plates.

Peroxynitrite Nitrosates Tyrosine Residues in E. coli Proteins—
To analyze the molecular cause of the growth stop, we focused
on specific protein modifications. Peroxynitrite is known to tar-
get side chains of tyrosines in proteins (26). The exposure of
protein tyrosines to ONOO ™~ leads to the formation of 3-nitro-
tyrosine. We used antibodies specific to 3-nitrotyrosine to
detect these modifications in Western blots. Proteins in E. coli
showed varying amounts of tyrosine nitration in a dose-depen-
dent manner. Based on the blots, we did not detect a specificity
for selected proteins (Fig. 2). It seems that nitrotyrosine forma-
tion, an irreversible modification, indiscriminately damages
proteins. This damaging effect seems to be instantaneous (even
after 5 min the modification was complete and no further
increase was observed) and could be one of the molecular rea-
sons of the observed growth arrest.

A Thiol-based Redox Proteomics Approach to Quantify the
Oxidation of E. coli Proteins—An emerging mechanism of the
regulation of protein activity under oxidative and nitrosative
stress conditions is regulation by reversible thiol modification.
Recently, we have developed a proteomic approach to identify
and quantify these modifications (8). This approach is based on
the differential modification of reduced and oxidized thiols in a
complex protein sample with the isotopically different but
chemically identical **C (light) and '>C (heavy) forms of the
ICAT reagent (8). It allows for the quantification of the ratio of
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the reduced and oxidized fraction of hundreds of thiols in the
cell in a single experiment. We have now adapted this protocol
to study modifications caused by reactive nitrogen species (Fig.
3) (19). The use of TCA in our original protocol could poten-
tially lead to artifactual thiol modification during sample prep-
aration due to nitric oxide released from nitrite under acidic
conditions. Nitrite is a major degradation product of peroxyni-
trite (27), and we have observed the phenomenon of artifactual
oxidation in samples derived from cells treated with NO* in a
prior study (9). To avoid the use of acidic conditions, our mod-
ified approach prevents the oxidation of samples by the use of
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MW <€ _ NaOH 1 mM 2mM__ _3mM_ co 5%
kba] S 51660 5 16 60 5 16 60' 5 16' 60 60' = @

FIGURE 2. Detection of tyrosine nitration in E. coli wild type under differ-
ent peroxynitrite concentrations in vivo. E. coli MG1655 wild type was
grown in MOPS medium to an absorbance of 0.4 and exposed to peroxynitrite
(1-3 mm) or 0.3 m NaOH as vehicle control. Samples were taken 5, 16, and 60
min after the addition of peroxynitrite. Tyrosine nitration was detected with
3-nitrotyrosine-specific antibodies, and nitrated BSA at a concentration of 1
ng/ul served as positive control.
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oxygen-free buffer and by working in an anaerobic chamber or
under a semi-anaerobic argon atmosphere.

To assess the reliability of the modified method, we first
investigated samples obtained before addition of peroxynitrite.
In accordance with previous experiments, cysteines from
periplasmic proteins, such as OmpA, which form structural dis-
ulfides appeared exclusively oxidized. The majority of cysteines
from cytoplasmic proteins, however, were identified in their
reduced form (Fig. 4). When compared with our previous stud-
ies with a TCA-based oxidation quench, cysteines from cyto-
plasmic proteins identified in this study often showed lower
oxidation rates, and in many cases a peak corresponding to an
oxidized form was not detectable at all. Proteins, which use a
catalytic thiol-disulfide exchange reaction in their catalytic
cycle, such as glutaredoxin 3 (GrxC), however, could be
detected in an equilibrium of the reduced and oxidized form,
which reflected their in vivo redox state (Fig. 4). In total, we
could reliably identify and quantify up to 700 thiol-containing
peptides in a sample (supplemental Table 2).

Peroxynitrite Treatment Leads to Small but Significant
Changes in the Thiol Redox Proteome of E. coli—Next, we chal-
lenged exponentially growing E. coli MG1655 in MOPS mini-
mal medium (buffered at pH 7.4) with a sublethal dose of 1 mm
peroxynitrite and harvested samples immediately before and 16
and 60 min after addition of the stressor or the respective vol-
ume of a vehicle control containing the identical volume of 0.3
M NaOH.

