
INTRODUCTION: QUESTIONS IN REDOX
CONTROL OF PROTEIN FUNCTIONS,
INCLUDING CYSTEINE-HISTIDINE

(CYSHIS) PROTEASES

REDOX PROTEOMICS reveals that hundreds of protein sul-
fur sites can undergo reversible transitions among dif-

ferent redox states (8, 9, 11, 13, 14, 22, 27, 38, 41–43, 48, 72,
73, 81, 94, 114, 115). In complex biologic mixtures, the

redox state of a protein site is the net result of its interaction
with many sulfur, metal, oxygen, and other redox factors. The
redox states of proteins can influence conformation, associa-
tive properties, enzyme activities, and other physical proper-
ties. Many types of protein functions can be redox-modified,
including transcriptional regulations, enzyme reactions, and
membrane/cytoskeletal functions. However, it is not known
whether groups of redox-modified proteins might share com-
mon redox controls and serve coordinate functions. Some
protein functions that are redox-modified are also controlled
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ABSTRACT

Hundreds of cell proteins undergo reversible transitions among redox states. Coordinate control and common
functions served by redox-modified proteins are unknown. The suspect “redox code” integrating metabolome,
proteome, and genome remains undefined. Protein redox control involves coupling of the population redox
partition to transfer of reductive energy from source to sink. Lessons in metabolic programs under redox co-
ordination might be found in nutritional desperation where reductive transfer from fuel fails to feed pathways
to protein reduction. Upon nutritional interruption, proteolysis initially increases. However, catabolism sec-
ondarily declines in later starvation so as to postpone loss of the minimal proteome under synthetic failure
and delay death. Integrated proteome turnover is paced by reductive transfer coupled to redox states of pro-
teins serving diverse functions. Some continuing proteolysis is redox-independent. Cathepsin B is a model,
redox-responsive, catabolic machine among proteins involved in turnover. The CysHis pair is simultaneously
a redox-responsive site, an inhibitory metal-binding site, and a peptidolytic reaction mechanism. Pro-region
cleavage generates permissive reaction conditions, but not necessarily the maximal peptidolytic rate. Mature
cathepsin B can be inactivated by partition into multiple oxidation states. Cathepsin B can be reductively acti-
vated by glutathione or disulfhydryl reductases, and redox-buffered by glutathione homodisulfide/glu-
tathione. Topics in protease regulation include: (a) the rate of total cell transfer of nutrient reductive energy
from NADPH source potential to reductive pathways, (b) the distribution of reductive energy routed through
parallel interactive pathways to protease, (c) the rate of transfer from protease through pathways to oxygen
(reactive oxygen species) acceptor at sink potential, and (d) the linkage of protease state partition to relative
rates of reductions and oxidations. Cell iron, sulfur, and oxygen redox are inseparable. The interaction of the
CysHis site with iron provides a sensor, integrator, and effector switch coupling cathepsin B to metal-sulfur-
oxygen redox. Artificial metal-redox-proton switching is a new concept in protein engineering; however, na-
ture has already applied “nanotechnology” to protein redox control. Antioxid. Redox Signal. 7, 982–998.
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by redox-independent factors. Protein functions under dual
redox-dependent and redox-independent influences include
kinase/phosphatase activities, the ubiquitin conjugation path-
way, proteasome activity, and the ATP regulatory subunit of a
protease targeted by thioredoxin (8). This background ques-
tions the identities of all proteins controlled by redox modifi-
cations, the coordinate functions served, the mechanisms of
coordinate control, and the metabolic conditions or signals
that impose coordinate changes. In addition to these uncer-
tainties, there is no unified definition of the cell redox status,
and no cipher to the suspected redox code that integrates
metabolome, proteome, and genome.

