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Abstract

The threat of free radical damage is opposed by coordinated responses
that modulate expression of sets of gene products. In mammalian cells,
12 proteins are induced by exposure to nitric oxide (NO) levels that are
sub-toxic but exceed the level needed to activate guanylate cyclase.
Heme oxygenase 1 (HO-1) synthesis increases substantially, due to a
30-to 70-fold increase in the level of HO-1 mRNA. HO-1 induction is
c¢GMP-independent and occurs mainly through increased mRNA
stability, which therefore indicates a new NO-signaling pathway.
HO-1 induction contributes to dramatically increased NO resistance
and, together with the other inducible functions, constitutes an adap-
tive resistance pathway that also defends against oxidants such as
H,0,. In E. coli, an oxidative stress response, the soxRS regulon, is
activated by direct exposure of E. coli to NO, or by NO generated in
murine macrophages after phagocytosis of the bacteria. This response
is governed by the SoxR protein, a homodimeric transcription factor
(17-kDa subunits) containing [2Fe-2S] clusters essential for its activ-
ity. SoxR responds to superoxide stress through one-electron oxida-
tion of the iron-sulfur centers, but such oxidation is not observed in
reactions of NO with SoxR. Instead, NO nitrosylates the iron-sulfur
centers of SOxR both in vitro and in intact cells, which yields a form of
the protein with maximal transcriptional activity. Although nitrosylated
SoxR is very stable in purified form, the spectroscopic signals for the
nitrosylated iron-sulfur centers disappear rapidly in vivo, indicating an
active process to reverse or eliminate them.
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Nitric oxide (NO) occurs widely in biol-
ogy and has diverse effects. NO is generated
enzymatically by a class of P,sy-related en-
zymes called NO synthases (NOS), which
use O, and NADPH to produce NO by oxida-
tion of L-arginine (1,2). Immune cells em-
ploy NO as a cytotoxic weapon to destroy
pathogens and tumor cells (3). Activation of

macrophages by interferon y or bacterial lip-
opolysaccharide leads to the induced synthe-
sis of an NOS that produces high (micromo-
lar) levels of NO continuously for many
hours (1). The NO produced by murine mac-
rophages is important for killing both micro-
bial pathogens and tumor cells (3,4). Some
bacterial pathogens have evolved the ability
to sense and respond to their exposure to
macrophage-generated NO (5,6); the bacte-
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Figure 1 - Nitric oxide (NO) levels
and biological effects. NOS, NO
synthases.
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rial defense mechanisms involved in this
response provide important clues to the cy-
totoxic reactions in target cells and suggest
that adaptive responses to NO might exist in
other organisms.

NO damage in phagocytosed cells in-
cludes protein modification, such as the for-
mation of 3-nitrotyrosine adducts (7), the
inactivating nitrosylation of iron-sulfur cen-
ters in enzymes such as aconitase (8) or the
inactivation of ribonucleotide reductase (9).
Cytotoxic DNA damage is also produced in
NO-exposed cells (10).

NO at much lower (nanomolar) levels is
employed for intercellular signaling in mam-
malian tissues (Figure 1). In vascular endo-
thelial cells, a calcium-sensitive NOS is acti-
vated when neuronal electrochemical sig-
nals activate the endothelium (11). The re-
sulting NO then diffuses to neighboring
smooth muscle cells, binds the heme group
of soluble (heme-containing) guanylate cy-
clase, and cGMP production leads to muscle
relaxation (12). Recent observations (13)
add to this model by suggesting that NO
carried as a nitrosothiol adduct on the con-
served surface cysteine residue of hemoglo-
bin can be released within oxygen-deprived
tissues, thus increasing blood flow.

In addition, NO seems to operate as a
signal molecule between neuronal cells. In
several systems, arginine analogs that block
NOS activity also prevent cell-cell commu-
nication, such as that underlying long-term
potentiation (14). Initially this effect was
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assumed to depend on the specific neuronal
form of NOS, but mice in which the gene
encoding this enzyme was mutated retained
apparently normal long-term potentiation
(15). Instead, both the neuronal and endo-
thelial isoforms of NOS act in long-term
potentiation (16), an observation that pre-
serves the role of NO in the process.