To identify proteins that are affected by peroxynitrite treat-
ment, we compared the thiol oxidation state of the identified
proteins under ONOO ™ treatment to that of untreated sam-
ples. In four proteins we could detect a significant increase in
thiol oxidation under peroxynitrite stress conditions after 16
min (Fig. 5 and Table 3). These were glutamine-hydrolyzing
asparagine synthase B, AsnB (modified cysteine, Cys-2),
NADP-dependent malic enzyme, MaeB (Cys-642), glutathio-
ne-dependent formaldehyde dehydrogenase, FrmA (Cys-106),
and a newly described enamine/imine deaminase RidA (Cys-
107). The redox state of the identified cysteines in these pro-
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-Ox D

FIGURE 3. NOXICAT redox proteomics technique. A hypothetical cellular protein is depicted in its fully reduced (nonstress conditions) or partially modified
form (stress conditions). Light ICAT modification of reduced thiols is performed under anaerobic conditions to prevent thiol oxidation by air. The presence of
denaturing agents facilitates the reaction of the light ICAT with free thiol groups in the protein (step I). Subsequently, all reversibly oxidized cysteines are
reduced with TCEP and labeled with heavy ICAT (step /l). Then protein samples are digested by trypsin and purified using the biotin-affinity tag of the ICAT
reagent. The biotin-affinity tag is cleaved after purification (step /ll). NOxICAT-labeled peptides are then analyzed by LC-MS.
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FIGURE 4. Oxidation state of cysteines of cytosolic and periplasmic pro-
teins under nonstress growth conditions. A, GrxC (glutaredoxin 3) is an
enzyme that forms a disulfide bond between Cys-12 and Cys-15 during its
active cycle. The nonconserved C66 is not involved in the catalytic cycle. B,
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FIGURE 5. Fourier transform mass spectrometry of MaeB, peptide 629 -
647, which harbors the redox-sensitive Cys-642. NADP-dependent malic
enzyme (MaeB) is a protein sensitive toward peroxynitrite stress in E. coli. In
untreated E. coli cells (nonstress), the cysteine is almost exclusively found in
its reduced form (>99%). In cells treated 16 min with 1 mm peroxynitrite
(stress), the redox-sensitive cysteine of MaeB is 18% oxidized.

teins was at least 4-fold more oxidized under peroxynitrite
stress when compared with nonstress conditions (Table 3). The
oxidized fraction of the thiol groups in these proteins was high-
est after 16 min of stress treatment and decreased 60 min after
stress treatment, indicating a potential in vivo reversibility of
the observed thiol modifications and an adaptation of the cell to
peroxynitrite stress (Table 3). This decrease in oxidation also
coincides with the resumption of growth of the bacterial culture
during the first 30 min after stress treatment (Fig. 1). In three of
the proteins identified, the cysteine affected was highly con-
served (Table 3). The identified redox-sensitive Cys-2 of AsnB,
for example, is located in the active site of the N-terminal region
of this protein (28). Asparagine synthase B belongs to the
Ntn- (N-terminal nucleophile) enzyme category of amidotrans-
ferases and catalyzes the ATP-dependent synthesis of aspara-
gine from aspartic acid and glutamine. The oxidative modifica-
tion of Cys-2 in AsnB would block the ability of Cys-2 to act as
the active-site nucleophile and thus prevent hydrolysis of glu-
tamine to glutamate and ammonia (29). Interestingly, in a pre-
vious study we found that GItD (GOGAT small subunit),

NOxICAT method allows us to observe the steady state of this enzyme. The
parentalion MS of the peptide identified as GrxC 2-17 shows the reduced and
oxidized form 2 X 9 Da = 18 Da apart. The intensities correspond to the redox
state of this antioxidant enzyme system. C, peptide containing C66, however,
is almost exclusively present in its reduced form. D, redox state of both pep-
tides can be quantified with MSQuant using the elution profile of these pep-
tides. The solid line represents the reduced (light) form, and the dashed line
represents the oxidized (heavy) form. E, NOxICAT detects cytosolic cysteines
that are not involved in catalytic cycles, such as Cys-82 from TufA (EF-Tu, one
of the highest abundant proteins in the E. coli cytoplasm) almost exclusively
in their reduced form, confirming the dogma of a reducing cytosol. Ff, OmpA,
amajor periplasmic protein is detected as fully oxidized in the NOxICAT assay,
demonstrating the ability of NOXICAT to detect structural disulfides present
in periplasmic proteins.
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FIGURE 6. Cell growth of E. coli wild type versus E. coli AasnB, AfrmA,
AmaeB, and AridA deletion strains in the presence of 3 mm peroxynitrite.
E. coli wild type (M) and E. coli deletion strains, AasnB (<), AfrmA (A), AmaeB
(O), and AridA (), were grown at 37 °C in MOPS medium until an ODg,, of
about 0.4 was reached. Then each strain was exposed to 3 mm peroxynitrite
(dashed line). Cultures treated with 0.3 M NaOH served as controls (continuous
line). Deletion strains showed reproducibly a significantly longer growth inhi-
bition when compared with E. coli wild type.

another enzyme that utilizes glutamine as nitrogen source for
amino acid biosynthesis, was inhibited by NO* (9).