In seeking to define metabolic programs under redox coor-
dination, it seems useful to consider conditions under which
the cell undergoes large changes in the redox status. The
transfer of reductive energy from fuel through the redox sys-
tem can vary in relation to nutritional supply from electron
source, as well as oxidative demand from electron sink. In
late starvation, the deficit of energy from fuel fails to feed the
reductive chains. Among programs under redox coordination
might be the proteome–metabolome conversion under prog-
ress from fed conditions to late starvation. Under nutritional
deficit, the machinery of the proteome can be converted to
energy for survival via proteolysis and amino acid metabo-
lism. In microbes and mammals, the proteome–metabolome
conversion is accompanied by negative nitrogen balance until
loss of the minimal proteome causes death (Fig. 1) (76–79,
106). Pacing of the proteome–metabolome conversion is a
form of “death delay” under nutritional desperation. Under
prolonged starvation, the interconvertibility of cell structure
and energy involves a complex compromise among the need
for precursors to replace inactivated proteomic machinery,
the opposing need for sufficient energy to operate the ma-
chinery, and the need to clear denatured machinery. Upon nu-
tritional interruption, protein degradation initially increases
so as to provide precursors for adaptive synthesis. Under later
starvation, the advantages of turnover are secondarily com-
promised so as to postpone catastrophic loss of the minimal
proteome under synthetic failure.

Most of the steady-state release of [3H]-leucine postcursor
from the proteome of a primary tissue bioassay depends on
reductive energy transfer as observed under nonrecirculating
perfusion. However, a subcomponent of proteolysis is simul-
taneously redox-independent (76, 77, 106). Among many pro-
teins involved in integrated proteome turnover, the CysHis
peptidolytic reaction mechanism mediates the functions of
key proteases. The CysHis pair of cathepsin B (cat B) is si-
multaneously a redox-reactive site, a metal-binding site, a
proton-responsive site, and a peptidolytic site. It is routine
practice to assay maximal cysteine protease reaction rate fol-
lowing strong reductant, removal of copurified inhibitory
metals, and optimal ionization under appropriate pH. CysHis
proteases are known to be controlled by pro-region cleavage,
compartmentalization, and tissue protease inhibitors. Intra-
cellular CysHis proteases have been assumed to be fully “on-
or-off ” in relation to pro-region cleavage. Metal-redox-pro-
ton modification of mature protease reaction rate has not
been proposed as an intracellular control. Fe is a primordial
central redox coordinator of metabolome, proteome, and
genome in all cell types (48). Speciated metals, sulfur, and
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oxygen redox are virtually inseparable, and interactive with
many metabolites in complex biologic mixtures. It has been
recently proposed that the CysHis site is a sensor of multiple
redox factors, an integrator of simultaneous signals, and a re-
sponder–effector switch wiring the peptidolytic rate to cell
control of metal-redox-proton factors (79).

The cell redox circuitry involves nonequilibrium electron
transfer from fuel source to oxygen sink, which differs from
electrochemical equilibrium. The variable, dynamic, redox
partition of a molecular population can be reciprocally cou-

FIG. 1. Experimental redox fluctuations in 100% cathep-
sin B reaction rate under 2 mM GSH, and 100% steady-
state release of [3H]leucine postcursor from proteins of a
primary perfused tissue bioassay. This composite of data is
described quantitatively in several separate reports (76–78,
106). Vertical arrows and slash marks indicate graded, concen-
tration-dependent relationships. (A) Cathepsin B was assayed
by standard methods in ex vivo assay. Air oxidation reversibly
inactivates cathepsin B by presumptive oxygenation to sulfenic
acid. Addition of endogenous 2 mM GSH can promptly reacti-
vate the oxidized protease to a submaximal reaction rate (arbi-
trary 100% value). In the absence of GSSG, the reaction rate is
graded in proportion to the reduced GSH concentration over
the endogenous range (data not shown; see 77). The GSH-acti-
vated protease is promptly inhibited in proportion to added
GSSG. The stronger disulfhydryl reductants dithiothreitol
(DTT) (several millimolar) or dihydrolipoic acid (DHLA)
(5–50 µM) can cause a higher reaction rate than endogenous
GSH monosulfhydryl alone. (B) The proteome of an iso-
lated perfused rat heart was biosynthetically labeled with
[3H]leucine. The 100% value of integrated proteolysis is the
steady-state rate of postcursor release from the proteome via
all catabolic pathways under basal reductive energy trans-
fer. Under nonrecirculating perfusion, the basal release of
[3H]leucine from the myocardial proteome can be reversibly in-
hibited by noninjurious infusion of the thiolating agent, di-
amide (10–100 µM), or intervention in GSH status, or acetoac-
etate (AcAc) (5 mM). Conversely, sustained infusion of 80 µM
DHLA causes an elevation above the basal rate of proteome ca-
tabolism. The reductive stress of DHLA is followed by injury
and death. Constantly sustained tissue exposure to reactive
agents occurs within 10 s of infusion.
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pled to reductive energy transfer from NADPH source poten-
tial to oxygen sink potential. The physics underlying coupling
of population redox state partitions and reciprocal energy
transfer processes is daunting, and leads beyond the current
frontiers of biology. However, present understanding of the
chemistry of CysHis proteases, and the biology of proteolytic
pathways, provides insights into metal-redox control of other
proteins. It appears that evolution has applied “nanotechnol-
ogy” engineering to the metal-redox-proton control of cell
proteins.