Many other cell types are now known to
generate NO, particularly from an NOS that
is strongly induced in response to cytokines.
Induction of this same NOS isoform has
been extended to hepatocytes (17), fibro-
blasts (18), and glial cells (19,20). A recent
report suggested that AIDS-related demen-
tia is caused by cytokine-induced expression
of the inducible NOS in the central nervous
system (21), which illustrates its potential
for cellular damage as a by-product of in-
flammatory NO production. Exposure to NO
through both the inducible NOS and the
isoforms involved in intercellular signaling
may constitute a common toxic threat in
mammalian tissues.

In view of the toxicity of NO outlined
above, frequent exposure might have pro-
voked the evolution of defenses to cope with
it. Some of the activities marshaled against
reactive derivatives of oxygen probably con-
tribute to normal cellular resistance to NO.
For example, our own work has shown that
superoxide dismutase (SOD) can function as
a defense against NO (5), probably by limit-
ing the formation of peroxynitrite (ONOO-)
from the reaction of superoxide (O,”) with
NO. Peroxynitrite is a highly reactive spe-
cies capable of damaging all biological mac-
romolecules (22). Glutathione in CHO cells
and human lymphoblastoid cells (23), and in
rat neuronal cells (24) provides protection
from the toxicity of chemically or biologi-
cally generated NO. DNA repair enzymes
that correct other forms of oxidative damage
may also act on NO-dependent lesions (5,25).
In addition to the constant expression of
defense activities, it also seemed possible
that cells might modulate their resistance to
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NO by transient changes in gene expression,
as they do in the face of other types of cy-
totoxic and mutagenic threats.

Free radicals and oxidative damage to
cellular components, especially DNA and
the resulting oxidative mutagenesis, have
been argued frequently to be a key underly-
ing cause of cancer and other age-related
diseases (see review by Ames and colleagues
(26)). While much of the evidence support-
ing this view has traditionally been circum-
stantial in nature, recent genetic experiments
support the critical role of antioxidant de-
fenses in animal viability (e.g., the early
death of mice lacking mitochondrial SOD;
27). Collectively, the results of studies of
this type support the hypothesis that there is
considerable risk of oxidative damage due to
normal aerobic metabolism. The recognition
that NO is also a normal product in mamma-
lian cells has suggested that this molecule
might also contribute to age-related diseases
such as cancer (28,29). The roles of NO in
carcinogenesis are likely to be as variable as
the biological effects of this agent in cell-cell
signaling and cytotoxicity. For example, it
has been proposed that the angiogenic and
cytotoxic properties of NO may combine to
select tumor cells with p53 mutations (30).
Because the mutagenic and cytotoxic poten-
tial of NO has important implications for
carcinogenesis (31,32), itis critical to under-
stand in molecular terms the cellular de-
fenses that operate against NO-mediated
damage. Conversely, resistance mechanisms
might operate in tumor cells to counter the
attack of immune cells that employ NO as
part of their cell-killing weaponry (3).

From the foregoing, one can propose that
the ability of cells to modulate their sensitiv-
ity to NO is an important feature of the
etiology of age-related diseases such as can-
cer. There is now evidence that mammalian
cells can activate an adaptive response to
NO, in which subtoxic levels of this free
radical cause gene induction that allows the
survival of otherwise toxic concentrations of

NO (33,34). We have shown specific defense
gene induction by NO in human fibroblasts
and HeLa cells (35), and we have demon-
strated that this induction increases the
NO resistance of rodent motor neurons
(36).