Cells Lacking Proteins Modified upon Peroxynitrite Treat-
ment Struggle to Overcome Peroxynitrite Stress—Thiol modifi-
cations have been shown to play a role in the regulation of the
activity of proteins involved in the oxidative and nitrosative
stress defense. We hypothesized that at least two of the proteins
we found could play such a protective role under peroxynitrite
stress. MaeB, NADP-dependent malic enzyme, could provide
NADPH for reducing systems such as glutathione oxidoreduc-
tase and thioredoxin reductase. FrmA, glutathione-dependent
formaldehyde dehydrogenase, has been shown to have a thiol-
denitrosylating activity for GSNO, and it has been proposed
that its NADH-dependent GSNO reductase activity is the main
function of this enzyme (30). To test if the proteins we identi-
fied indeed play a role in the nitrosative stress defense of E. coli,
we tested growth of knock-out strains in genes encoding the
four candidate proteins in the presence of peroxynitrite. In all
four knock-out strains, we observed an impaired recovery of
cell growth, especially under severe nitrosative stress (3 mm)
when compared with wild type (Fig. 6). A follow-up global
experiment at these higher concentrations revealed that the
four proteins are modified to a similar extent when compared
with 1 mm peroxynitrite (Table 3).

This indicated to us a direct or indirect role of the identified
genes in cell defense mechanisms under peroxynitrite stress.
Similar phenotypes in other organisms have been shown for
FrmA; Saccharomyces cerevisiae cells lacking glutathione-de-
pendent formaldehyde dehydrogenase show an impaired sur-
vival under GSNO and peroxynitrite stress (30). This indicates
that formation of intracellular GSNO could be one of the
molecular effects of peroxynitrite treatment.

Proteins Modified upon Peroxynitrite Treatment Are Not
Abundant Enough to Act as an Effective Sacrificial Peroxynitrite
Sink—We furthermore considered if the proteins we found
could act as a peroxynitrite sink. Under this premise, the pro-
teins would render peroxynitrite harmless by a thiol-based sac-
rificial reaction. The lack of the correspondent sink capacity in
a mutant could then explain the impaired recovery.

YASBMEN  VOLUME 288-NUMBER 27-JULY 5,2013



A RidA
RidA [ng] in 108
3.3 6.7 33 67 cells
| ...l
B NaOH
co (vehicle control) 1 mM ONOO-

5 16" 60" 5 16 60 5 16" 60

|-—-——--—‘—|

C min after stress and Cm treatment
-0.5 05 5 15 30 60 90

|-----~-| untreated

| . — — ~| NaOH (vehicle control)

| - — v — — | 1M ONOO

FIGURE 7. Steady state levels and stability of RidA. A, determination of the
cellular steady state level of RidA. Purified RidA was applied for calibration
purposes in the Tst 4 lanes. The lysate of 10® cells was applied in the 5th lane.
RidA was detected with a RidA-specific antibody. B, comparison of steady
state levels of unstressed and peroxynitrite stressed cells after various time
points of stress. RidA was detected in cell lysates with a RidA-specific anti-
body. C, stability of RidA in untreated cells and cells subjected to peroxynitrite
stress. Chloramphenicol (Cm) was added to the cells to inhibit de novo protein
synthesis. Samples were harvested at the time points indicated, and RidA was
detected in the lysates with a RidA-specific antibody.

However, in a study on protein abundance in E. coli grown in
MOPS medium, the same medium we were using, the number
of AsnB copies was determined with ~233 per cell (31). E. coli
has a typical cell density of 5:10° cells per ml of medium at an
ODgq, of 0.4. Because peroxynitrite rapidly permeates mem-
branes (32), this would correspond to an effective concentra-
tion of ~194 fm in the medium, almost 7 orders of magnitude
below the concentration of peroxynitrite. In this same study,
the effective media concentration of MaeB was determined to
be ~592 fm. Unfortunately, Lu et al. (31) did not determine the
abundance of RidA and FrmA. But even the most abundant
protein found in their study, the 50 S ribosomal subunit protein
L7/L12 (RpIL) with ~109,420 copies per cell, only has an effec-
tive concentration of 91 nM in the medium.

This discrepancy between the molarity of the stressor and
proteins in E. coli makes the function as a sacrificial sink
unlikely. Additionally, neither of the genes encoding the pro-
teins we found to be thiol-modified were significantly regulated
in a transcriptomic study of the response of E. coli toward 300
UM peroxynitrite (14).