THE PACE OF INTEGRATED CELL
PROTEIN DEGRADATION IS BIPHASIC

DURING PROGRESS FROM FED
CONDITIONS TO NUTRITIONAL

DESPERATION

Starvation includes many different deficiencies and re-
sulting diseases. Various sensing mechanisms can respond to
total energy deficit or selective nutrient deficits, including
micronutrients, individual metals, and amino acids. Insuffi-
ciencies of energy and/or nutrients elicit complex, multifac-
torial programs (for reviews, see 7, 36, 39, 46, 56, 57, 64, 69,
75, 85, 105). The molecular biology and pathology of bal-
anced and unbalanced nutritional desperation are currently at
the beginning stages, including the bioenergetics of death
delay. Among the many metabolic parameters of progressive
starvation, changes in glutathione (GSH) and Fe redox, and
ketone bodies are particularly relevant to CysHis protease
control. Other interesting parameters of progressive starva-
tion are not reviewed here, e.g., ascorbic acid.

Conversion of the proteome to energy by amino acid cata-
bolism is a primordial feature of nutritional economy evolved
across phyla. There is some minimal proteome necessary for
integrated cell function and survival. Higher organisms have
evolved a nutritional buffering system including expenditure
of glycogen and fat stores, followed by sacrifice of the pro-
teomes of various tissues at different rates under ketotic con-
ditions. Some human tissues can lose ~90% of their proteome
by the time of death, although critical tissues are better de-
fended. Various forms of hibernation are metabolic states
evolved to survive starvation under oxidative metabolic shift
while preserving the minimal proteome for recovery under
better times (18, 19, 63).

Upon nutritional interruption, lysosomal engulfment of cy-
toplasm initially increases in order to maintain continuing
amino acid pools for adaptive synthesis. However, during
synthetic failure of later starvation, the advantages of “self
eating” change to obvious disadvantage (78). The benefits of
constitutive proteome turnover can be compromised under
nutritional desperation in order to delay death. In mammalian
cells, a distinct subcomponent of ~25% of basal protein
degradation continues unabated under supramaximal diamide
exposure (76). Redox-independent proteolysis presumably
provides continuing clearance of denatured proteins and other
functions of proteolysis under late starvation.
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ATP requirements for protein degradation range from cyto-
kinetic function to proteolytic enzyme systems. However,
biphasic control of proteolysis during progressive starvation
cannot be attributed to ATP fluctuations in mammals. In asso-
ciation with requirements for its critical functions, ATP levels
are defended into late prelethal starvation. In contrast, trans-
fer through cell redox chains can fluctuate markedly as part
of normal cell response to nutritional and endocrine condi-
tions (18, 24, 25, 54, 60, 80, 102, 112). Experimental inhibi-
tion of proteolytic pathways with diamide thiolating agent
(Fig.1) need not be associated with ATP depletion, contractile
dysfunction, or injury (76). Conversely, near-lethal experi-
mental ATP depletion does not simultaneously decrease di-
amide-responsive proteolytic pathways. Therefore, the ATP
requirements for those detectable proteolytic processes re-
quiring ATP are satisfied near the minimal amount of ATP
necessary to keep the myocardium alive. In contrast, myocar-
dial protein degradation is quite responsive to noninjurious
experimental intervention in GSH pools (77, 79). A small
amount of undetected proteolysis might violate these find-
ings on integrated function of major pathways, and some mi-
crobial pathways might differ from those in mammals.