The E. coli soxRS system (37,38) works
in two transcriptional stages (39): “resting”
SoxR protein contains [2Fe-2S] centers
that are in the reduced state (formal charge
+2) in the absence of oxidative stress, but
which become oxidized (formal charge +3)
upon cellular exposure to superoxide-gener-
ating agents such as paraquat (PQ). Activated
SoxR triggers transcription of the soxS gene
up to 100-fold (40,4 1), and the resulting syn-
thesis of SoxS protein (42) stimulates 15
other genes encoding key defense and me-
tabolism proteins (Figure 1): Mn-containing
SOD (sodA), DNA repair endonuclease IV
(nfo), glucose-6-phosphate dehydrogenase
(zwf), aconitase (acnd), stable fumarase
(fumC), ferredoxin:NADPH oxido-reductase
(fpr), toxin and antibiotic efflux pumps
(acr4B), an antisense RNA for the ompF
porin mRNA (micF), etc. (43). This coordi-
nate induction gives increased cellular resis-
tance to oxidative agents such as PQ (37,38)
(Figure 2).

Unexpectedly, soxRS activation also in-
creases the resistance to a wide range of
antibiotics (37), dependent on both micF, to
affect OmpF expression (44), and the acr4AB
efflux pump (45). This antibiotic resistance
mechanism is also activated by the marRAB
locus, which employs a close homolog of
SoxS, MarA protein (42% identical to SoxS;
46), to stimulate expression of many of the
same genes. A third protein, called Rob, has
an N-terminal domain very similar to SoxS
and MarA and can also activate multiple
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Figure 2 - Two-stage gene acti-
vation in the soxRS regulon.
Synthesis of SoxS protein trig-
gers resistance genes. SoxR*,
the activated form. NO, Nitric
oxide. Reprinted with permis-
sion from Ref. 39.
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antibiotic resistance (47). All three proteins
(SoxS, MarA, and Rob) activate at least
some oxidative stress genes, such as sod4
(47,48), which indicates a close relationship
between defenses against oxidative stress
and other environmental agents.

The soxRS system is activated by NO,
even in the absence of oxygen (5). Induction
of soxRS by this immune system weapon
provides E. coli with some resistance to NO-
generating macrophages (5,6). The mech-
anism by which NO activates SoxR has been
of particular interest, but until recently has
resisted solution. Our recent work now shows
that the SoxR [2Fe-2S] centers are directly
modified by NO, but also suggests that addi-
tional pathways exist that process NO-modi-
fied iron-sulfur proteins. Similar mechanisms
for dealing with NO damage probably exist
in mammalian cells.

We have exploited the soxRS system as a
model for redox signal transduction, result-
ing in a novel model of gene control depend-
ent on the oxidation state of iron-sulfur cen-
ters (39). The physical processes underlying
this signaling, and the detailed control of the
SoxR oxidation state by cellular activities,
still remain to be established. The versatile
role of the SoxR [2Fe-2S] centers in signal-
ing free radicals is likely to be replayed in
other systems, not necessarily restricted to
transcriptional regulators.

An NO-inducible response in human
cells

NO-inducible proteins in human fibroblasts

We set out to determine whether human
cells have a global response to sub-toxic NO
detectable as the induced synthesis of spe-
cific proteins. We wished initially to use
untransformed cells, and so chose IMR-90
primary human embryonic lung fibroblasts.
The pathways of NO-induced gene expres-
sion in fibroblasts are likely to be relevant to
other cell types, because fibroblasts may be
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exposed acutely to macrophage-generated
NO during wound healing or pathogen-in-
duced inflammation. As noted in the Intro-
duction, cytokine-inducible NOS is also
found in fibroblasts, which may thus gener-
ate their own burden of NO exposure.

IMR-90 cells (human embryonic lung
fibroblasts) were cultured just to confluence
and exposed to varying doses of pure NO
gas, applied at known rates through gas-
permeable Silastic tubing. This exposure
method (49) allows NO levels to be con-
trolled precisely and avoids the by-products
of NO-releasing compounds; the exposure is
estimated by measuring nitrite with the Griess
reagent.