Nevertheless, the potential function as a sink could be based
on a very high turnover of the proteins we found. We therefore
determined the abundance of RidA and its stability under per-
oxynitrite stress conditions. The half-life of RidA is predicted
by the ProtParam web tool to be >10 h in E. coli based on the
“N-end rule” (23). We tested the stability of RidA under per-
oxynitrite stress in Western blots in cells treated with chloram-
phenicol to prevent de novo synthesis of proteins. Although we
determined the steady state concentration of RidA to be at 5.5
nM in the medium (~6663 molecules per cell) under control
conditions, its half-life was substantially greater than 90 min.

JULY 5,2013+VOLUME 288+-NUMBER 27

Peroxynitrite-sensitive Proteins in E. coli

A . STRESS
] + Ellman’s reagent
0.12 non-stress
0.10 1
0.08 1 H.0;
@ 0.06 1
-1
<
0.04 1
GSNO
0.02 1 diamide
T ONOO-
-0.01 T T T T \
0 100 200 300 400 500 600
t[s]

B 005 + Ellman’s reagent + ascorbic acid
GSNO
control

0.04 A
~ 0.03

"3

-1

< 0.02

0.01 1
0 | oNoo
l] L alaoa [T I YA
-0.01

0 100 200 300 400 500 600
t[s]

FIGURE 8. Oxidation of Cys-107 of RidA by different oxidative and nitro-
sative stressors and reversibility by ascorbate of these oxidations. RidA
(70 um) was incubated with nitrosative (peroxynitrite, GSNO) and oxidative
stressors (hydrogen peroxide, diamide) at a molar ratio of 1:10 in potassium
phosphate buffer at pH 7.3 for different lengths of times (peroxynitrite, 5 min;
GSNO, 30 min; hydrogen peroxide and diamide, 20 min). Untreated RidA
served as a control. A, concentration of free thiol groups in the samples was
quantified spectroscopically by monitoring the release of thio-nitrobenzoic
acid from 5,5’-dithiobis-2-nitrobenzoic acid (Ellman reagent) at 412 nm and
20 °C. B, reversibility of the thiol modifications of Cys-107 upon treatment
with GSNO and peroxynitrite stress was analyzed by subsequent ascorbate
reduction. Nonstressed and stressed RidA samples were incubated with 1 mm
ascorbate for 2 h.

We could not detect any decline in protein concentration 90
min after the addition of chloramphenicol, the longest time
point we tested. Under peroxynitrite stress conditions, there
was no significant change in steady state abundance, in con-
cordance with the transcriptomic study by McLean et al. (14).
Additionally, we did not observe a diminished half-life of RidA
under ONOOQO ™ stress conditions, a prerequisite of a function as
an effective passive sink (Fig. 7).

Cys-107 of RidA Is Highly Susceptible to Modification by Per-
oxynitrite in Vitro—Until now, RidA has not been linked to the
nitrosative stress response. As the function of this homotri-
meric protein has been discovered only recently, we investi-
gated its role under peroxynitrite stress. RidA belongs to the
YjgF/YER057¢/UK114 superfamily, which is highly conserved
across a wide range of organisms. This protein family has a
variety of assigned functions, ranging from translational inhibi-
tion and activation of a proteinase, to nuclease and chaperone
activity (33-36). Recent studies identified an enamine/imine
deaminase activity of RidA in Salmonella enterica (15). The
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FIGURE 9. Multimeric states of RidA upon nitrosative and oxidative stress. A, potential dimer formation of RidA upon intermolecular disulfide
bond formation analyzed via SDS-PAGE. B, analysis of the native trimeric state of RidA by gel filtration. A, RidA (70 um) was treated with ROS and RNS
stressors at molar ratios of 1:1 and 1:10 for different periods of time (5 min for peroxynitrite, 20 min for diamide and hydrogen peroxide, and 30 min for
GSNO) in phosphate buffer at pH 7.3. Untreated RidA served as control. The reaction was stopped by addition of 1 mm iodoacetamide and nonreducing
SDS loading buffer. The samples were analyzed on an SDS gel. B, 100 ul of each sample was analyzed by size exclusion chromatography. The trimeric state of RidA
was deduced from the apparent mass (~35,600 Da) by comparison with the calibration of the column with a standard mix of proteins of known size as follows:
conalbumin (75 kDa, 1), ovalbumin (45 kDa, 2), carbonic anhydrase (29 kDa, 3), ribonuclease (13.7 kDa, 4), and protinin (6.5 kDa, 5).

presence of RidA leads to a faster release of ammonia from a
reactive nitrogen enamine/imine intermediate generated by
dehydration of threonine through threonine deaminase IlvA,
the first step of isoleucine biosynthesis. Cys-107 is the sole cys-
teine in E. coli RidA and is conserved in several bacterial YjgF/
YER057¢/UK114 family members.