Autophagy is a complex process involving multiple controls
of vacuolar barrier properties and substrate acquisition (for re-
views, see 7, 36, 39, 46, 56, 57, 64, 69, 75, 85, 105). Control of
autophagic substrate acquisition is distinct from control of in-
travacuolar protease function. In diverse organisms, a kinase
signaling pathway, TOR (target of rapamycin), senses amino
acid levels and adjusts protein synthesis (36, 64). This kinase
signal system is suspected of triggering an elevation of vacuo-
lar autophagy in yeast under amino acid deficiency, although
the mammalian counterpart is still uncertain. Total energy in-
sufficiency and amino acid deficiencies can vary indepen-
dently, particularly in organisms relying on dietary amino
acids. Whether the TOR autophagic signal system is redox-
modified is presently unknown. As starvation progresses, sec-
ondary decline of initially elevated proteolysis cannot be ex-
plained by any mechanism sensing only deficient amino acid
pools, because amino acids continue to decline. Several days
of mammalian nutritional interruption cannot be considered to
be starvation while metabolism remains nonketotic. Some pre-
emptive inhibitory mechanism must secondarily override con-
trol of the initially elevated proteolysis as starvation progresses
under continuing amino acid deficiency and ketotic metabolic
shift. Implicit in a mechanism delaying death by pacing catab-
olism is “central authority” dominating diverse other controls
influencing proteolysis. Under continuing reductive deficit,
oxidative inactivation of diverse catabolic machines might sec-
ondarily decrease lysosomal and some extralysosomal proteol-
ysis regardless of all other mechanisms initially promoting au-
tophagic substrate acquisition (78).

A thermodynamic definition of nutritional desperation
might include a deficiency of reductive current from source
while transfer to sink continues. NADPH is the primary
source of reducing energy driving protein reduction and
other processes. Oxygen [including reactive oxygen species
(ROS)] is the ultimate electron sink permitting flow of
metabolic current from source. In most cell types, the major
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source of NADPH production and control is believed to be
glucose-6-phosphate dehydrogenase (G-6-PD) (2, 3, 33,
98), although other sources and interconversion pathways
should be revisited. Under fed conditions, glucose fuel
availability does not limit the amount of metabolic current
transferred to and through the NADP+/NADPH pool and
pathways below. Severe glucoprivation eventually fails to
feed the redox chains. Under late starvation, the transfer of
reductive energy can be limited by fuel availability regard-
less of other controls.

Although Fe is a central signal in redox metabolism and
transcriptional regulation, the exact relationships between Fe
redox state and other parameters of starvation are not well
characterized. Fe redox biology began with quinine toxicity
observed three centuries ago. “Blackwater fever” is oxidized
Fe3+ in urine from lysed erythrocytes depleted of reductive
energy. Several percent of the human population are geneti-
cally deficient in G-6-PD, which was selected for its pheno-
typic association with resistance to malaria (97). The anti-
malarial drugs quinine and primaquine disrupt normal
reductive pathways. In normal persons, prophylactic dosage
with primaquine can sustain 12% methemoglobinemia in
stressed erythrocytes without toxicity under long-term
dosage. Higher doses of prooxidants can cause erythrocyte
GSH depletion and hemolysis. Heritable G-6-PD deficiency
can be phenotypically silent until antimalarial drugs or occu-
pational oxidants exceed the ability of mutated G-6-PD to
transfer reductive energy into the pathways of erythrocytes
(33). The present relevance is that reductive transfer can be-
come limiting in the maintenance of erythrocyte GSH, Fe2+,
and protein reduction under moderate, nonlethal source–sink
imbalance. Much about metal-sulfur redox actions on cys-
teine proteases might be learned from the interbiotic para-
site–host relationships in erythrocytes and antiparasitic redox
pharmacology (for review, see 100).

