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Summary

Reactive nitrogen species (RNS) function as powerful
antimicrobials in host defence, but so far little is
known about their bacterial targets. In this study, we
set out to identify Escherichia coli proteins with RNS-
sensitive cysteines. We found that only a very select
set of proteins contain cysteines that undergo revers-
ible thiol modifications upon nitric oxide (NO) treat-
ment in vivo. Of the 10 proteins that we identified,
six (AtpA, AceF, FabB, GapA, IlvC, TufA) have been
shown to harbour functionally important thiol groups
and are encoded by genes that are considered essen-
tial under our growth conditions. Media supplemen-
tation studies suggested that inactivation of AceF
and IlvC is, in part, responsible for the observed
NO-induced growth inhibition, indicating that RNS-
mediated modifications play important physiological
roles. Interestingly, the majority of RNS-sensitive
E. coli proteins differ from E. coli proteins that
harbour H2O2-sensitive thiol groups, implying that
reactive oxygen and nitrogen species affect distinct
physiological processes in bacteria. We confirmed
this specificity by analysing the activity of one of our
target proteins, the small subunit of glutamate
synthase. In vivo and in vitro activity studies con-
firmed that glutamate synthase rapidly inactivates
upon NO treatment but is resistant towards other oxi-
dative stressors.

Introduction

Nitric oxide (NO) is a lipophilic free radical gas with
complex and diverse biological functions (Moncada et al.,
1991). In bacteria, low concentrations of NO are produced
during anaerobic growth when nitrate and nitrite are used
as terminal electron acceptors (Ji and Hollocher, 1988).
High levels of NO, on the other hand, are toxic. This
antimicrobial effect is utilized by the mammalian host

defence when the inducible NO synthase of macrophages
generates toxic amounts of NO in an attempt to kill off
invading microorganisms (Nathan, 1992; Fang, 1997).
To counteract this hazard, bacteria have developed a
number of defence systems that allow them to quickly
respond to nitrosative stress and to protect them against
nitrosative damage (Fang, 1997; Poole, 2005)

The direct cellular effects of NO are not yet fully
understood. This is in part because other, partly even
more reactive NO-derived reactive nitrogen species
(RNS), including peroxynitrite (ONOO–), nitroxyl anion
(NO–) and nitrogen dioxide (NO2), are breakdown
products of NO and contribute to the spectrum of
NO-mediated damage to cells (Stamler et al., 1992).
Nevertheless, it has been clearly demonstrated that NO
and NO-derived RNS modulate the activity of various
enzymes (Fang, 1997) and damage critical cell pro-
cesses, including protein synthesis and DNA replication
(Kim et al., 1998; Bundy et al., 2000).

RNS-mediated protein modifications involve the nitra-
tion of tyrosines (Beckman, 1996) as well as the revers-
ible binding of NO to metal centres, including the haem–
iron of guanylate cyclase, the [2Fe-2S]2+ of SoxR as well
as the [4Fe-4S] cluster of FNR (Arnold et al., 1977; Nun-
oshiba et al., 1993; Cruz-Ramos et al., 2002). Moreover,
in the presence of oxygen, endogenously produced NO or
NO released from compounds such as DEANO appear to
rapidly cause S-nitrosylation of protein thiols (SNO) and
glutathione (GSNO), presumably via the formation of RNS
such as N2O3, NO2· and thiyl radicals (Schrammel et al.,
2003). GSNO, which has been described as the most
abundant source of NO in the cell (Sun et al., 2006),
causes the direct formation of S-nitrosothiols in proteins.
S-nitrosothiols in proteins are then often hydrolysed to
highly reactive sulphenic acids, which, in turn, either are
stabilized or react with reduced glutathione to become
glutathionylated or form disulphide bonds with nearby
cysteines (Poole et al., 2004). One demonstration for the
multifaceted effects of NO on protein thiols came from
studies with glyceraldehyde-3-phosphate dehydrogenase
(GapA). The active-site cysteine of GapA can become
S-nitrosylated, oxidized to sulphenic acid or glutathiony-
lated upon treatment with GSNO, peroxynitrite or DEANO
respectively (Ishii et al., 1999; Mohr et al., 1999). Other
targets of RNS-mediated thiol modifications are cysteine
residues of antioxidant enzymes (e.g. catalase and
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glutathione peroxidase), kinases (e.g. Akt/PKB), pro-
teases (e.g. caspase) and transcription factors (e.g.
HIF-1) (reviewed in Sun et al., 2006). Depending on the
individual proteins, these thiol modifications lead to either
the activation or inactivation of the respective protein
function.

The few studies that have so far been conducted to
identify proteins with RNS-sensitive cysteines used tools
to specifically enrich for and identify proteins that harbour
S-nitrosylated cysteines (Rhee et al., 2005). These
studies potentially miss, however, all those proteins, in
which S-nitrosothiols are hydrolysed and further modified.
We, therefore, decided to use our recently established
differential thiol trapping technique, which allows us to
identify proteins, whose cysteines undergo a wide range
of different reversible oxidative thiol modifications in
response to NO treatment. By using this technique, we
identified 10 different Escherichia coli proteins that
harbour RNS-sensitive thiol groups. Interestingly, the
identified proteins are largely distinct from bacterial pro-
teins that harbour H2O2-sensitive cysteines. They included
a large proportion of genes that are essential for E. coli
growth under our cultivation conditions. Media supple-
mentation studies suggested that RNS-mediated modifi-
cation of AceF, as well as of enzymes in the branched-
chain amino acid biosynthesis pathway, is responsible for
the observed growth defect of NO-treated E. coli cells. To
characterize the specificity of oxidative modifications in
greater detail, we focused our subsequent studies on one
of our identified proteins, the small subunit of glutamate
synthase. In vivo activity assays revealed that glutamate
synthase is reversibly inhibited by NO treatment but not
by other ROS, such as H2O2 or superoxide. Similar results
were obtained with the purified enzyme, indicating that
glutamate synthase and probably many of our other iden-
tified proteins contain cysteines, which are specifically
sensitive to treatment with RNS.

