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Over thirty years ago, the observations that eventual-
ly led to the discovery of the NADPH oxidase were
made by Baehner, Karnovsky, and colleagues (1-3).
These have served as a focal point of interest in plac-
ing reactive oxygen species (ROS) in the conceptual
forefront of the biomedical community. Over the last
decade, the examination of the roles of oxygen and
redox tone in regulating cell function has turned
inward to the intracellular environment. Because
oxidative metabolism is central to the biology and
health of all humans, how we respond to conditions of
low and high oxygen stress has become a critical con-
sideration in biology and medicine. Humans live in a
world where we continually balance the use of oxygen
as a source of energy, and as a source of cellular injury.
The generation of oxygen radicals secondary to mito-
chondrial disruption, the activation of cellular
NADPH oxidases, the metabolism of xenobiotics, or
other forms of oxidative stress can lead to mutations
in DNA, lipid peroxidation, and protein damage. We
have therefore evolved a marvelously complex system
of both defense mechanisms and sensing mechanisms
for changes in cellular redox tone. These include the
enzymes superoxide dismutase, catalase, and glu-
tathione peroxidase that detoxify ROS. We have also
developed signaling mechanisms that utilize ROS to
initiate processes that allow cells to survive exposure
to oxidative stress within certain tolerances, but also,
when stress and damage become too great, to ensure
cell death. How these pathways are initiated and con-
trolled on a molecular basis by ROS and also molecu-
lar oxygen is at the heart of what is generally consid-
ered redox signaling and the response to oxidative
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stress. The molecular species that fall under the term
ROS include superoxide, hydrogen peroxide (H,O,),
hydroxyl radical, and singlet oxygen. Each of these can
play arole in a variety of intracellular processes. Final-
ly, we have adapted these molecular species, particu-
larly H,O, and NO, as signaling molecules in multiple
biological processes.

The organization of redox signaling and the use of
oxygen to transmit information are proving to be much
more complex than one could have originally imag-
ined. As this Perspective series evolved, discussions with
the authors suggested that we should cast a wide net
and include various mechanisms by which oxygen and
reducing equivalents have been adapted to transmit
information within cells, or to create cellular damage.
Our discussions seemed to raise as many questions as
they answered. In the resulting series, several broad
areas emerge that may focus the thinking of readers in
new directions.

Redox-responsive and oxygen-sensitive
transcription

Sensing nuclear oxygen tension. Since its original descrip-
tion, the study of the transcription factor hypoxia
inducible factor 1 (HIF-1) has demonstrated its central
role in regulating the body’s response to changing oxy-
gen levels (4-6). It is the paradigm for how molecular
oxygen can regulate transcription. The functions of
HIF-1 target genes have been divided into categories
that include cell proliferation and viability, erythro-
poiesis and iron metabolism, and vascular develop-
ment and remodeling (6), and the expression of these
genes is induced when oxygen tension dips below a safe
level. To prevent the continuous overexpression of
these genes, cells utilize prolyl hydroxylases (7-9) to
hydroxylate HIF-1a. Hydroxylation targets HIF-1a for
binding to the von Hippel-Lindau protein (pVHL),
which is the recognition component of an E3 ubiqui-
tin protein ligase, and ubiquitination of HIF-1a. This
results in the targeting of HIF-1a for destruction by the
proteasome (4-9). Cells lacking functional pVHL can-
not degrade HIF and thus overproduce mRNAs encod-
ed by HIF target genes. Oxygenation of asparagine also
blocks the recruitment of coactivating proteins (10).
The functional inactivation of the von Hippel-Lindau
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tumor suppressor is observed in hemangioblastomas
and in clear cell renal carcinoma (4-9). Thus, oxygen,
per se, functions as a negative regulator of transcrip-
tion. This topic will be addressed in the Perspective by
Michal Safran and William Kaelin (11).

NADs as multifunctional redox sensors. A recently
described mechanism for redox-based transcription
involves the use of the NAD cofactors NADH, NAD*,
NADPH, and NADP* as regulators of genes based on
their redox state (12-14). This paradigm is exemplified
by the transcription factors Clock:BMAL1 and
NPAS2:BMALI (12, 13). These are heterodimeric tran-
scription factors that control gene expression as a func-
tion of the light-dark cycle. The binding of these tran-
scription factors, and presumably transcription
efficiency, are markedly enhanced by NADH and
NADPH, but inhibited by NAD* and NADP*. In these
cases, they function as allosteric modifiers, where the
effectiveness of NADs does not depend on modifica-
tion of proteins. This form of redox control has also
been proposed for the carboxy-terminal binding pro-
tein (CtBP) (14), which can function as a cofactor for
repression of transcription. Its action is dependent on
adenine dinucleotide cofactors and has been suggested
in certain circumstances to be related to the oxida-
tion/reduction state of these molecules, with NADH
being 100- to 1,000-fold more effective than NAD".
This would allow the ratio of nuclear NADH to NAD*
to function as a redox sensor for transcription. The
number of transcription factors and genes regulated in
this manner is not known, but the potential for this
mechanism to be employed in settings such as inflam-
mation and cell growth is apparent.