Among metabolite changes in later starvation, the ketone
bodies are central. Transition from glucose utilization to
greater reliance upon ketone utilization is a fundamental part
of survival metabolism. After several days of total depriva-
tion, mammalian metabolism shifts to increasingly “oxida-
tive” negative energy balance where large 5–10 mM amounts
of ketone bodies are produced from acetyl CoA (1, 15, 32, 61,
70, 86, 88, 94). Despite depletion of fat stores, ketonemia
from acetyl CoA is sustained until death. Lethal diabetic ke-
toacidosis involves up to 18 mM ketonemia. Acetoacetate ap-
pears to serve as a redox signal and protein oxidant, as well as
currency of exchange between fatty acids and energy. Re-
peated acetoacetate injections can cause GSH depletion in
rats (86, 88), and diabetic ketonemia can cause protein glu-
tathionylation (1, 15, 94).

Progressive starvation is accompanied by GSH pool de-
pletion and oxidation (24, 25, 80, 98, 112). Under artificial
prooxidant exposure, protein S-glutathionylation appears cor-
related with the extent of glutathione homodisulfide (GSSG)
formation (14). Severe dietary deficiency of cysteine can limit
GSH synthesis by glutathione synthetase (112). In late starva-
tion, cell GSH might be synergistically limited by dietary
amino acid precursor deficiency, as well as insufficient reduc-
tive energy to maintain its reduction. During the severe starva-
tion of hibernation, GSH-GSSG/GSH undergoes prooxidative
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shift, and ketone bodies from stored fat serve as fuel source.
Whether the stupor of hibernation is associated with nitric
oxide is controversial and complex (19). Changes in GSH,
speciated metals, nitric oxide, ketones, and some other meta-
bolic parameters of starvation are all associated with inhi-
bition of CysHis proteases and cell proteolytic pathways.
The combined effects of all individual prooxidative factors
on proteases and cell proteolysis are presumably additive or
multiplicative.

THE PACE OF MAJOR PROTEOLYTIC
PATHWAYS CAN BE COORDINATELY

RESPONSIVE TO THE TRANSFER 
OF REDUCTIVE ENERGY

Basal, steady-state release of [3H]leucine postcursor
from the proteome of a primary perfused tissue proceeds at
a rate that is intermediate between decreases under pro-
oxidative interventions and increases under proreductive in-
terventions. Diamide causes protein S-glutathionylation and
GSSG formation. As assayed by nonrecirculating perfusion
of rat myocardium, 75% of basal cell protein degradation
can be reversibly and noninjuriously inhibited by infusion of
diamide; however, an unidentified subcomponent of 25%
continues under these prooxidative conditions (Fig. 1) (76).
In primary tissue, diamide-inhibitable proteolysis includes
all of lysosomal and much of extralysosomal proteolysis.
Following diamide washout, reversal of the inhibition of
proteolytic pathways can be enhanced by artificial GSH
pool repletion under a supraphysiologic exposure to extra-
cellular GSH (78). The diamide-sensitive catabolic subcom-
ponents can also be inhibited by infusion of acetoacetate
(5 mM) in association with its prooxidative action (78, 86,
88). Metallo exo- and endoproteases are presumably involved
in diamide-resistant proteolysis; however, other processes are
conceivable. 1-Chloro-2,4-dinitrobenzene (CDNB) is a good
substrate for glutathione transferase. CDNB is widely used
to deplete tissue GSH with little attack on protein sulfur
sites. CDNB mimics the proteolytic inhibition caused by di-
amide (77); however, CDNB action is irreversible in associ-
ation with loss of the GSH pool and export of the conjugate
from the tissue (58). Proteolysis can be artificially elevated
above the basal rate by dihydrolipoic acid (DHLA), serv-
ing as permeant surrogate for excess function of the cycliz-
ing disulfhydryls of reductases (20) (Fig. 1), i.e., experi-
mental “reductive stress.” Although brief diamide exposure
is noninjurious, the catabolic elevation caused by supra-
physiologic DHLA (Fig. 1B) leads to contractile dysfunc-
tion and death. Despite technical obstacles in cultured cells,
redox-dependent and -independent subcomponents of pro-
tein degradation have been identified in the familiar 3T3
cell (78).