We overexpressed and purified RidA from E. coli to homo-
geneity and tested its susceptibility to oxidation by peroxyni-
trite in vitro. With a spectrophotometric method based on Ell-
man’s reagent, we could show a substantial decrease in free
thiols in RidA treated at a pH of 7.3 with equimolar amounts of
peroxynitrite. Treatment of RidA with a 10-fold excess of per-
oxynitrite led to the complete disappearance of free thiols (Fig.
8A4). Based on structural considerations, Cys-107 is thought to
be located in a ligand pocket located at the subunit interfaces of
the RidA trimer (37). A modification of this cysteine residue
could potentially disrupt the trimeric structure of RidA.
Because RidA contains a single cysteine, we considered the for-
mation of an intersubunit disulfide bond, which then would
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lead to the formation of covalently linked dimers. However, on
anonreducing SDS-PAGE, we did not observe a significant por-
tion (<9%) of disulfide-linked dimers of ONOO ~ -treated RidA
(Fig. 9A). In agreement with this finding, analytical gel filtration
demonstrated that RidA, even when modified by peroxynitrite,
remains in its trimeric state. We could, however, force disulfide-
linked dimer formation by the specific disulfide bond-forming rea-
gent diamide, which presumably leads to non-native higher
molecular weight aggregates that could be observed as an unspe-
cific shoulder in the gel filtration chromatograms (Fig. 9).

RidA Is Specifically Modified by Reactive Nitrogen Species but
Not H,0,—Because RidA has not been described as susceptible
to oxidative stress and because we have not observed RidA as a
target of reactive oxygen species in previous global studies, we
hypothesized that reactive nitrogen species could have a higher
affinity for Cys-107 of RidA than reactive oxygen species. To
test our hypothesis, we treated RidA with another reactive
nitrogen species, GSNO, and the classical reactive oxygen spe-
cies hydrogen peroxide. Indeed, although H,O, only led to a
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FIGURE 10. Overoxidation of RidA Cys-107 by peroxynitrite treatment
in vitro. RidA (70 um) was incubated with different RNS and ROS stressors
at molar ratios of 1:1 and 1:10 in phosphate buffer at pH 7.3 for different
lengths of time depending on the stressor used (5 min for peroxynitrite, 20
min for diamide and hydrogen peroxide, and 30 min for GSNO). RidA with-
out stressor served as a control. Of each sample, 15 ul were loaded onto an
IEF gel, pl 3-7.

very modest decrease in free thiols in RidA, GSNO was much
more effective in modifying Cys-107 (Fig. 8A). Both stressors
did not cause a disruption of the homotrimer, and less than 6%
of disulfide-linked species were observed on a nonreducing
SDS-PAGE (Fig. 9).

Treatment of RidA with Reactive Nitrogen Species Leads to
S-Nitrosylation and Overoxidation of Cys-107—To test if mod-
ifications of Cys-107 induced by GSNO and peroxynitrite are
reversible, we treated RidA that had been subjected to these
nitrosative stressors with ascorbate, which is thought to be a
specific reductant of S-nitrosylations. Ascorbate fully restored
the level of unmodified thiols in the GSNO-treated sample to 1
cysteine per subunit, but it was not able to reduce peroxynitrite-
treated RidA (Fig. 8B). Based on the lack of inter-subunit disul-
fides and the reversibility of GSNO modifications, we assumed
that GSNO treatment of RidA leads to S-nitrosylation. In con-
trast, the irreversibility of peroxynitrite-induced modifications
suggests an overoxidation of RidA Cys-107 to a sulfinic or sul-
fonic acid. We tested our assumption by isoelectric focusing
electrophoresis of RidA treated with different stressors.
Although the proteins treated with other stressors migrated
similar to the untreated protein, we saw a clear shift in the
isoelectric point of peroxynitrite-treated RidA toward a more
acidic position. This indicated that we indeed overoxidized
RidA by the addition of peroxynitrite in vitro (Fig. 10). The lack
of a shift in the GSNO-treated sample made a thiol nitrosyla-
tion more likely than a glutathionylation, because the addition
of glutathione should lower the isoelectric point of RidA
slightly through the addition of the ammonia and carboxy
groups from glutathione (Fig. 10).