After a 90-min exposure to NO at 280
nM/s and subsequent protein labeling by
35S-methionine, two-dimensional gel analy-
sis revealed the reproducible induction of
twelve proteins in NO-exposed cells com-
pared to controls, and the repression of eight
others (35). The levels of NO employed in
these experiments are within the physiologi-
cal range (Figure 1) for the amounts gener-
ated by the inducible NOS of macrophages
and other cell types (3,49,50). Indeed, the
NO fluxes given here correspond to the total
amount absorbed in the exposed culture,
such that the actual NO steady-state concen-
tration at the surface of attached cells is
likely to be lower, owing to reaction of NO
with dissolved oxygen in the culture medium
(which generates nitrite and nitrate; control
experiments show that these products do not
mediate the observed protein induction by
NO).

Most of the induced proteins remain to
be identified (Figure 3), but a prominent
NO-inducible polypeptide in the two-dimen-
sional gels had M, ~32,000 (35). Since mam-
malian cells treated with other oxidative
agents (e.g., hydrogen peroxide or sodium
arsenite) induce a 32-kDa protein, identified
as heme oxygenase 1 (HO-1) (51), we tested
directly whether NO treatment induces the
HO-1 mRNA in human cells.
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Dose-dependent induction of HO-1 mRNA

Quantitative Northern blot analysis (35)
revealed that the HO-1 transcript is indeed
strongly induced in IMR-90 cells exposed to
NO for 90 min at dose rates as low as 90 nM/
s; a similar dose-dependence was observed
for HeLa cells. Up to 10-fold induction of
HO-1 mRNA was seen for both cell types at
dose rates ~550 nM/s, which is lower than
the local NO production expected for a fully
activated macrophage (1,3). The NO levels
employed for these treatments were not cy-
totoxic, as assessed by clonal assays or Trypan
blue exclusion (Marquis JC and Demple B,
unpublished data). The induction of the HO-1
transcript by sub-toxic NO levels may repre-
sent a component of a protective response.
Indeed, HO-1 induction by NO-donating
compounds has now been reported in rat
hepatocytes (52), a glioblastoma cell line
(53), vascular endothelial cells (54), and
vascular smooth muscle cells (33). In addi-
tion, induction of HO-1 was reported for rat
glial cells associated with induction of NOS
activity (20).

The induction of HO-1 mRNA by NO in
IMR-90 cells was optimized with respect to
the time of exposure and the subsequent NO-
free incubation. In these experiments, we
used conditioned medium to avoid the HO-1
induction that occurs when fresh medium is
used (51). Doses were controlled by varying
the length of silicon tubing used for the
exposure, the concentration of NO gas (bal-
anced by argon) flowing through the silicon
tubing, and the time of exposure. We deter-
mined the exposure conditions for optimal
HO-1 expression to be 280 nM/s for 60 min,
which gave induction up to 70-fold over
control (conditioned medium) levels. The
kinetics of this induction were such that,
after a 60-min pulse exposure to NO (fol-
lowed by medium replacement and incuba-
tion), maximal induction was seen 3-5 h later
(35). Western blotting demonstrated in-
creased levels of HO-1 protein for at least 10

h after the exposure (35).

Maximal expression of HO-1 mRNA
could be sustained for at least 8 h during
continuous low-level exposure to NO. Since
the NO dose rate was inversely proportional
to the exposure time in these experiments
(35), strong HO-1 expression could be seen
even at a dose rate of ~35 nM/s. This level is
biologically relevant, as noted above, and
motor neurons respond to NO fluxes that are
even 10-fold lower (see below). Prolonged
exposures such as that shown here begin to
approach the kind of chronic exposure ex-
pected for in vivo situations.

The lack of dramatic NO-mediated in-
duction with the HO-1 reporter constructs
(35) suggested either that key transcriptional
elements are missing from these constructs,
or that post-transcriptional changes lead to
HO-1 mRNA induction. We tested the latter
possibility by determining the stability of
HO-1 mRNA in untreated and NO-treated
cells. In control (untreated) IMR-90 cells,
HO-1 mRNA had a half-life of <2 h, which
was dramatically increased to ~6 h immedi-
ately after the NO treatment (35). The decay
rate of HO-1 mRNA was determined at vari-
ous times after stopping NO exposure, which
showed that the stability of the message
returned to the pre-treatment level by 4 h

Response of normal human fibroblasts (IMR-90) to
sub-lethal nitric oxide

Twelve proteins induced:
200 K, 65K, 55 K, 42 K,
40K, 38K, 37K, 35K,

/34 K, 33K, 32K, 7.5 i\

Post-transcriptional
regulation

Transcriptional

control:
(mRNA stability):

CL-100, others? \ .
NO HO-1, others?

