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Nitric oxide (NO) has diverse roles in intercellular communication
and (at higher levels) in immune-mediated cell killing. NO reacts
with many cellular targets, with cell-killing effects correlated to
inactivation of key enzymes through nitrosylation of their iron-
sulfur centers. SoxR protein, a redox-sensitive transcription acti-
vator dependent on the oxidation state of its binuclear iron-sulfur
([2Fe-2S]) centers, is also activated in Escherichia coli on exposure
to macrophage-generated NO. We show here that SoxR activation
by NO occurs through direct modification of the [2Fe-2S] centers to
form protein-bound dinitrosyl-iron-dithiol adducts, which we have
observed both in intact bacterial cells and in purified SoxR after NO
treatment. Functional activation through nitrosylation of iron-
sulfur centers contrasts with the inactivation typically caused by
this modification. Purified, nitrosylated SoxR has transcriptional
activity similar to that of oxidized SoxR and is relatively stable. In
contrast, nitrosylated SoxR is short-lived in intact cells, indicative
of mechanisms that actively dispose of nitrosylated iron-sulfur
centers.

Ithough free radicals are often viewed as toxic, several of

these agents and related unstable species function in signal
transduction to activate gene expression. Superoxide and hydro-
gen peroxide mediate stress responses in diverse organisms (1-3)
whereas enzymatically generated nitric oxide (NO) plays mul-
tiple roles in mammalian cells. At high levels, NO is a cytotoxic
weapon against tumor cells or invading pathogens (4). At low
(nanomolar) levels, NO modulates vascular muscle tone (5) or
mediates neuronal communication (6). The intercellular signal-
ing by NO in the latter cases is effected by a reaction with
heme-containing guanylate cyclase in the target cells (5) by the
nitrosylation of heme in the enzyme (7). Other types of signaling
can occur at higher levels of NO, such as the induction of heme
oxygenase 1 and other proteins in mammalian cells (8, 9), or the
triggering of the soxRS oxidative stress regulon in bacteria (10,
11). NO is capable of diverse reactions (12-14), however, and the
molecular mechanism of these latter signaling pathways has
remained unknown.

Study of the Escherichia coli soxRS system has provided
opportunities to define the molecular events that occur during
free radical signal transduction. The induction of soxRS in-
volves first the activation of SoxR, a transcription factor that
contains redox-active binuclear iron-sulfur ([2Fe-2S]) clusters
(15, 16). Superoxide-generating agents, such as paraquat,
trigger SoxR activity by causing one-electron oxidation to yield
[2Fe-2S]?* clusters; SoxR with reduced [2Fe-2S]'* centers is
transcriptionally inactive (17, 18). Exposure to pure NO gas
activates SoxR in E. coli (10). In situ analysis of phagocytosed
bacteria within murine macrophages showed that SoxR is
activated by NO generated by the inducible NO synthase (11).
Direct oxidation of the SoxR [2Fe-2S] centers by NO seems
unlikely (14), and we have not detected NO oxidation or
reduction products in reactions with SoxR (E. Hidalgo, H.D.,
J. S. Wishnok, S. R. Tannenbaum, and B.D., unpublished
data). Here, we show that, both in intact E. coli and with the
purified protein, activation of SoxR by NO occurs through
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nitrosylation of the [2Fe-2S] clusters in the protein, a reaction
usually thought to inactivate protein function (19, 20).