Results and discussion

Global analysis of the thiol-disulphide state of E. coli
proteins upon DEANO treatment

Reactive nitrogen species (RNS) are potent antimicrobial
agents released by host immune cells upon stimulation
(Nathan, 1992; Fang, 1997). To identify potential RNS-
sensitive target proteins in E. coli, we applied a differential
thiol trapping technique that we recently developed
(Leichert and Jakob, 2004). To determine the concentra-
tions of NO that affect the growth of E. coli, we cultivated
wild-type E. coli MG1655 in minimal media. We then
exposed exponentially growing bacteria to increasing
concentrations of the NO-donor diethylamine NONOate
(DEANO) and further monitored cell growth at 37°C

(Fig. 1). Under these temperature and pH conditions, the
half-life of DEANO is 2 min and DEANO liberates 1.5 mol
of NO per mole of parent compound (Maragos et al.,
1991). We found that DEANO treatment transiently
affected the growth rate of E. coli without killing the cells
(Fig. 1). This result served as good indication that the
original redox status of proteins and cellular com-
partments can be restored over time, and excluded the
possibility that we are following the effects of oxidative
stress-induced cell death. Our results were in good agree-
ment with previous studies that analysed the transcrip-
tional effects of DEANO treatment in bacteria (Hyduke
et al., 2007). In contrast to the studies by Hyduke and
coworkers, however, in which 8 mM DEANO was sufficient
to induce pronounced bacteriostasis, at least 5-fold higher
DEANO concentrations were needed in our studies to
substantially affect cell growth. These differences are
likely due to differences in media composition, which
might influence the effective NO concentration that dif-
fuses into bacteria, and/or due to the different strain back-
grounds that were used in these studies.

To analyse the effects of NO treatment on the thiol
status of the E. coli proteome, we treated E. coli with 0.05
and 0.5 mM DEANO and removed aliquots before as well
as 10 min after the DEANO treatment. We then utilized a
slightly modified differential thiol trapping technique (see
Experimental procedures), which is based on the sequen-
tial reaction of two variants of iodoacetamide (IAM) with
accessible cysteine residues in proteins (Leichert and
Jakob, 2004). In the first step of this labelling method,
all reduced cysteines in proteins are irreversibly car-
bamidomethylated with cold IAM. In a second step, all
reversible thiol modifications, including S-nitrosothiols,

Fig. 1. Influence of DEANO treatment on E. coli growth. MG1655
cells were grown at 37°C in MOPS minimal medium to OD600 of
0.4 and treated with either (�) 0 mM DEANO, (�) 10 mM DEANO,
(�) 50 mM DEANO or (�) 0.5 mM DEANO at 37°C. Inset: E. coli
growth during the first 40 min after addition of increasing
concentrations of DEANO is shown.
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disulphide bonds and sulphenic acids, are reduced using
DTT. Then all newly accessible cysteines are modified
using 14C-labelled IAM. At the end of this trapping proto-
col, the thiol groups in all proteins are irreversibly carba-
midomethylated, but only those proteins that originally
contained thiol modifications will be radioactive, allowing
their identification and quantification. The proteins are
then separated on 2D gels, and the extent of 14C-
incorporation is determined by autoradiography. High
ratios of 14C-activity/protein occur in proteins with in vivo
thiol modifications, while low ratios of 14C-activity/protein
are found in proteins whose thiol groups are not signifi-
cantly modified (Leichert and Jakob, 2004).

Analysis of the 100 most thiol-modified proteins in
E. coli cells treated with 0.5 mM DEANO for 10 min
(Fig. 2) showed that only 10 proteins responded to these
severe nitrosative stress conditions, with a more than
1.4-fold increase in their thiol oxidation state. Most other
thiol-modified proteins are periplasmic proteins, which are
fully oxidized in aerobically growing E. coli cells (e.g.
OmpA, DsbA) and whose thiol groups are not affected by
NO treatment (Fig. 2) (Leichert and Jakob, 2004). The
extent of thiol modifications in the 10 proteins that appar-
ently harbour RNS-sensitive thiol groups was, in each
case, dependent on the DEANO concentration used
(Table 1). Importantly, we noted that a large proportion
(60%) of our identified proteins have been described to be
conditionally essential for E. coli under the conditions
used in this study, possibly explaining the antimicrobial

effects of NO treatment (Baba et al., 2006; Joyce et al.,
2006). This result was in excellent agreement with a
recently conducted nitroso-proteome study in the Gram-
positive Mycobacterium tuberculosis (Rhee et al., 2005).
Upon treatment of M. tuberculosis with millimolar concen-
trations of the NO donor-acidified nitrite, 29 S-nitroso pro-
teins were identified. A total of 62% of these proteins were
found to be encoded by genes that are predicted to be
essential or required for optimal growth of M. tuberculosis
(Rhee et al., 2005).

NO treatment causes oxidative thiol modification in
a distinct set of E. coli proteins

Three of our identified proteins, glyceraldehyde-3-
phosphate dehydrogenase (GapA), the alpha subunit of
ATP synthase (AtpA) and the elongation factor Tu (Ef-Tu)
have been previously shown to harbour RNS-sensitive
cysteines (Rhee et al., 2005; Hara et al., 2006) (Table 1).
While the reported thiol modifications of GapA’s active-
site cysteine included S-nitrosylation, sulphenic acid for-
mation or glutathionylation, depending on the type of RNS
used (Ishii et al., 1999; Mohr et al., 1999), AtpA and Ef-Tu
were both identified to be S-nitrosylated upon treatment of
M. tuberculosis with acidified nitrite (Rhee et al., 2005). To
investigate the nature of our observed thiol modifications,
we applied the biotin switch method, which was designed
to identify nitrosylated proteins in cell lysates (Jaffrey
et al., 2001). We did not obtain any conclusive results with

Fig. 2. DEANO treatment affects the thiol
state of only a selected group of E. coli
proteins. False coloured overlay of the
Coomassie blue-stained 2D gel (shown in
green) and the autoradiograph (shown in red)
of a differentially thiol-trapped protein extract
from exponentially growing E. coli cells 10 min
after treatment with 0.5 mM DEANO. The
colour code represents the relative oxidation
status of proteins, with green spots
representing proteins whose thiol groups
are largely reduced in vivo, while red spots
represent proteins whose thiol groups are
oxidized in vivo. The 10 labelled E. coli
proteins have a more than 1.4-fold higher
ratio of 14C-radioactivity/protein in DEANO-
treated cells as compared with untreated
control cells and are considered to harbour
NO-sensitive thiol groups. A selected group of
proteins, which are already oxidized under
control conditions, are used as reference and
indicated with a number: (1) ArtJ, (2) DppA,
(3) HisJ, (4) DsbA, (5) OmpA IF 1, (6) OmpA
IF 2, (7) OmpA IF, (8) AhpC and (9) OppA.