Direct modification of transcription factors by ROS. Direct
modification of transcription factors by ROS is exem-
plified by the Escherichia coli transcription factor OxyR
(15, 16). In the case of OxyR, the reduced form of the
protein can bind to DNA but cannot induce transcrip-
tion. Selective cysteines undergo posttranslational
modification, leading to the activation of transcription.
These modifications result in the formation of S-NO,
S-OH, and S-glutathionyl adducts. These modified
forms of OxyR are transcriptionally active but differ in
structure, cooperative properties, DNA-binding affin-
ity, and promoter activities.

Eicosanoid-based signaling

The use of arachidonic acid as a template for the enzy-
matic insertion of oxygen (17-19) exemplifies how the
body uses oxygen to impart specific signaling infor-
mation. As described in a previous JCI Perspective
series (20-27), the numbers and function of oxygenat-
ed derivatives of arachidonic acid vary widely. These
were originally described as including the cyclooxyge-
nase derivatives, the prostaglandins, the thrombox-
anes, and the prostacyclins. This list was expanded to
include leukotrienes and then products of oxidation
of 12-, 15-, and 8-lipoxygenases, as well as cytochrome
P450s. More recently described products such as iso-
prostanes and products formed by multiple lipoxyge-
nases (lipoxins) have been shown to be formed during

periods of cellular stress or damage. The critical dif-
ference in the biological properties of each of these
molecules is the number, position, and stereochem-
istry of oxygen insertions, which then determine the
geometry and information content of each molecule.
Thus, in the world of eicosanoids, oxygen is the cur-
rency of information. How cells and tissues regulate
the balance of each of these oxidations, and the bio-
logical properties of these molecules, will remain a
rewarding area of investigation for the foreseeable
future and will be addressed by the author and Peter
Christmas in this Perspective series (28).

Sensing and harnessing ROS

The role of multifunctional proteins in redox signaling. One
of the most intriguing aspects of redox signaling and
oxidative stress is that proteins involved in the trans-
duction of cellular redox changes have recently been
shown to be multifunctional. This is illustrated by
apoptosis-inducing factor (AIF). The cell biology of this
protein and its relation to disease are just being unrav-
eled, but AIF illustrates how single proteins that con-
trol oxidation and reduction events can have distinct
functions that are determined by different intracellu-
lar microenvironments and contexts. AIF can function
as an NADH oxidase in mitochondria, and potentially
as a scaffolding protein for caspase-independent cell
death in the nucleus (29, 30). The harlequin (Hg)
mouse displays progressive degeneration of cerebellar
and retinal neurons with aging (29). A proviral inser-
tion in the first intron of the Aif gene results in an 80%
decrease in AIF expression. Work by Klein, Ackerman,
and colleagues (30) using these mice has led to the pro-
posal that AIF can act as a mitochondrial free radical
scavenger. In this series Susan Ackerman and Jeffrey
Klein will focus on the role of AIF in oxidative stress
and neurodegeneration (31). An alternate proposal,
based on these studies, suggests that AIF could func-
tion in the electron transport chain (29). Genetic dele-
tion of AIF would lead to uncoupling of mitochondri-
al electron flow with a concomitant increase in ROS,
mitochondrial membrane disruption, and trafficking
of AIF to the nucleus, where it serves as a scaffold for
caspase-independent cell death. The redox and scaf-
folding functions are carried out by different parts of
the AIF molecule.

The CtBP protein has been shown to be multifunc-
tional as well. Besides functioning as a cofactor for tran-
scription by sensing the ratio of NADH to NAD", it has
recently been shown to function as a short-chain dehy-
drogenase (32), raising the possibility that a combina-
tion of a substrate and the nuclear redox state can deter-
mine its function. Whether and how these functions are
integrated is unknown. It is intriguing to speculate that
an endogenous dehydrogenase substrate could impact
the function of NAD cofactors to regulate the corepres-
sor function of CtBP directly, or indirectly secondary to
the catalytic use of adenine dinucleotide cofactors.

Mechanisms of cellular damage. The damage that is
wreaked on cells as a byproduct of oxidative stress and
the generation of ROS and other electrophiles can
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obviously be lethal. The reactive properties of second-
generation molecules lead to cellular damage that
includes mutations of DNA, damage to and inactiva-
tion of proteins including p53, and lipid peroxidation
(33, 34). These mechanisms are reviewed in this Per-
spective series by Lawrence Marnett, James Riggins, and
James West (33). The consequences and mechanisms of
these reactions remain an area of intense scrutiny.