To confirm these observations, we determined the full-
length mass of untreated and peroxynitrite- or GSNO-treated
RidA. GSNO-treated RidA showed an increase in mass of 29
Da, indicative of a thiol nitrosylation, and RidA showed an addi-
tion of 32 and 48 Da, indicating the presence of a mixture of
sulfinic and sulfonic acid (Fig. 11), which was consistent with
our data from Ellman’s assay, the nonreducing SDS-PAGE, and
the IEF gel. Our proteomic NOxICAT assay is limited to detect-
ing reversible thiol modifications, ruling out that the observed
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FIGURE 11. Details of deconvoluted MS spectra of full-length RidA
modified by nitrosative stressors. Purified RidA (70 um) was incubated
with peroxynitrite and GSNO at a molar ratio of 1:10 for 5 min (peroxyni-
trite) and 30 min (GSNO) in phosphate buffer at pH 7.3. Untreated RidA
served as a control.

oxidized form of RidA in vivo is a sulfinic or sulfonic acid. We
assume that iz vivo the effective concentration of peroxynitrite
is lower than in our in vitro assay and we potentially observe an
intermediate (e.g. a sulfenylation), which we do not detect in
vitro. Alternatively, the potential formation of GSNO in the cell
could lead to S-nitrosylation of RidA.

Cys-107 Is Not Required for RidA Activity but Its Oxidation
Eliminates Its Enamine/Imine Deaminase Activity—In a cou-
pled enzyme assay, we tested the role of Cys-107 in the catalysis
of enamine/imine deamination by RidA and the effect of the
thiol modification on RidA activity. For this, we purified E. coli
threonine deaminase IlvA and measured the formation of 2-ke-
tobutyrate from threonine. Addition of RidA accelerated the
formation of 2-ketobutyrate as described previously for the Sal-
monella enzyme (15). When treated with peroxynitrite, the
accelerating effect of RidA was eliminated (Fig. 12). Hydrogen
peroxide treatment had no significant effect on activity, although
the inhibition by GSNO and diamide was substantially lower than
by ONOO™ (Fig. 13). To test if cysteine 107 is directly required for
the catalytic action of the enzyme, we mutated it to serine. Inter-
estingly, RidA C107S was as active as the wild type enzyme, dem-
onstrating that the cysteine is not directly involved in enzymatic
activity. This RidA C107S mutant could no longer be deactivated
by peroxynitrite treatment (Fig. 12), demonstrating the regulatory
function of Cys-107.

DISCUSSION

In biological systems, peroxynitrite arises most likely through
the recombination of the NO* and O; radical. It is a highly reactive
species, and once formed, it decomposes in aqueous solution
mostly to *OH, NO, and nitrite. Many other, often radical, decay
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FIGURE 12. RidA wild type and RidA C107S mutant enamine/imine deaminase activity. In this assay, IlvA converts its substrate threonine to an enamine/
imine intermediate, which spontaneously decays to 2-ketobutyrate. The enamine/imine deaminase RidA accelerates this process. The 2-ketobutyrate forma-
tion can be measured spectrophotometrically at 230 nm. We analyzed the rate of 2-ketobutyrate formation in the presence and absence of RidA and RidA
treated with peroxynitrite at a 1:10 molar ratio in phosphate buffer at pH 7.3 (A) and RidA C107S mutant and RidA C107S mutant treated with peroxynitrite (B).
The threonine deaminase assay includes 0.9 um llvA, 7.5 mm threonine, and 1.8 um RidA. The assay in the absence of threonine served as a control. The
acceleration in 2-ketobutyrate formation was quantified by determining the difference in the AOD,5,/min in the presence and absence of RidA (AAOD,5,/min)
(O). The difference in the acceleration of 2-ketobutyrate formation between the untreated and peroxynitrite-treated RidA was highly significant (**, p < 0.01),
whereas the activity of the RidA C107S mutant was not affected by peroxynitrite treatment.

sublethal to this Gram-negative bacterium in MOPS minimal
medium. Toxicity of peroxynitrite seems to be largely influenced
by the presence of scavenging compounds in the medium. In par-
ticular carbonate, which is most likely present in media containing

products have been described, and ONOO™ can directly form
adducts, which are significantly more instable than peroxynitrite
itself (for reviews of the chemistry and biological chemistry of per-
oxynitrite, see Refs. 27, 38). To study this somewhat complex oxi-

dative/nitrosative stressor, we tested the effect of peroxynitrite on
E. coli cells. We show here that concentrations of up to 2 mm are
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growing E. coli, has been shown to lower the antibacterial effec-
tiveness of peroxynitrite (39).
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diamide peroxynitrite

On amolecular level, the ONOO™ treatment leads to protein
modification. We found that tyrosine nitration, a well known
effect of peroxynitrite exposure (13), is fairly unspecific and
affects a large number of E. coli proteins. This modification is
thought to be irreversible and probably damages proteins irrep-
arably. The dose-dependent protein tyrosine modifications are
potentially contributing to the inhibition of E. coli by this nitro-
sative and oxidative stressor.