Nitric oxide-sensitive E. coli proteins 903

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Molecular Microbiology, 66, 901–914



the biotin switch method possibly for the reasons
described elsewhere (Huang and Chen, 2006; Karala and
Ruddock, 2007). Thus, we developed a variation of our
differential thiol trapping technique, in which we used
ascorbic acid instead of DTT to specifically reduce
and then 14C-IAM label S-nitrosylated cysteines in our
DEANO-treated samples. Ascorbic acid has been previ-
ously used to reduce nitrosothiol groups (Jaffrey et al.,
2001). We were unable to detect any significantly
S-nitrosylated proteins in our DEANO-treated E. coli cells
(data not shown). This can either be due to the lack of
suitable methods that are able to detect S-nitrosylated
proteins, or might indicate that most S-nitrosylations are
unstable and rapidly convert to other oxidative thiol modi-
fications either in vivo or during our sample preparation
in vitro. Because the biotin switch method is based on the
specific biotinylation and purification of only those pro-
teins, whose cysteines are S-nitrosylated and therefore
sensitive to ascorbic acid treatment, it enriches for
S-nitrosylated proteins (Jaffrey et al., 2001). This,
however, makes it impossible to quantify the proportion of
proteins that harbour S-nitrosothiols. A recently developed
computer program, which simulates metal-independent
RNS chemistry, suggests that nitrosothiols might not be
the end-product but rather intermediates that only tran-
siently accumulate in vivo (Lancaster, 2006). Our data
agree with this simulation and suggest that the majority
of our identified RNS-sensitive proteins do not

contain S-nitrosothiols but other reversible oxidative thiol
modifications.

All remaining proteins that came out of our screen
appear to be newly identified bacterial RNS-target
proteins. One of these proteins is dihydrolipoyl
transacetylase AceF, the E2 component of pyruvate dehy-
drogenase (PDH) (Langley and Guest, 1977). RNS most
likely modify the two vicinal thiol groups in the lipoyl group
of AceF, which have been previously suggested to be the
target of environmental toxins such as arsenic (Knowles,
1985). RNS treatment of M. tuberculosis has recently
been shown to lead to the nitrosylation of the E3 compo-
nent of PDH (Lpd), whose two active-site cysteines are
essential for the reoxidation of AceF’s lipoyl group (Rhee
et al., 2005). We were unable to detect Lpd as signifi-
cantly oxidized protein in DEANO-treated E. coli cells.

Another RNS-sensitive protein, which is encoded by
a conditionally essential E. coli gene, is the 3-oxoacyl
(-acyl carrier protein) synthase I (FabB). FabB plays a
critical role in the elongation cycle of type II fatty acid
biosynthesis. Like the closely related 3-oxoacyl (-acyl
carrier protein) synthase II (FabF), which we also identi-
fied as RNS-sensitive target protein (Table 1), FabB uses
one highly conserved cysteine for its catalytic activity.
Modification of this active-site cysteine in both FabB and
FabF would substantially interrupt fatty acid synthesis in
bacteria, as well as impact the thermoregulation of mem-
brane fluidity (de Mendoza et al., 1983).

Table 1. Nitrosative stress-sensitive proteins in E. coli.

Gene Protein
# of
cysteines

Fold change in 14C-activity/protein after 10 min of DEANO treatmenta

0.05 mM 0.5 mM Location of cysteines

aceF Dihydrolipoamide S-acetyltransferase 1 1.6 1.7 Prosthetic group: thiol-containing lipoamideb

ahpF Alkyl hydroperoxide reductase, large subunit F 6 1.7 2.3 Two redox-active disulphides per subunit
(C129/C132 and C345/C348)c

atpA ATP synthase subunit alpha 4 1.1 1.6 C90 in conserved patchd

fabB 3-oxoacyl-(acyl carrier protein) synthase I 6 1.3 2.0 C163 in active sitee

fabF 3-oxoacyl-(acyl-carrier-protein) synthase II 4 1.2 1.7 C164 in active sitef

gapA Glyceraldehyde 3-P dehydrogenase 3 1.2 1.9 C149 in active siteg

gltD Glutamate synthase, small subunit 11 1.1 1.9 Two [4Fe-4S]1+2+ clustersh

ilvC Ketol-acid reductoisomerase 6 0.9 1.4 C45/156 in conserved patch, C226 highly
conservedd

tufA/B Translation elongation factor EF-Tu 3 1.0 1.5 C81 associated with aminoacyl-tRNA binding;
C137 associated with GTP bindingi

ugpB sn-glycerol 3-phosphate transport protein 2 1.1 1.6 C264 in conserved patchd

a. The activity/protein ratio of the given protein spot on gels from differentially trapped extracts from E. coli MG1655 (wild type) treated with
different concentrations of DEANO for 10 min was divided by the corresponding ratio on gels from differentially trapped extracts from untreated
E. coli MG1655. The data presented are the average of two different experiments, each of which included two separate samples. The experiments
were performed in the presence of chloramphenicol to block de novo protein synthesis.
b. Massey and Veeger (1960).
c. Li Calzi and Poole (1997).
d. Liu et al. (2006).
e. McGuire et al. (2001).
f. Witkowski et al. (2002).
g. Karsten and Viola (1992).
h. Vanoni et al. (1996).
i. Anborgh et al. (1992).
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The ketol-acid reductoisomerase IlvC was the last
protein in our subset of RNS-sensitive proteins, which are
encoded by conditionally essential E. coli genes. IlvC
plays a central role in the biosynthesis of isoleucine and
valine (Joyce et al., 2006). Targets of oxidative thiol modi-
fication in IlvC could be either a cysteine pair (Cys145/
Cys156) located within a highly conserved region of the
sequence and/or a very highly conserved single Cys226
(Liu et al., 2006). Noteworthy, dihydroxyacid dehydratase
IlvD, which uses the reaction product of IlvC as its sub-
strate in the Ile/Val biosynthetic pathway, has only recently
been suggested to contain a NO-sensitive [Fe–S] cluster
(Hyduke et al., 2007).

Alkylhydroperoxide reductase AhpF was one of the
remaining proteins that we found to be increasingly thiol
modified in response to NO treatment. AhpF acts as dedi-
cated reductase for alkylhydroperoxidase AhpC, which
uses disulphide bond formation to detoxify alkyl hydrop-
eroxides in E. coli (Poole, 2005). While the C-terminus
of AhpF contains the FAD/NAD binding domain, the
N-terminal domain is homologous to protein disulphide
isomerase (PDI), a protein that is involved in the oxidative
protein folding in the endoplasmic reticulum (Murzin et al.,
1995). In eukaryotes, PDI has recently been shown to
have S-denitrosation activity, which in turn leads to disul-
phide bond formation in both of the active-site CXXC
motifs of PDI (Sliskovic et al., 2005). Our finding that AhpF
accumulates in the oxidized state while no apparent
changes were detected in the oxidation status of AhpC
suggested that E. coli AhpF might have AhpC-
independent denitrosation activity similar to that found in
PDI.