Eight proteins
down-regulated:
205K, 121 K, 55 K, 52 K,
35K, 34 K, 32 K (two)
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Figure 3 - Constellation of nitric
oxide (NO)-inducible proteins in
human IMR-90 fibroblasts. HO-
1, Heme oxygenase 1. Re-
printed with permission from
Ref. 64.
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Figure 4 - Kinetics of adaptive
nitric oxide (NO) resistance in
NSC34 cells. The cells were pre-
treated for 60 min with 25 nM/s
NO or argon gas (control; C). Af-
ter incubation in NO-free medi-
um for the indicated times,
samples were taken for North-
ern blotting and quantification
(panel A), or challenged for 60
min with 277 nM/s NO. After an
additional 24-h incubation, viabil-
ity (panel B) was measured. HO-
1, Heme oxygenase 1. Reprinted
with permission from Ref. 36.
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post-exposure (35). Essentially the same re-
sult was obtained with two different RNA
polymerase II inhibitors (35). There was no
evidence for an NO-induced change in the
stability of the CL100/MKP-1 or SOD2
mRNA (data not shown). This result sug-
gests that the activity of regulatory proteins
that bind HO-1 mRNA is controlled in re-
sponse to NO (Figure 3).

An adaptive response of motor
neurons to NO

Since sub-toxic NO exposure led to in-
duction of the protective enzyme HO-1 in

Relative HO-1 expression

100

Survival (%)

100

Neurite expression (%)

© 1 2 4 5
Time after NO pretreatment (h)
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human fibroblasts and HeLa cells, we tested
whether such a response also occurs in other
cell types. We investigated this question ini-
tially for motor neurons as representative of
long-lived cell types that may be at chronic
risk of NO damage both from inflammation
and from by-products of intercellular signal-
ing processes involving NO. We initially
tested the immortalized spinal cord neuron-
neuroblastoma cell line NSC34, developed
by Cashman and colleagues (55). After plat-
ing under suitable growth conditions, this
line displays all the essential morphological
and biochemical characteristics of mature
motor neurons (56,57).

We first established the cytotoxicity of
different NO flux rates for NSC34 cells (36).
Under our culture and exposure conditions,
a 60-min exposure to NO at 35 nM/s did not
cause detectable cell death or loss of neurites,
a key indicator of neuronal integrity (55,
56). At NO fluxes of 83-277 nM/s, substan-
tial cell death and neurite loss ensued within
24 h.

As assessed by Northern blotting, HO-1
expression was induced rapidly and dramati-
cally in NSC34 cells following subtoxic NO
treatments. After 60-min exposures to 25-
40 nM/s NO, followed by a 2-h expression
period, HO-1 RNA was induced 5- to 6-fold
(Figure 4). In contrast, exposure to cytotoxic
levels of NO diminished or eliminated the
induction. Varying the expression time after
a 60-min exposure to NO at 25 nM/s showed
that HO-1 mRNA induction was maximal
2 h after treatment, but had decreased nearly
to control levels by 8 h (Figure 4). As found
for human fibroblasts (35), the induction of
HO-1 mRNA by NO was evidently inde-
pendent of cGMP: the membrane-permeable
analog 8-bromo-cGMP (12) failed to elicit
HO-1 mRNA accumulation (36). The
MnSOD (SOD?2) transcript was not induced
in NO-exposed NSC34 cells (Bishop A and
Demple B, unpublished data).