Experimental Procedures

Cell Growth and NO Treatments. Overnight cultures of E. coli
strain XA90 containing the SoxR expression plasmid pKOXR
(21) were diluted 100-fold into 50 ml of LB medium containing
100 pg/ml ampicillin in a 300-ml flask. After 2 h of incubation
at 37°C with 275-rpm shaking, isopropyl-B-D-thiogalactopyr-
anoside was added to a final concentration of 0.5 mM, and the
incubation continued for 1 h to induce SoxR expression. The
cultures were then transferred to sealed 15-ml Falcon tubes
and were incubated for 30 min at 37°C without shaking, to
achieve anoxic conditions before the NO treatment. NO-
saturated solutions were prepared by bubbling pure NO gas
(Aga Gas, Cleveland), first passed through a soda lime column
(4-8 mesh) to remove other nitrogen oxides, through water
under anaerobic conditions. Aliquots of the NO solution
(amount indicated in figure legends) were delivered anaero-
bically to the E. coli cultures by using a gas-tight syringe. After
treatment with NO, the sealed cultures were further incubated
at 37°C with shaking at 275 rpm and were sampled at different
times. Samples for RNA or EPR analysis were immediately
frozen in liquid nitrogen and were kept for 1 h at —80°C before
RNA extraction. Total RNA was extracted from 1-ml samples
by using the RNeasy Mini Kit (Qiagen, Chatsworth, CA),
following the manufacturer’s instructions. Northern blots (22)
of the sox$ transcript were quantified by using phosphorim-
aging (Biolmage, Millipore).

EPR Spectroscopy. X-band EPR spectra were recorded by using a
Bruker model ESP-300 equipped with an Oxford Instruments
910 continuous flow cryostat (courtesy of J. Stubbe and the
Chemistry Department, Massachusetts Institute of Technology).
Routine EPR measurement conditions were as follows: micro-
wave frequency, 9.47 GHz; microwave power, 1 mW; modulation
frequency, 100 kHz; modulation amplitude, 2.0 mT; sweep field,
310-370 mT; sample temperature, 30 K; receiver gain, 10°. For
direct EPR measurement of intact bacteria, the cells were grown
in LB broth to ODgyy =~1 and then were treated with NO.
Aliquots of 0.4 ml were transferred directly to EPR tubes and
immediately were frozen at —170°C. At the same time, an aliquot
of 1-ml culture was frozen for later determination of sox§ mRNA
as described in Fig. 1. In some cases, the signal intensity was
increased by concentrating the bacteria 25-fold (by centrifuga-
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Fig.1. Rapid activation of SoxR in NO-exposed E. coli. (A) Transient induction
of soxS by brief NO exposure. Growing cultures of strain XA90 with the
SoxR-expression plasmid pKOXR were treated to induce SoxR and then were
transferred to anoxic conditions. Five-milliliter aliquots of anoxic culture were
mixed with 100 ul of NO-saturated water (~2 mM), with the mixture com-
pleted within 10 sec. Anoxic incubation was continued, and samples were
withdrawn at the times indicated in the figure to analyze for soxS mRNA by
Northern blotting. (B) Extended soxS induction by extended NO exposure.
Samples were generated as for A, except that the NO solution was added over
~45 sec. (C) Quantitation of soxS induction by NO. Northern blots as in A and
B were quantitated by phosphorimaging.

tion at 900 X g and resuspension with 1/25 the original volume
of LB broth) before NO treatment and EPR measurements. As
a control, E. coli XA90 containing the empty expression vector
pKEN?2 was used to generate a baseline EPR spectrum.

Analysis of NO-Modified SoxR Protein. SoxR protein was overpro-
duced and purified, and EPR measurements were conducted as
described (17, 23). SoxR activity in soxS transcription in vitro was
assayed by using plasmid pBD100 as the template, with the
SoxR-independent bla transcript as a control, and the products
were quantified by primer extension analysis (24). For in vitro
NO treatment, purified SoxR (3 uM in 50 mM Hepes-KOH, 0.5
M Na(l) in a sealed cuvette was equilibrated for 1 h at 0°C with
pure argon gas, after which samples of NO-saturated water were
delivered. NO-treated SoxR was then diluted 5-fold with 50 mM
Hepes'KOH and was loaded on a 1-ml cation-exchange column
(Resource S; Amersham Pharmacia). The column was washed
with 50 ml of 50 mM Hepes:-KOH, 0.2 M NaCl before SoxR
elution with 50 mM Hepes-KOH, 0.5 M NaCl. SoxR purified
after NO treatment was used for EPR measurements and in vitro
transcription assays.