Finally, we identified the glycerol 3-phosphate transport
protein UgpB as well as the small subunit (GltD) of
glutamate synthase to be highly RNS-sensitive E. coli
proteins. GltD turned out to be the only [Fe–S] cluster-
containing protein in our set of proteins that harbour
RNS-sensitive thiol groups. GltD contains at total of 11
cysteines, of which 8 are proposed to be involved in the
formation of two oxidation stable [4Fe-4S]1+2+ clusters
(Vanoni et al., 1992). That only one of our identified RNS-
sensitive target proteins contain [Fe–S] clusters was
remarkable, given that [Fe–S] clusters have been found
as targets of RNS in several other proteins (Ding and
Demple, 2000; Cruz-Ramos et al., 2002). This result
might reflect, however, the preference of NO to oxidize the
iron in the cluster rather than the cysteines that coordinate
the clusters, an event that we would not detect using our
differential thiol trapping method.

Identification of essential RNS-sensitive proteins
involved in DEANO-induced growth inhibition

A significant proportion of our RNS-modified proteins are

encoded by genes that have previously been shown to be
essential for E. coli under our growth conditions used
(Baba et al., 2006; Joyce et al., 2006). To investigate
whether RNS-mediated thiol modification of one or more
of these essential proteins is responsible for the observed
growth arrest, we performed media supplementation
experiments. To investigate whether the growth inhibitory
effects of DEANO treatment are caused by the transient
inactivation of AceF, one of the three enzymes constituting
the PDH complex, for instance, we analysed the DEANO
sensitivity of MG1655 in MOPS minimal media supple-
mented with 0.6% acetate as carbon source. The PDH
complex catalyses the oxidative decarboxylation of pyru-
vate to acetyl-CoA, a key reaction that connects glycolysis
with the TCA cycle. Inactivation of any of the three PDH
components leads to the cessation of flux to acetyl-CoA
and causes growth inhibition on glucose. Growth on
acetate, which can be directly converted to acetyl-CoA,
allows E. coli to bypass this key reaction provided that
gluconeogenic enzymes such as GapA are available to
form C6 precursor molecules. Therefore, DEANO treat-
ment of MG1655 in media supplemented with acetate
should no longer affect E. coli growth if RNS-induced
inactivation of AceF was indeed the major cause of the
observed DEANO-induced growth inhibition. Likewise, we
supplemented media with branched-chain amino acids
to investigate the role of IlvC’s thiol modification in
DEANO-induced growth inhibition. Supplementation with
branched-chain amino acids has recently been shown to
alleviate the DEANO-induced growth arrest in BW25113
cells (Hyduke et al., 2007). Like before, we exposed the
cells to the various concentrations of DEANO and moni-
tored their growth. As shown in Fig. 3B. E. coli cells grown
in media supplemented with 0.6% acetate as carbon
source were no longer affected by 10 mM DEANO and
were reproducibly less affected by higher concentrations
of DEANO than E. coli cells grown in glucose-containing
media (Fig. 3A). This result suggests that the DEANO-
induced changes in E. coli growth observed at low con-
centrations of DEANO are caused by the inactivation of
PDH and largely excluded a major involvement of GapA’s
oxidative modification. This result was in excellent agree-
ment with our in vivo thiol trapping data, which revealed
that AceF shows one of the highest degrees of oxida-
tive thiol modification of any protein at these low
DEANO concentrations (Table 1). Supplementation with
branched-chain amino acids Ile/Leu/Val was found to
reduce the growth inhibitory effect of DEANO treatment,
although it was unable to fully prevent the growth inhibi-
tion especially at high DEANO concentrations (Fig. 3C).
E. coli cells cultivated in media supplemented with both
acetate and branched-chain amino acids, on the other
hand, were completely resistant to DEANO concentra-
tions of up to 50 mM (Fig. 3D). We concluded from
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these results that oxidative modification of PDH as
well as of enzymes of the branched-chain amino
acid biosynthesis contributes to the growth inhibitory
effect that low micromolar concentrations of DEANO exert
on E. coli cells grown in MOPS minimal media. Interest-
ingly, media supplementation with acetate and branched-
chain amino acids was not sufficient to prevent growth
inhibition at 0.5 mM DEANO. This result suggested that
under these extreme nitrosative stress conditions, modi-
fication of other protein(s), such as Ef-Tu or ATP synthase,
might become responsible for the inhibition of E. coli
growth.

Activity of IlvC is affected by DEANO treatment in vivo

Escherichia coli cells cultivated in the absence of
branched-chain amino acids were significantly more sen-
sitive to micromolar concentrations of DEANO than E. coli
cells grown in their presence (compare Fig. 3A and C).
This result has been observed before and was attributed
to the inactivation of the [Fe–S]-containing dihydroxyacid
dehydratase IlvD, an enzyme essential in the Ile/Val bio-
synthesis pathway (Hyduke et al., 2007). This conclusion
was based on IlvD activity assays, which revealed that
treatment of E. coli cell lysates with 8 mM DEANO causes
a 40% decrease in IlvD activity. Furthermore, in vivo
studies showed that IlvD overexpression prevents the
growth inhibitory effect that 8 mM DEANO exert on
BW25113 cells (Hyduke et al., 2007). Our identification
that IlvC, the second essential enzyme of this pathway, is
substantially modified by DEANO treatment in vivo, sug-
gested that inactivation of IlvC might also contribute to the

observed growth inhibitory effect of DEANO. To test the
effects of DEANO on IlvC activity in vivo, we treated
MG1655 with the indicated concentrations of DEANO. We
then washed and lysed the cells and determined IlvC’s
enzyme activity. As shown in Fig. 4, IlvC activity gradually
decreases with increasing concentrations of DEANO. This
result suggests that RNS targets two enzymes of the
same amino acid pathway. RNS-mediated inactivation of
these enzymes eventually depletes the pool of Ile/Val,
which apparently contributes to the growth inhibition
observed during DEANO treatment.

Fig. 3. Identification of essential proteins
involved in DEANO-induced growth inhibition.
MG1655 wild-type cells were grown in MOPS
minimal medium supplemented with (A) 0.2%
glucose, (B) 0.6% acetate, (C) 0.2% glucose
and Ile/Leu/Val (0.35 mM/0.35 mM/0.3 mM),
or (D) 0.6% acetate and Ile/Leu/Val until
OD600 of 0.4 was reached. The cultures were
split and treated with either (�) 0 mM
DEANO, (�) 10 mM DEANO, (�) 50 mM
DEANO or (�) 0.5 mM DEANO at 37°C.
The mean and standard deviation of three
independent experiments is shown.