Surprisingly, these lethal effects of excessive ROS and
electrophiles can also be harnessed productively. The
generation of ROS by expanding populations of anti-
gen-specific T cells is responsible for limiting the size
of the population of these clones within the body. The
mechanisms by which this occurs are discussed by
Hildeman et al. in this series (35) and demonstrate how
these molecules can be used to modulate processes.
The use of ROS to modulate specific intracellular func-
tions leads to challenge of the overall cellular organi-
zation of redox signaling.

The cellular organization of redox signaling

and the pivotal role of cysteine

Perhaps the greatest overall challenge is to under-
stand the strategy that underlies the organization of
redox signaling in cells — if such a strategy exists. A
critical unresolved question is to what extent ROS are
generated within a microenvironment and act locally,
and to what extent they originate from sources such
as cellular NADPH oxidases, nitric oxide synthases, or
mitochondria, diffuse widely, and then have their sig-
naling integrated by proteins such as thioredoxins
and other redoxins. This question is addressed by Carl
Nathan in this series (36). It is likely that both mech-
anisms are operative. The role of cysteines in the
transduction of redox signals deserves special men-
tion and is described below.

Hydrogen peroxide is well recognized as an intracel-
lular signaling molecule (37). H,O; has been shown to
be important for the transduction of signals by PDGF
(38), insulin (39), leukotriene B4 (40), and TNF-a (37).
It functions by oxidizing cysteines; however, the conse-
quences of cysteine oxidation depend on the molecular
context and acidic pK, (acid constant) of the specific
cysteine being oxidized (the pK, of most cysteines is
alkaline). As reviewed by Rhee et al. (37), the sequence
Cys-X-X-Gly-X-X-Arg-Ser/Thr is a signature motif in
certain protein tyrosine phosphatases. The cysteine
(pKa 4.7-5.4) exists as a thiolate anion at neutral pH
(41) and forms a thiol-phosphate intermediate in the
catalytic mechanism of protein tyrosine phosphatases.
The reversible oxidation of this cysteine inactivates pro-
tein tyrosine phosphatases, resulting in unopposed
phosphorylation and proliferation (42, 43).

A second critical motif that has been identified in
signaling by ROS is the Cys-X-X-Cys motif. This is a
signature motif for cellular redoxins, including
thioredoxin, glutaredoxin, and nucleoredoxin. It is
also present in members of the PP1 subfamily of pro-
tein phosphatases (44), and in protein disulfide iso-
merase. The best-known example of these molecules
is thioredoxin. Thioredoxin functions to reduce

selected proteins. Thioredoxin is also associated with
apoptosis signal-regulating kinase 1 (ASK1) (45, 46).
In response to signaling by TNF-a, ROS are generat-
ed that eventually lead to the oxidation of the core
cysteines of thioredoxin. The oxidation of thioredox-
in leads to a conformational change, resulting in its
dissociation from ASK1. ASK1 is a MAP kinase kinase
kinase, and its release from thioredoxin allows it to
mediate stress signaling by TNF-a through the acti-
vation of stress-activating protein kinases and p38
kinases. The full extent of the networks and proteins
that are regulated by redoxins remains to be deter-
mined. The sequencing of the human genome has the
potential to identify many unappreciated proteins
that share motifs such as those of phosphatases and
thioredoxin. The oxidation of cysteines has also been
implicated in the processing of antigen (47, 48). The
oxidation of Cys118 of Ras results in activation,
rather than inhibition, of Ras resulting in the activa-
tion of a downstream protein kinase (49).

Surprising illustrations of the complexity and
importance of the organization of redox signaling and
the control of the oxidation state of cysteines are aris-
ing at an increasing rate. The Fanconi anemia group C
protein protects the survival of hematopoietic pro-
genitor cells. The function of this protein in
hematopoietic cells is to interact with glutathione-S-
transferase P1 (50). The Fanconi anemia group C pro-
tein lacks homology with conventional disulfide
reductases; however, it functions by preventing the oxi-
dation of cysteines and the formation of inactivating
disulfide bonds within glutathione-S-transferase P1
during apoptosis, allowing the enzyme to function in
its protective role.

Not surprisingly, with the extension of redox signal-
ing into all aspects of cell function, the enzymes and
proteins in these pathways are emerging as potential
drug targets. In the final article in this series, Richard
Jack will describe an approach to the development, and
potential clinical use, of novel small-molecule bi-ligand
inhibitors of bacterial and mammalian oxidoreduc-
tases from chemical libraries that were specifically
developed using NADs as templates (51).

Each of the areas described above is represented by an
in-depth review in this Perspective series. It is hoped
that they will stimulate readers to consider the role of
signaling by redox signaling and oxygen in a broad con-
text that perhaps touches on their own work.
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