Results

We previously monitored the effect of NO on the activity of
SoxR in E. coli cells by using reporter fusions to the soxS
promoter. In addition to the activation within NO-generating
macrophages (11), those studies showed that infusion of pure
NO gas activates SoxR. This activation was enhanced by the
removal of oxygen (10, 11), which indicates a direct reaction of
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NO with a cellular target in competition with O,. However, in
those experiments, the induction of the reporter occurred more
slowly, and appeared to be more limited, than the response to
superoxide-generating agents such as paraquat (10, 11).

Limited induction might be explained either by inefficient
activation of SoxR by NO, or by instability of the activated form.
We examined this point by exposing E. coli “instantaneously” to
NO by introducing aliquots of a saturated solution of the pure
gas, and we directly monitored the induction of the soxS gene by
Northern blotting. These experiments (Fig. 1) showed rapid but
transient induction of soxS mRNA to a high level (maximal
within 2 min after NO exposure). Extending the NO exposure
(from <10 sec to 45 sec) gave more prolonged soxS transcription,
which peaked at 5 min and decayed over the next 15 min (Fig.
1). These results are consistent with the formation of an activated
form of SoxR, the lifetime of which is extended as the NO
exposure continues.

The predominant known product of NO with iron-sulfur
centers is the dinitrosyl-iron-dithiol complex, in which the sulfide
ligands are displaced by formation of Fe-NO bonds, and the iron
atoms remain bound to the protein by cysteine ligands (the
thiols) (25, 26). This type of modification typically inactivates
protein function, as in the NO-mediated inhibition of aconitase
(27) and ribonucleotide reductase (28). To determine whether
such adducts form in SoxR during cellular exposure to NO, we
used electron paramagnetic resonance (EPR) spectroscopy.
EPR spectroscopy of intact E. coli cells has been used to monitor
oxidation of the [2Fe-2S] centers of SoxR during its oxygen-
dependent activation by paraquat (15, 21, 24). We now find that
2-min NO exposure of intact, SoxR-expressing bacteria produces
a new EPR spectrum (Fig. 24; cells concentrated 25-fold to
facilitate EPR measurements). The g value for the new signals
(g = 2.03) was similar to that reported for other cases of
nitrosylated iron-sulfur centers (29-32) whereas the signature of
the reduced [2Fe-2S] centers was greatly diminished (Fig. 24).
By comparing the amplitudes of the signals for SoxR in control
and NO-treated cells, we estimate that =<25% of the original,
reduced [2Fe-2S] centers remain in the NO-treated cells, and
that the g = 2.03 signal accounts for =70% of the [2Fe-2S]
centers present initially.

To follow the kinetics of these changes, we subjected uncon-
centrated E. coli cell samples directly to EPR spectroscopy (21).
This analysis revealed the rapid formation of the EPR signal at
¢ = 2.03 representing nitrosylated iron-sulfur clusters (within 0.5
min after single injection of NO gas), and its decay after 2 min
(Fig. 2B). The kinetics of formation and decay of nitrosylated
SoxR [2Fe-2S] clusters (from the spectroscopic data) showed a
direct and quantitative correlation with sox§ mRNA induction
(Fig. 2C). The short delay between the rise in the EPR signal for
modified SoxR and the increased level of soxS mRNA is
expected because of the time needed to synthesize the transcript.
The tight correlation between the spectroscopic and mRNA
analyses provides strong evidence that formation of dinitrosyl-
iron-dithiol centers in SoxR activates the protein in NO-treated
cells.

To define the properties of nitrosylated SoxR more precisely,
we prepared samples by anaerobic exposure of the purified
protein to solutions of pure NO. A titration of purified SoxR with
a NO solution showed the formation of a single EPR-detectable
species (Fig. 3) with g = 2.03 as seen in the intact cells. Thus, the
reaction with NO apparently converted SoxR protein to the
nitrosylated form independent of other cellular components.
Samples were also treated with NO and then were repurified by
ion-exchange chromatography (Fig. 44, traces a and b). By spin
quantification of the sample shown in Fig. 4, we estimated that
the g = 2.03 signal represented at least 18% of the original
[2Fe-2S] centers. It appears that the NO-modified metal centers
are unstable during the purification because most of the SoxR
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Fig. 2. EPR spectroscopy of nitrosylated SoxR in intact cells. (A) E. coli