Fig. 4. Ketol-acid reductoisomerase IlvC is sensitive to nitric oxide
treatment in vivo. MG1655 wild-type cells were grown in MOPS
minimal medium to OD600 of 0.4 and treated with increasing
concentrations of DEANO (0.01, 0.1, 0.5 mM). After 10 min of
incubation, aliquots were removed and tested for IlvC activity. IlvC
activity in the absence of DEANO treatment was set to 100%. The
mean and standard deviation of three independent experiments is
shown.
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Interestingly, changes in IlvC’s enzymatic activity were
already observed at DEANO concentrations that did
not apparently alter the thiol-disulphide status of IlvC
as judged by our differential thiol trapping technique
(Table 1). This result might indicate that functionally
important residues other than cysteines are targeted by
RNS as well. Alternatively, this result might illustrate the
limits of the differential thiol trapping technique in proteins
with numerous cysteines (Leichert and Jakob, 2004). The
differential thiol trapping technique is based on a ratio
approach where the largest change in oxidation ratio is
observed for proteins in which all cysteine residues are
completely reduced under non-stress conditions and fully
oxidized under stress conditions. Proteins that harbour
cysteines that are in equilibrium with their redox environ-
ment, on the other hand, might not reveal dramatic
changes in the overall oxidation ratio upon oxidative
stress treatment, although the oxidation status of one
individual, potentially functionally important, cysteine
might be dramatically altered.

Glutamate synthase – a protein specifically sensitive to
nitrosative stress

Comparison of the proteins that harbour RNS-sensitive
cysteines with the proteins that we have previously found
to harbour H2O2-sensitive cysteines (Leichert and Jakob,
2004) revealed that the two sets of proteins are largely
non-overlapping. H2O2-sensitive proteins that we previ-
ously identified included the thiol peroxidase Tpx, which is
involved in detoxifying H2O2 in vivo, methionine synthase
MetE, which has been shown to become rapidly glutathio-
nylated upon H2O2 stress both in vivo and in vitro
(Hondorp and Matthews, 2004), and the oxidation-
sensitive GTP cyclohydrolase FolE, as well as the meta-
bolic enzymes GlyA and SerA (Leichert and Jakob, 2004).
To investigate whether the identified proteins in this study
have indeed thiol groups that are specifically sensitive
towards thiol modifications induced by RNS, we analysed
the functional consequences of nitrosative and oxidative
stress treatment on one of our identified target proteins.
We decided to focus on GltD, the small (b) subunit of
glutamate synthase GOGAT (i.e. NADPH-dependent
glutamine : 2-oxoglutarate amidotransferase), which we
found to be increasingly thiol modified in response to
increasing concentrations of DEANO (Table 1). GltD was
the only protein from our list of RNS-sensitive target pro-
teins that contains both, cysteines involved in [4Fe-4S]
clusters and non-metal coordinating cysteines. Besides
the eight cysteines that potentially coordinate the two
[4Fe-4S] clusters in GltD, the protein has three additional
cysteines, which we found to be conserved within a sub-
group of about 60 GltD homologues (Vanoni et al., 1992;
Liu et al., 2006).

GOGAT, which belongs to the family of eubacterial
NADPH-dependent glutamate synthases, is part of the
cyclic two-step glutamine synthetase (GS)–glutamate
synthase pathway that synthesizes glutamate under con-
ditions of ammonia-limited growth (Tempest et al., 1970).
It catalyses the transfer of the amido group from
glutamine to a-ketoglutarate in a process that yields two
molecules of glutamate (Reitzer, 2003). The GOGAT
holoenzyme is composed of four dimers, with each dimer
consisting of a large (a, GltB) and small (b, GltD) subunit
(Miller and Stadtman, 1972). While the a-subunit contains
the FMN cofactor and one [3Fe-4S]0,+1 cluster, the
b-subunit (GltD) contains the single FAD cofactor and two
[4Fe-4S]+1,+2 clusters. Recently it has been shown that the
two [4Fe-4S] clusters are not present in isolated GltD
subunits, suggesting that they are located at or near the
interface between the a- and b-subunits (Agnelli et al.,
2005).

To investigate whether NO-induced thiol modifications
have any effect on the in vivo activity of GOGAT, and to
test whether this is specific for RNS treatment or repre-
sents a general redox-sensitivity, we determined the activ-
ity of GOGAT in E. coli cells treated with various RNS and
reactive oxygen species (ROS). Like before, we cultivated
wild-type E. coli cells to midlogarithmic growth phase and
exposed them to various concentrations of the NO donors
DEANO and GSNO, as well as to H2O2 and the superox-
ide generating reagent paraquat. Ten minutes after the
treatment, we harvested the cells and measured the
in vivo GOGAT activity. As shown in Fig. 5A, we found that
the in vivo activity of GOGAT dramatically decreased
in response to increasing concentrations of DEANO or
GSNO but was essentially unchanged by H2O2 or
paraquat treatment (Fig. 5A). Within 10 min of treatment
with 0.5 mM DEANO, less than 20% of the original
GOGAT activity was observed. Very similar results were
observed with GSNO, although significantly higher con-
centrations were necessary to achieve similar effects.
This is probably due to a slower uptake of GSNO into
E. coli cells. While the lipophilic NO released from
DEANO rapidly passes through E. coli membranes
(Lancaster, 1997), GSNO relies on dipeptide permeases
(De Groote et al., 1995), whose expression might become
limiting in minimal media (Spiro, 2006).

We found that the sensitivity of glutamate synthase is
specific for NO and RNS because neither high concentra-
tion of H2O2 nor of the superoxide producing paraquat
substantially affected GOGAT activity in vivo. These
results agreed with our previous in vivo thiol trapping
studies that did not reveal GltD as a particularly H2O2-
sensitive E. coli protein (Leichert and Jakob, 2004). Our
results suggested therefore that GOGAT is a protein,
whose thiol groups and functional activity are specifically
sensitive to nitrosative stress agents. To ascertain that the
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components of our activity assay are not affected by the
NO treatment, we conducted a GOGAT activity assay
using DEANO-treated cell lysates, which showed the
expected reduction in GOGAT activity. We then added

wild-type lysate directly to this assay mixture and found
the expected high GOGAT activity of untreated cell
lysates (data not shown), indicating that DEANO does not
affect any components of the GOGAT activity assay.
These experiments showed that it is indeed the specific
sensitivity of GOGAT towards NO treatment that causes
the observed inactivation of glutamate synthase in vivo.