Pretreatment of NSC34 cells for 60 min
with a flux of 25 nM/s NO, followed by a 2-
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h incubation to allow induced gene expres-
sion, conferred substantial resistance to a
subsequent cytotoxic NO challenge (277 nM/
s for 60 min), as judged by microscopic
examination for cell survival 24 h after the
challenge (36) (Figure 4). The loss of neu-
rite-bearing cells after the NO challenge was
significantly less for the pretreated NSC34
cells than for those challenged directly with
a high level of NO (36). After NO challenge
of the non-pretreated cells, microscopic ex-
amination revealed the accumulation of con-
siderable cellular debris accompanying deg-
radation and rounding of the remaining ad-
herent cells (36). Among these survivors, the
axons of the few neurite-bearing cells were
spiny and appeared to be undergoing
Wallerian degeneration, a morphological
characteristic of neuronal degeneration (58).

The time course of the NO-induced cyto-
toxic effects revealed significant protection
by an inducing pretreatment as early as 2 h
after the challenge (36). For the non-pre-
treated cells, the loss of Trypan blue exclu-
sion at 2 h after the NO challenge was ac-
companied by cell rounding and shrinkage
suggestive of apoptosis (Bishop A and
Demple B, unpublished data). A quantita-
tive analysis of neuronal morphology as an
indicator of inducible NO resistance showed
that essentially all the viable cells in the
pretreated population expressed neurites 48 h
after the NO challenge, compared to ~35%
for the NO-challenged control cells at 48 h
(36). Thus, NSC34 cells can activate adap-
tive resistance to NO. As these experiments
were underway (1996-present), adaptive re-
sistance to NO-releasing compounds was
reported for rat hepatocytes (59), vascular
endothelium (54,60), and vascular smooth
muscle cells (33). Thus, adaptive NO resis-
tance is a very widespread response dis-
played by many cell types and may consti-
tute a fundamental defense mechanism of
mammalian cells. It is likely that some key
functions, such as HO-1, are employed in the
adaptive resistance to NO of many cell types.

We have since demonstrated an even more
robust adaptive resistance to NO in IMR-90
human fibroblasts (Teixeira H and Demple
B, unpublished data).

Adaptive NO resistance probably in-
volves multiple defense pathways, in view
of the complex chemistry and array of tar-
gets of NO noted above. We therefore tested
whether sublethal NO increases resistance
to other oxidants (36). Indeed, after chal-
lenge of NO-adapted NSC34 cells with hy-
drogen peroxide (a 60-min incubation with
100 uM hydrogen peroxide) and subsequent
incubation, a vital stain assay showed higher
survival in the NO-pretreated cells (77%)
than in control cells (40%). Thus, the adap-
tive resistance to NO also involves defense
mechanisms that also counteract cytotoxic
peroxide damage.

The kinetics of adaptive NO resistance in
NSC34 cells paralleled the expression of the
HO-1 transcript. When the cells were pre-
treated with a subtoxic NO level and allowed
various expression times before a toxic NO
challenge, induced resistance was not appar-
ent after only 1 h of expression time follow-
ing the pretreatment (Figure 4). The maxi-
mum resistance was observed at 2 h, which
then decayed over the next few hours. The
cellular survival reached the control level by
5 h after the pretreatment (Figure 4), al-
though at this time there was still some pro-
tective effect observed in terms of neurite
expression (36). This kinetics is consistent
with at least partial dependence of the in-
duced NO resistance on induced HO-1 ex-
pression.

To test the role of HO-1 in adaptive NO
resistance more directly, NSC34 cells were
exposed to subtoxic NO in the presence of
heme analogs that are HO-1 inhibitors. Since
these compounds also inhibit heme-contain-
ing guanylate cyclase (12), 8-bromo-cGMP
was also added in some experiments in order
to restore cGMP pathways. Sn-protoporphy-
rin did not exert NO-independent cytotoxic-
ity in NSC34 cells (Bishop A and Demple B,

1423
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unpublished data), but it did abolish the
adaptive resistance when present during the
NO challenge (36). When 8-bromo-cGMP
was added together with the Sn-protopor-
phyrininhibitor, adaptive resistance was only
partially restored (mean survival 27 + 3% in
3 experiments (36)). Moreover, incubation
of non-pretreated cells with 8-bromo-cGMP
did not detectably elevate their resistance to
NO, and a more specific guanylate cyclase
inhibitor (1H-(1,2,4) oxadiazole(4,3-a)
quinoxalin-1-one) did not diminish adaptive
NO resistance (36). Thus, the role for cGMP-
dependent mechanisms appears at most to
be secondary, and the induced expression of
HO-1 may be necessary for this contribution
to be detected.