XA90/pKOXR (21) were grown to ODggo ~1 and were concentrated 25-fold.
The concentrated cells (1 ml) were mixed with 0.2 ml of a NO-saturated
solution in water (as described in Fig. 1A) and after 2 min were frozen at
—170°C. EPR spectroscopy of the intact cells was carried out as described (21).
The g values used to model the EPR signals are indicated (g = 1.92, reduced
[2Fe-2S] SoxR; g = 2.03, NO-SoxR). (B) Kinetics of nitrosyl-SoxR formation and
removal in intact cells. XA90/pKOXR cells were exposed to NO as indicated in
Fig. 1A. At the indicated times after NO addition, 0.4-ml aliquots were
collected into EPR tubes and immediately were frozen at —170°C. EPR analysis
of these cells was as described (21). The profiles shown are the net signal after
subtraction of spectra for control cells not overexpressing SoxR. (C) Correla-
tion of nitrosyl-SoxR and transcription in intact cells. The amplitude of theg =
2.03 signal was measured and is plotted in comparison with the soxS mRNA
level in the same cells (Fig. 10).

corresponded to this form both in vivo (Fig. 2A4) and in vitro
before purification (Fig. 3). Less then 1% unmodified [2Fe-2S]!*
centers remained in the NO-treated, repurified protein as shown
by EPR of a sample treated with the chemical reductant dithio-
nite (Fig. 44, trace c).

Nitrosylated SoxR was not fully reduced, even by excess
amounts of dithionite (1 mM; E; 64-500 mV), although up to
60% of the d9 form was produced (Fig. 44, trace c). The
nitrosylated iron centers were stable on reoxidation (Fig. 44,
trace d). This resistance to reduction is consistent with the very
low midpoint potentials reported for model compounds (29).
Moreover, the contrasting stabilities of nitrosylated SoxR in vitro
and in vivo suggests that the modified form is actively eliminated
in intact cells.

The critical function of activated SoxR is the specific and
powerful stimulation of transcription from the soxS promoter
(16). A quantitative comparison showed that, for soxS transcrip-
tion in vitro, nitrosylated SoxR was nearly as potent as SoxR with
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Fig. 3. NO modification of SoxR in vitro. Purified SoxR protein (23, 33) (2.5
ml, 3 uM) was mixed with increasing amounts of a NO-saturated solution in
water to yield the indicated final concentrations of NO (nominal; some is lost
to the gas phase and some by reaction with residual oxygen or other compo-
nents present in the sample). The samples were frozen and subjected to EPR
spectroscopy. The inset shows the quantitation of the amplitude of the g =
2.03 signal as a function of NO treatment.

oxidized [2Fe-2S]>* centers (Fig. 4B). As noted above, such
oxidized centers are virtually gone from the NO-treated protein.
Moreover, the transcriptional activity was not attributable to
small amounts of apo-SoxR that might be present in the sample,
as the apo-form is not active in this assay (23, 33). These results
indicate that the NO-modified protein binds its target DNA with
high affinity and exerts structural effects on the soxS promoter
similar to those of oxidized SoxR (34).

Discussion

The paradigm for NO signaling pathways, in which NO binds the
heme moiety of “soluble” guanylate cyclase, has remained the
predominant model for some years (5, 35). Recently, alternative
pathways have been proposed that involve nitrosothiols (36, 37)
or destructive reactions of NO with iron-sulfur centers (19, 20),
but without a detailed mechanistic underpinning. One stumbling
block has been the breadth of NO chemistry, with diverse
oxygen-dependent and -independent products, and many possi-
ble targets for modification by NO (12-14). An early example of
such a reaction was the adduction by NO of protein iron-sulfur
centers and the consequent inactivation of key functions such as
the [4Fe-4S] enzyme aconitase (20, 26). For the aconitase
homolog iron-reponse-protein 1, this modification leads indi-
rectly to activation of RNA binding activity through disassembly
of the damaged metal center (20).