Nitrosative stress treatment causes [4Fe-4S] cluster
disassembly of GOGAT in vitro

To investigate the influence of nitrosative stress treatment
on GOGAT activity in more detail, we purified the wild-type
protein after overexpression from E. coli cells. We then
incubated the purified protein in various concentrations of
DEANO, GSNO or H2O2 and analysed the in vitro GOGAT
activity. Like in vivo, we observed that increasing concen-
trations of DEANO or GSNO cause increasing inactivation
of GOGAT while H2O2 treatment had small effects on
GOGAT activity only at very high concentrations (Fig. 5B).
These results nicely replicated our in vivo data and
showed that GOGAT is particularly sensitive to nitrosative
stress treatment. Interestingly, however, we did notice that
the in vitro treatment of GOGAT with DEANO was
substantially less effective than the in vivo treatment
(Fig. 5A). While 0.01 mM DEANO was sufficient to reduce
the in vivo activity of GOGAT to about 50%, 1 mM DEANO
was necessary to achieve the same effects in vitro
(Fig. 5B). This decreased efficiency in the reactivity of
DEANO in vitro is likely to be due to the in vivo conversion
of NO into more thiol-reactive species (Stamler et al.,
1992).

To investigate the effects of DEANO treatment on the
Fe–S clusters in GOGAT, we then analysed the UV/VIS
spectra of GOGAT in vitro upon 15 min of treatment in
1.5 mM DEANO. This experiment should allow us to
monitor the stability and possible nitrosative modifications
of GOGAT’s [Fe–S] clusters in response to NO treatment.
Purified GOGAT showed the previously described three
peaks at 278, 380 and 431 nm as well as a broad shoul-
der at 480 nm (Fig. 5B), which is typical for [Fe–S] cluster-
containing proteins (Miller and Stadtman, 1972). These
signals are contributed by the two [4Fe-4S] clusters of the
small subunit and the one [3F-4S] cluster of the large
subunit (Orme-Johnson and Orme-Johnson, 1978). Upon
incubation of GOGAT in 1.5 mM DEANO and removal of
any residual DEANO, a significant decrease over the
complete visible absorption range of the [Fe–S] clusters
was observed (Fig. 5C). In contrast to the redox-sensitive
[4Fe-4S] cluster of FNR, where NO treatment causes the
formation of dinitrosyl–iron–cysteine complexes that
absorb light around 360 nm (Cruz-Ramos et al., 2002), no
apparent increase in absorption between 300 and 360 nm
was observed in our sample. This result suggested that at

Fig. 5. Glutamate synthase (GOGAT) is specifically sensitive to
nitric oxide treatment.
A. MG1655 wild-type cells were grown in MOPS minimal medium
to OD600 of 0.4 and treated with increasing concentrations of
DEANO (0.01, 0.1, 0.5 mM), GSNO (1, 10 mM), H2O2 (0.2, 2 mM)
or paraquat (0.5, 5 mM). After 10 min of incubation, aliquots were
removed and tested for GOGAT activity. GOGAT activity of
untreated cells was set to 100%. No GOGAT activity was detected
in the DgltD-deletion strain. Values are mean values from three
independent measurements.
B. Purified GOGAT (200 nM) in 20 mM PPB was treated with
increasing concentrations (0.01, 0.1, 0.5, 1, 5 mM) of DEANO,
GSNO or H2O2 for 10 min at 30°C. Then, GOGAT was diluted 1:20
into the GOGAT activity assay. GOGAT activity in the absence of
any treatment was set to 100%. The mean and standard deviation
of three independent experiments is shown.
C. Purified GOGAT (4 mM) in 20 mM PPB was either left untreated
(trace a), or was treated with 1.5 mM DEANO for 15 min at 30°C
(trace b). After removal of DEANO using desalting columns, the
absorbance spectra were recorded and normalized for the
absorption at 280 nm.
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least in our in vitro experiments, NO treatment causes the
disassembly of GOGAT’s [Fe–S] clusters, possibly by
modifying one or more of the cysteines involved in cluster
assembly. Similar effects of RNS treatment on [4Fe-4S]2+

clusters have, to our knowledge, only been observed in
aconitase, where peroxynitrite treatment was found to
cause cluster disassembly by oxidizing one of the cluster-
coordinating cysteines (Han et al., 2005).

RNS targets cysteines of GOGAT’s [Fe–S] cluster

To investigate whether RNS-mediated cysteine modifica-
tions are indeed responsible for the observed [Fe–S]
cluster disassembly, we determined the redox status of
the individual cysteines in DEANO-treated GOGAT using
mass spectrometry. To visualize and compare the redox
status of the individual cysteines in untreated and
DEANO-oxidized GOGAT, we incubated both proteins
with the alkylating agent N-ethylmaleimide (NEM) under
denaturing conditions. NEM irreversibly binds to all
reduced thiols and leads to the mass addition of 125 Da
per cysteine. In the next step, all reversible thiol modifi-
cations such as disulphide bonds or sulphenic acids
present in the GOGAT preparations were reduced with
DTT. These newly exposed thiol groups were then alky-
lated with the thiol-reactive reagent NEM IAM, which adds
52 Da per cysteine. After this differential labelling process,
proteins were digested with trypsin and peptides were
analysed by mass spectrometry. Based on this trapping
protocol, peptides that harbour originally reduced cys-
teines will reveal their peptide mass, including a 125 Da
mass addition per cysteine, while the same peptide with
originally oxidized cysteines will only have a 52 Da mass
addition per cysteine (Fig. 6). Although this method is not
quantitative, it allows us to directly monitor the relative
changes in the distribution of reduced and oxidized
peptides. We found five of GOGAT’s 11 cysteines to be
heavily oxidatively modified upon DEANO treatment
in vitro (Fig. 6). Cysteines C94, C104 and C108 are
known to be involved in the formation of one of the two
[Fe–S] clusters in GOGAT (Vanoni and Curti, 1999). Oxi-
dative modification of these cysteines supports our spec-
troscopic studies that show the disassembly of GOGAT’s
[Fe–S] cluster(s) (Fig. 5C). Our finding that substantial
reactivation of GOGAT can be observed upon recovery of
E. coli cells from DEANO treatment in the presence of
chloramphenicol (data not shown) suggests, however,
that GOGAT’s [Fe–S] clusters can be repaired in aerobi-
cally growing E. coli cells. In addition to the three cys-
teines that are involved in [Fe–S] cluster formation, we
also found two of the three non-cluster-associated cys-
teines of GOGAT (C161, C302) to be significantly oxida-
tively modified (Fig. 6). All other cysteines were either
found to be DEANO-resistant (C59), or were not identified

in our mass spectrometric data. These results indicate
that RNS-mediated thiol modifications lead to [Fe–S]
cluster disassembly in GOGAT. It remains to be deter-
mined whether the cysteines that coordinate the [Fe–S]
cluster(s) are the primary RNS targets, or whether they
only become targets once the [Fe–S] cluster has
disassembled.