Activation of SoxR by nitric oxide

The E. coli soxRS regulon (Figure 2) is
activated by pure NO gas and contributes to
bacterial resistance to NO-generating mouse
macrophages (5). For a direct test of the role
of macrophage-generated NO in SoxR acti-
vation, we developed high-sensitivity meth-
ods to monitor soxS ::lacZ expression of
phagocytosed bacteria directly within mac-
rophages (6). This approach demonstrated
an exact parallel between soxS induction
(which reports SoxR activation) and soxRS-
dependent resistance to NO. The use of an
NO synthase inhibitor (Ne-methyl-L-argi-
nine) showed that SoxR activation depends
on the activity of the macrophage NO-gener-
ating enzyme (6). Thus, a direct link was
established between physiological NO lev-
els and SoxR activation.

The mechanism of NO activation of SoxR
was not established in the previous experi-
ments. However, because soxRS activation
by NO is more effective anaerobically than
aerobically (6,61), O, or other O,-depend-
ent molecules are not involved. The results
are instead consistent with the direct reac-
tion of SoxR with NO. We have now discov-
ered the basic mechanism by which NO
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activates SoxR. We exposed cells to NO
“instantaneously” by adding aliquots of a
saturated solution of the pure gas (made
anaerobically in water), and we monitored
soxS induction directly by Northern blotting.
These experiments showed rapid but tran-
sient induction of soxS mRNA to a high level
(Ding H and Demple B, unpublished re-
sults). Extending the NO exposure from <10
s to 30 s gave a longer-lived activation of
soxS transcription, which peaked at 5 min
and decayed over the next 15 min (Ding H
and Demple B, unpublished results). These
results are consistent with the generation by
NO of a transiently activated form of SoxR.

Electron paramagnetic resonance (EPR)
spectroscopy of intact, NO-treated E. coli
revealed a new SoxR species with g =2.03
(Ding H and Demple B, unpublished re-
sults). This EPR signature was similar to
those of dinitrosyl-iron-dithiol complexes,
the predominant known product of NO with
iron-sulfur centers in vivo (8,62,63). For
SoxR, these adducts were formed rapidly
(within 2 min of NO exposure) under condi-
tions where the induction of soxS was maxi-
mal. After NO exposure, the EPR signal
returned rapidly to that of reduced, unmodi-
fied SoxR, in parallel to the down-regulation
of soxS (Ding H and Demple B, unpublished
results).

The g = 2.03 EPR spectrum was repro-
duced in vitro with purified SoxR protein
treated with NO (Ding H and Demple B,
unpublished results); therefore, other cellu-
lar components are not required. The
dinitrosyl-iron-dithiol complexes in SoxR
were very stable in vitro, even after partial
reduction with dithionite and re-oxidation.
This stability contrasts with the rapid disap-
pearance of nitrosylated SoxR in vivo and
suggests that NO-modified SoxR is actively
eliminated in intact cells.

Nitrosylation of iron-sulfur centers typi-
cally inactivates protein function. However,
NO-treated SoxR, in which the iron-sulfur
centers had been completely modified, was
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just as active in in vitro transcription as the
oxidized form of Fe-SoxR (Ding H and
Demple B, unpublished results). Thus, SoxR
is the first example of a protein activated by
nitrosylation of its iron-sulfur centers (Fig-
ure 5), and this mechanism provides a new
mode of signal transduction involving NO. It
seems likely that this form of signaling would
be employed in mammalian cells.
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