The studies presented here reveal a novel, direct role for NO
in signal transduction: modification of iron-sulfur centers in
SoxR directly activates its transcriptional activity (Fig. 5). This
observation is also remarkable in that the only other known
activated form of this protein has one-electron oxidized [2Fe-
2S]?* centers (Fig. 54). The similar transcriptional activity of the
two forms suggests that they may have unexpectedly similar
structures, but the structure of SoxR protein has not yet been
determined. The fact that nitrosylation (Fig. 5B) is an activating
rather than inactivating reaction for SoxR suggests that the
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Fig. 4. Properties and activity of re-purified, NO-treated SoxR. (A) EPR
spectroscopy. Purified SoxR protein (23, 33) (2.5 ml, 3 ©M) was mixed with 100
ul of a NO-saturated solution in water. The NO-treated protein was then
reduced with sodium dithionite (20 mM), followed by reoxidation with 1 mM
potassium ferricyanide. Trace a, dithionite-reduced, purified SoxR; trace b,
NO-treated SoxR, showing d7 signal; trace ¢, NO-treated SoxR reduced with
dithionite, showing d9 signal; trace d, reoxidation of protein from trace c. A
small signal at ~3,500 G may be attributable to dithionite, as it persists in the
reoxidized sample (compare traces ¢ and d). (B) In vitro transcription by
NO-treated SoxR. In vitro transcription reactions (23, 24) used the indicated
amounts of purified, oxidized SoxR (SoxR [2Fe-2S]), or purified, NO-treated
SoxR (SoxR Fe-NO). The transcripts were quantified by primer extension (40).
bla, SoxR-independent transcript; soxS, transcript from the SoxR-dependent
soxS gene.

protein evolved to exploit this signal of cellular damage by NO.
Nitrosylated iron-sulfur centers might also function in signal
transduction in mammalian cells, where they are certainly
formed on NO exposure. To date, only global measurements
have been made with NO-treated mammalian cells (20), but the
EPR and chemical data from these studies may contain features
corresponding to NO-modified signaling proteins. More direct
approaches will be needed to search for potential mammalian
counterparts to SoxR in NO-mediated signal transduction.
The relative stability of nitrosylated iron-sulfur centers in
SoxR in vitro contrasts with their rapid disappearance in vivo.
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Fig. 5. Distinct activation mechanisms for SoxR. Shaded ovals: DNA binding
domains; unshaded ovals, iron-binding domains. SoxR is shown as a ho-
modimer (16). (A) Redox-regulation. When the [2Fe-2S] centers of SoxR are in
the reduced state, the protein does not activate soxS transcription. One-
electron oxidation converts the protein to a potent transcription activator. (B)
Model for activation of SoxR by nitrosylation. The intact [2Fe-2S] clusters of
SoxR are directly modified by NO to generate dinitrosyl-iron-dithiol clusters.
This modification disrupts the iron-sulfur clusters; the remaining thiols are
provided by the cysteine residues of SoxR protein. The model shows all iron
atoms remaining bound to the protein, but may not be the case, particularly
in the protein subjected to repurification.

This difference suggests that active pathways may exist to reverse
or destroy this modification in SoxR. It is noteworthy that
iron-nitrosyl adducts are released rapidly from NO-exposed
mammalian cells (38). The resistance of the NO-modified metal
centers to chemical reduction caused us to test other compounds
for such activity. Thiols can influence the stability of oxidized
SoxR (23) or of other nitrosylated iron-sulfur centers (39). The
thiol proteins thioredoxin and glutaredoxin (at ~100-fold molar
excess) had only a modest inhibitory effect on the transcriptional
activity of nitrosylated SoxR in vitro (data not shown); more work
is required to establish the relevance and mechanism of this
effect. Other compounds or enzymatic pathways that reverse or
eliminate the nitrosylated iron-sulfur centers remain possible. In
view of the toxic effects of NO on various iron-sulfur proteins,
an ability of cells to eliminate such products could make an
important contribution to cellular defenses. In addition, the
utility of NO modification as a signaling mechanism would
depend on its reversibility. SoxR will provide an important
means to reveal the pathways of nitrosylation of iron-sulfur
centers and the reversal of this modification.
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