Conclusions

We show here that sublethal concentrations of NO cause
the oxidative modification of a specific subset of thiol-
containing E. coli proteins, many of which have been pre-
viously shown to be encoded by genes that are essential
under our growth conditions (Gerdes et al., 2003). Media
supplementation studies provided evidence that the
growth inhibitory effect of NO is due to oxidative modifi-
cation of enzymes of the PDH complex as well as
enzymes of the branched-chain amino acid biosynthesis
pathway. While the nitrosative stress conditions that
E. coli cells experience in our laboratory setting are short
term and the effects are largely reversible, bacteria that
become targets of the mammalian host defence presum-
ably experience high concentrations of RNS over longer
periods of time (Kroncke et al., 2002). We assume that, at
a minimum, the same set of bacterial proteins will be
affected in these cells. Long-term inactivation of these
essential proteins, potential overoxidation of the affected
cysteines, or additional non-thiol modifications might then
lead to irreversible protein damage and to the lethal
effects of RNS.

Interestingly, our RNS-sensitive proteins are largely dis-
tinct from the set of proteins that we previously identified
to harbour H2O2-sensitive cysteines. This specificity
appears to make physiological sense, because reactive
oxygen and nitrogen species differ in their chemistry and
require distinct cellular responses and defence systems
(Klatt and Lamas, 2000; Kroncke et al., 2002; Leichert
and Jakob, 2004). It will be our future challenge to deter-
mine what makes these proteins particularly sensitive to
oxidative and nitrosative stressors and distinguishes them
from the hundreds of cysteine-containing E. coli proteins,
whose thiol groups are not affected by ROS and RNS.
Specific nitrosylation motifs have been suggested
(Stamler et al., 1997; Ascenzi et al., 2000); however, only
one of our identified proteins (EF-Tu) was found to
harbour a cysteine in such motif, and many abundant
proteins that harbour these motifs have not been identi-
fied in our study (data not shown). It is therefore very likely
that amino acids or prosthetic groups such as [Fe–S]
clusters, which are nearby in the tertiary structure, are
even more important in determining the reactivity of
individual cysteine residues. This conclusion also agrees
with earlier studies that showed that the structural micro-
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environment of the cysteine Sg atom is absolutely critical
(Ascenzi et al., 2000). Therefore, unless we have the
three-dimensional structure of many of these NO- and
H2O2-sensitive proteins, it will be very difficult to predict
redox-regulated proteins simply based on their amino acid
sequence. We can, however, exploit their specific oxida-
tive and nitrosative stress sensitivity for diagnostic pur-
poses by determining marker proteins that are specifically
sensitive to distinct reactive oxygen and nitrogen species.
Identification of such marker proteins in cells and tissues
can thus be used as direct read-out for the presence of
specific reactive oxygen or nitrogen species.

Experimental procedures

Bacterial strains and culture conditions

The E. coli strain K-12 MG1655 (F– l– ilvG – rfb-50 rph-1) was
used for differential thiol trapping and enzyme assays. The
deletion strain MG1655 DgltD (JW3180) was obtained from
the University of Wisconsin E. coli Genome Project (Kang
et al., 2004). Bacterial cultures were grown at 37°C either in
Luria–Bertani (LB) medium or in MOPS minimal medium
(Neidhardt et al., 1974) containing 10 mM thiamine. For
media supplementation studies, MG1655 was grown in
MOPS minimal medium using 0.2% glucose, 0.6% acetate as
carbon source. To supplement the media with branched-

Fig. 6. Analysis of GOGAT’s thiol status using mass spectrometry. Purified GOGAT (4 mM) in 20 mM PPB buffer that was either left
untreated or oxidized with 0.5 mM DEANO for 15 min at 30°C were first incubated with NEM (125 Da per cysteine), followed by DTT
reduction and IAM (57 Da per cysteine) treatment. Mass spectra of the differentially labelled tryptic peptides were obtained by MALDI-MS,
and specific regions of these spectra are presented for the tryptic peptides, which were found to harbour significantly oxidized cysteines
upon DEANO treatment. Cys161 and C302 are both non-[Fe–S] cluster-associated cysteines, while C94, C104 and Cys108 coordinate one
of the two [Fe–S] clusters in GOGAT. For Cys161 (aa 149–167), m/z value of 1894.3 represents fully reduced peptide while m/z value of
1826.2 corresponds to fully oxidized peptide. For Cys302 (aa 290–304), m/z value of 1617.9 represents fully reduced peptide while m/z
value of 1549.8 corresponds to fully oxidized peptide. For C94 (aa 77–96), m/z value of 2341.6 represents fully reduced peptide while
m/z value of 2273.5 corresponds to fully oxidized peptide. For C104/C108 (aa 103–124), m/z of 2592.9 represents fully reduced peptide
while m/z of 2456.7 corresponds to the fully oxidized peptide and m/z of 2524.8 represents the peptide harbouring one NEM and one
IAM label.
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chain amino acids, 0.35 mM Ile, 0.35 mM Leu and 0.3 mM
Val was added. Media for plasmid selection and maintenance
were supplemented with ampicillin (200 mg ml-1) or kanamy-
cin (25 mg ml-1). NO solutions were freshly prepared by either
dissolving diethylamine NONOate (DEANO) in 10 mM KOH
or S-nitroso-L-glutathione (GSNO) in H2O (both from Cayman
Chemicals, Ann Arbor). The stability of DEANO in growth
media was monitored by its characteristic UV absorbance at
250 nm (Maragos et al., 1991). No influence of the culture
conditions on the DEANO stability was observed. H2O2 solu-
tions and paraquat were obtained from Fisher Scientific and
MP Biochemicals respectively.

Plasmid construction

Plasmids were constructed using standard recombinant DNA
techniques. Polymerase chain reactions (PCR) were per-
formed using Pfu Turbo DNA polymerase according to the
manufacturer’s manual, and DNA was purified using the PCR
Purification Kit (Qiagen). Plasmids were isolated using the
SV Miniprep plasmid kit (Promega). All DNA-modifying
enzymes were from Promega. The 6 kb coding region of
E. coli gltB, encoding the a-subunit of GOGAT and gltD,
which encodes the b-subunit of GOGAT, was amplified
by PCR from E. coli K-12 MG1655 genomic DNA using
the primers 5′-CGTTCTAGAATGACACGCAAACCC-3′ and
5′-ATAGGATCCACTCATTAAACTTCCAGCC-3′ respectively,
which incorporated XbaI and BamHI restriction sites. The
amplified genes were cloned into the expression vector
pET11a (Novagen), thereby creating plasmid pET11gltBD.
The correct sequence of the plasmid was confirmed by
sequencing.