In contrast to the massive tyrosine nitration, oxidative thiol
modifications caused by peroxynitrite are highly specific. We
used an ICAT-based quantitative proteomic approach to deter-
mine changes in the thiol modifications of E. coli proteins. The
proteins that we found to be cysteine-modified increased their
oxidation up to 11.2-fold upon peroxynitrite treatment; how-
ever, the fraction of the reversibly oxidized portion made up
only 19.6% of the individual protein. This low fraction can be
explained by the reducing environment of the bacterial cytosol,
where oxidized proteins are thought to be immediately reduced
by dedicated and redundant systems, such as the thioredoxins
and glutaredoxins. The fact that we can quantify the amount of
both oxidized and reduced peptide highlights the advantage of
our ratiometric ICAT-based approach to identifying thiol mod-
ifications. Methods that rely solely on the oxidized portion of a
given protein for identification and quantification could lead to
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a gross overestimation of the significance of the rather small
change in the absolute amount of oxidized protein.

It should be noted that the ICAT-based method we employ in
this study has some shortcomings. First, we are unable to dis-
tinguish between different reversible modifications. Disulfide
bonds, sulfenic acids, S-nitrosylations, glutathionylations, etc.
are all reduced by TCEP and therefore will be labeled with
heavy ICAT. Second, oxidized cysteines are expected to be
more than an order of magnitude less present when compared
with reduced cysteines in highly reducing cell compartments
such as the bacterial cytoplasm. Because of the limited dynamic
range of an MS-based quantitation, some oxidized cysteines
can remain undetected (40). Third, overoxidized, irreversibly
modified cysteines will escape our analysis. These shortcom-
ings can be circumvented in part by other redox proteomics
methods that are geared toward specific modifications or can
identify overoxidized cysteines, for example, but these will then
have different limitations. Extensive reviews of the advantages,
limitations, and principles of redox proteomic methods can be
found in Refs. 41, 42.

In this study, we identified four proteins that showed a sig-
nificantly higher oxidation in peroxynitrite-treated cells. This
relatively low number is somewhat surprising, because thiol
modifications are considered to be one of the main effects of
peroxynitrite on proteins (13). We have additionally used Ell-
man’s assay to determine free thiols in crude cell extracts
treated with different oxidative and nitrosative stressors (Fig.
14). In these experiments we did find a drop in free accessible
thiols in cells treated with peroxynitrite when compared with
untreated cells and cells treated with GSNO. This could indeed
hint at overoxidation of cysteines caused by peroxynitrite,
which would escape our ICAT-based approach.

Another explanation would be the formation of inherently
unstable sulfenic acids that are lost or modified otherwise (e.g.
by glutathionylation) during the lysis and protein denaturation
involved in the ICAT labeling process. Sulfenic acid formation
is most likely the initial product of the reaction of peroxynitrite
with thiols. We therefore used specific antibodies to detect per-
oxynitrite-induced sulfenylation or glutathionylation of pro-
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FIGURE 15. Detection of glutathionylated and sulfenylated proteins in cells treated with peroxynitrite. A, Western blot of protein extracts of bacterial cell
cultures treated with peroxynitrite and NaOH (vehicle control) with a monoclonal anti-glutathione antibody. Glutathionylated ovalbumin served as positive
control, and DTT-treated glutathionylated ovalbumin served as a negative control. Reducing gels were compared with nonreducing gels to account for
unspecific binding of the antibody. B, Western blot of protein extracts of bacterial cell cultures treated with peroxynitrite and NaOH (vehicle control) with an
anti-cysteine sulfenic acid antibody. Hydrogen peroxide-treated GAPDH served as positive control, and DTT-reduced hydrogen peroxide treated GAPDH
served as a negative control. Reducing gels were compared with nonreducing gels to account for unspecific binding of the antibody. Hydrogen peroxide

treatment of E. coli cells served as positive control.

teins in Western blots (Fig. 15). In these experiments, we could
not detect a change in the sulfenylation or glutathionylation
state of E. coli proteins in response to peroxynitrite stress, in
line with our ICAT-based experiments. Nevertheless, these
experiments cannot exclude a loss of sulfenylation detection in
our experiments based on the methodological limitations typi-
cal for iodoacetamide-based probes, especially in light of the
fact that these probes can react to some extent with sulfenic

19712 JOURNAL OF BIOLOGICAL CHEMISTRY

acids (43). Therefore we must stress that our approach, as any
other focused approach, will not be able to reveal the full extent
of every possible modification caused by peroxynitrite or
ONOO ™ -related reaction products.