Differential thiol trapping

Sample preparation and differential thiol trapping. MG1655
E. coli cells were grown at 37°C in MOPS minimal media until
an OD600 of 0.4 was reached. The translation inhibitor
chloramphenicol (200 mg ml-1) was added to the bacterial cell
culture 10 min prior to the stress treatment. The cell culture
was split and treated with different concentrations of NO,
ranging from 0 to 0.5 mM DEANO. After 10 min of incubation
at 37°C, 1.8 ml of the cell culture was harvested directly onto
200 ml TE-buffer supplemented with 1 M IAM. Then, the thiol
trapping protocol established by Leichert and Jakob (2004)
was followed with slight modifications, which concerned
mainly the avoidance of TCA during the trapping procedure.
This was necessary to prevent uncontrolled NO formation
during sample preparation, which can be generated when
nitrite, one of the possible end-products of NO treatment, is
acidified (Dykhuizen et al., 1996). Cells were pelleted by cen-
trifugation (5000 g, 4°C, 1 min) and resuspended in 100 ml
denaturing buffer [6 M Urea, 200 mM Tris-HCl, pH 8.5,
10 mM EDTA, 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 urea and SDS
denaturation of the proteins. After 10 min of incubation at
25°C, the reaction was stopped by adding 500 ml ice-cold
100% v/v acetone. After incubation at -20°C for 2 h, the
precipitated and alkylated proteins were pelleted (13 000 g,

4°C, 30 min) and the protein pellet was washed with 80%
acetone. The remaining steps of the thiol trapping, as well as
the subsequent 2D gel electrophoresis, were conducted as
previously described (Leichert and Jakob, 2004).

Data analysis and identification of proteins from 2D gels. For
each of the described experiments, at least two individually
trapped samples of cultures were prepared from at least two
independent cell cultures. The data analysis was conducted
as previously described (Leichert and Jakob, 2004). 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 1.4-fold above the average of
the 14C-activity/protein ratio of this protein under control
conditions. Thiol-trapped samples using non-radioactive 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).

Purification of glutamate synthase (GOGAT)

Escherichia coli BL21(DE3) cells were transformed with the
plasmid pET11gltBD and grown aerobically at 37°C in LB
medium containing 0.2 mg ml-1 ampicillin and 0.05 mg ml-1

kanamycin until an OD600 of 0.5 was reached. Then, expres-
sion of the two glutamate synthase subunits GltB and GltD
was induced by adding 1 mM IPTG. Two hours after IPTG
induction, cells were harvested by centrifugation (4000 g,
4°C, 20 min) and resuspended in 20 mM potassium phos-
phate buffer (PPB), 1 mM EDTA, pH 7.6 at a ratio of 1 g of
cells per 2 ml of buffer. All following steps were carried out at
4°C. The purification of GOGAT was based on a protocol
described by Hashim et al. (2004) with slight modifications
that will be reported elsewhere.

Enzyme assays

MG1655 was grown at 37°C in MOPS minimal medium to
OD600 of 0.5 and treated with the indicated concentrations of
oxidants (DEANO, GSNO, H2O2, paraquat) for 10 min. Cells
were harvested by centrifugation (6000 g, 5 min, RT),
washed twice with 1% (w/v) KCl, and resuspended at 10-fold
concentration in 1% KCl (Goss et al., 2001). The concen-
trated cell extract was used for GOGAT and IlvC in vivo
activity assays, which were performed as previously
described (Meers et al., 1970; Aulabaugh and Schloss,
1990). Both activities were assayed at 30°C by measuring the
initial rates of NADPH oxidation at 340 nm. For GOGAT activ-
ity assays, 50 ml of concentrated cells was added to the
reaction cocktail [0.15 mM NADPH, 50 mM Tris, pH 7.6,
5 mM a-ketoglutarate, 0.1% (w/v) cetyl trimethyl ammonium
bromide (CTAB), 0.01% sodium deoxycholate (NaDOC) in
0.8 ml H2O]. Reactions were started by addition of 5 mM
L-glutamine for GOGAT activity measurements. The specific
activities are expressed as nanomoles of NADPH oxidized
per minute per milligram of protein. To determine IlvC activity,
200 ml of concentrated cells was added to the reaction cock-
tail [0.2 mM NADPH, 100 mM Tris, pH 7.6, 10 mM MgCl2,
1 mM acetolactate, 0.1% (w/v) CTAB, 0.01% NaDOC in
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0.7 ml H2O]. Racemic 2-acetolactate was prepared by
alkaline hydrolysis of 2-hydroxy-2-methyl-3-ketobutyrate
(Sigma-Aldrich) (Durner et al., 1993), and concentration of
synthesized acetolactate was determined according to the
method of Westerfeld (1945). Reactions were started by addi-
tion of 0.2 mM NADPH. To determine the influence of oxi-
dants on the in vitro activity of purified GOGAT, 0.2 mM
GOGAT in 20 mM PPB, pH 7.6 was incubated with the indi-
cated concentrations of DEANO, GSNO or H2O2 at 30°C. At
defined time points, 50 ml of this solution was mixed with the
reaction cocktail (excluding NaDOC and CTAB) to a final
GOGAT concentration of 10 nM. Five millimolar L-glutamine
was added to start the reaction, and the initial rates of
NADPH oxidation were measured as described above.

UV absorbance and analysis of GOGAT’s thiol status
using mass spectrometry

To prepare oxidized GOGAT, 4 mM purified GOGAT in
20 mM PPB was incubated with 1.5 mM DEANO for 15 min
at 30°C. Then, DEANO was removed using a NAP5 column
(Amersham Biosciences). The UV/Vis spectra were recorded
and normalized for the absorption at 280 nm using a CARY
100 Bio UV/VIS spectrophotometer (Varian Instruments,
USA) interfaced to a computer. To analyse the thiol status of
GOGAT, 30 ml of a 4 mM solution of purified GOGAT or
GOGAT oxidized with 0.5 mM DEANO for 15 min at 30°C
was precipitated with 10% (w/v) TCA (Ilbert et al., 2007). The
pellets were resuspended in 20 ml of DAB buffer [6 M urea,
200 mM Tris-HCl (pH 8.5), 10 mM EDTA, 0.5% (w/v) SDS]
containing 100 mM NEM for 1 h under vigorous shaking. The
proteins were then precipitated again with TCA (10% w/v) and
resuspended in 20 ml DAB buffer supplemented with 10 mM
DTT to reduce all existing oxidative thiol modifications. After
1 h at 25°C, 20 ml of 50 mM IAM was added and all newly
accessible thiol groups were alkylated for 1 h at 25°C. All
small molecules were removed with C4-reversed phase
material deposited in gel-loader pipette tips (Millipore).
Tryptic digests of GOGAT and MALDI-MS analysis of the
peptides were conducted at the Michigan Proteome consor-
tium (http://www.proteomeconsortium.org).
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