In a proteomic approach to identify E. coli proteins that are
thiol-modified upon NO' treatment of the cells, we identified
10 proteins that were significantly higher oxidized than under
control conditions (9). There is no overlap with proteins iden-
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tified in this study, which shows that peroxynitrite and NO" are
not easily interconverted. This suggests that “nitrosative stress”
is an umbrella term for a set of stresses that is actually highly
diverse. Furthermore, exogenous reactive nitrogen species
seem not to cause extensive reversible thiol modifications. This
is in contrast to a recent study that demonstrates the occur-
rence of high endogenous protein S-nitrosylation in E. coli
under anaerobic growth conditions, especially in the absence of
the regulator OxyR (3).

Nevertheless, the proteins we found are critical during stress
conditions, and knock-out mutants in genes encoding those
proteins all showed growth defects under peroxynitrite stress.
FrmA has been described as GSNO reductase and is required
for the maintenance of SNO homeostasis (30), although MaeB
(malic enzyme) is a key enzyme in the metabolic shift from
NADH to NADPH (44). NADPH is a cofactor of major antiox-
idant enzymes, such as thioredoxin reductase or glutathione
oxidoreductase.

Stoichiometric considerations brought us to exclude a role
for these proteins as purely sacrificial sinks for peroxynitrite.
Several studies on the protein abundance in E. coli and our own
studies suggest that the abundance of these proteins is too low
to actas a passive sacrificial sink (31, 45). It is possible that some
of the proteins we found work as part of a system that actively
detoxifies peroxynitrite in a mechanism that re-reduces the
cysteines, e.g. with help of the glutathione system or other co-
factors or that these proteins work as a sink for a highly toxic
intermediate that is generated in small quantities under per-
oxynitrite stress.

We studied the relevance of the modifications found in vivo
in more detail in experiments with purified RidA. The sole cys-
teine of RidA is highly susceptible toward nitrosative stressors
in vitro. Overoxidation of Cys-107 in RidA by peroxynitrite
eliminates the enamine/imine deaminase activity of this pro-
tein almost completely. The overall structure of RidA is not
disrupted by the oxidative cysteine modification, and the per-
oxynitrite-inactivated protein retains its native trimeric state as
shown by gel filtration. Interestingly, a cysteine to serine
mutant of this protein retains activity but is no longer suscep-
tible to peroxynitrite stress. This raises the question if the mod-
ifications observed in vivo and in vitro constitute protein dam-
age or aregulative event. Growth tests demonstrated that under
peroxynitrite stress, the presence of RidA is clearly advanta-
geous for the cell. Unfortunately, a ridA mutant strain comple-
mented with ridA from a plasmid did not overcome ONOO
stress better than a strain complemented with an empty plas-
mid, although we tried several different expression systems
(data not shown). This could mean that RidA needs to be pres-
ent at a specific dose to be effective in protecting cells under
peroxynitrite stress conditions. RidA is a member of the YjgF/
YERO057¢/UK114 superfamily (cd00448 in the NCBI conserved
domain database (46)). Cys-107 is conserved within some but
not all YjgF/YER057¢/UK114 subfamilies. Because Cys-107 is
not needed for catalytic activity, the high level of conservation
points toward a regulatory function, although we do not yet
fully understand the role of this protein in the oxidative/nitro-
sative stress response.
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The specificity of peroxynitrite toward only a small number
of cysteines demonstrates that oxidative cysteine modification
by peroxynitrite is a process driven mostly by kinetic factors.
Given the highly oxidizing redox potential of the radicals that
can form during peroxynitrite decomposition, the reaction of
virtually any reduced cysteine within the E. coli cell with per-
oxynitrite or its decay products should be thermodynamically
highly favorable. However, we observe that most cysteines are
not affected by peroxynitrite, which clearly shows that these
reactions are kinetically controlled. We and others could show
in redox proteomic studies that other reactive species such as
hydrogen peroxide, sodium hypochlorite, and nitric oxide also
have a particular set of cysteines with which they can react (8,9,
47-49). This kinetic aspect of reactions of thiols with oxidants
is probably one of the mechanistic underpinnings that allows
for variation in redox regulation and warrants further study by
redox proteomics experiments.
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