The diversity of redox-responsive machines involved in
integrated proteome turnover reveals the pervasiveness of
redox catabolic control. Integrated proteome turnover depends
on the structures and functions of many cell proteins that can
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be reversibly modified by their redox states (13). Profound
structural changes following gentle, sublethal, prooxidant ex-
posure can be readily observed in cultured cells with light
microscopy, although reductants of the medium can prevent or
reverse initial actions of low diamide concentrations.

The lysosomal import of protons and export of Fe both in-
volve redox-dependent transport processes (for review, see
79). Therefore, lysosomal function can be redox-dependent
via metal and proton transport controls, as well as protease
active-site redox control. Enzymes of the ubiquitin-conjugat-
ing system exhibit redox-responsive sulfhydryls, as well as
ATP requirement, i.e., dual requirements (92). The chy-
motryptic 20S subunit of the S. cerevesiae proteasome is
somehow redox-responsive (31). Redox proteomics revealed
the ATP-binding regulatory subunit of the chloroplast clp
protease (8) and the regulatory subunit of the 26S protea-
some of Arabidopsis cytoplasm (114) as targets of thiore-
doxin; however, roles and controls await characterization.
Autophagins are cysteine proteases with unknown present
implications (82). Some noncysteine proteases can be bio-
logically redox-responsive via sites remote from the catalytic
site. The dimeric retroviral aspartate proteases sense their
redox environment via surface sulfhydryls remote from the
catalytic site, and activate proteolysis by subunit changes
(29). Thus far, the only protease suggested to be inhibited by
biologic reduction is extracellular elastase, although the reg-
ulatory functions are not clear (30). Multiple redox-modified
mechanisms might influence protein degradation indirectly
(13). For example, cytoskeletal protein function, membrane
structure and flow, compartmental ion transport, interprotein
S-S bonding state, and overall cytokinesis can be redox-
modified (13, 17, 71, 79, 109). In contrast to cysteine pro-
teases, the reaction mechanisms of metallo, carboxyl, and
serine proteases do not require reduction, and need not be in-
hibited by moderate oxidizing conditions that do not dena-
ture proteins.

A PUZZLING DIVERSITY OF DISEASES
CAN RESULT FROM HYPERCATABOLISM

OR HYPOCATABOLISM 
INVOLVING NONSELECTIVE 

CYSHIS PROTEASES

Using knockout mice, cat B and cat L have been ob-
jectively discovered in a wide variety of roles unexpected
for nonselective proteases (e.g., 55, 56). Excess cell protein
degradation can cause hypercatabolic injury, and apoptotic
or nonapoptotic death separate from caspases (7, 46, 75).
Cathepsin and calpain proteolysis can be either contributory
or causative in apoptotic or nonapoptotic death (75). Cat B is
fundamentally involved in receptor-mediated apoptosis from
tumor necrosis factor-� (TNF) and other causes (23, 48, 74,
86). Cat B has been objectively identified in signal pathways
associated with various hypercatabolic pathogenicities (48,
74, 86). Loss of function of the tissue cat B inhibitor, cystatin
B, results in hypercatabolic injury and monoclonus epilepsy
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from cat B hypercatabolism (52, 53). Conversely, insufficient
protein degradation can cause failure of protein processing,
accumulation of denatured proteins, cell dysfunction, and
death. Apoptosis has multiple, confounding triggering mech-
anisms, including extremes of oxidative and reductive in-
juries. Apoptosis can be associated with either a hypercata-
bolic state or prolonged hypocatabolic accumulation of
denatured proteins.

Alternative pathways might compensate for some, but not
all, defective redox-dependent pathways (34, 90). Knock-
out of cat B alone is reportedly dispensable, although in-
completely characterized. Knockout of cat L alone causes
a hyperplasia syndrome (90). In combined knockout of
cat B and cat L, mice can survive until death at 2 months
from accumulation of denatured brain proteins, and perhaps
other mechanisms of injury (34). Thus, lethal hypocatabolic
cell damage and apoptosis appear to require severe cathep-
sin inhibition and a prolonged time for accumulation of
a lethal burden of denatured proteins. The list of mutations
contributory to oncogenesis now includes failure of auto-
phagic proteolysis via the Beclin-1 gene (for review, see
46). Lysosomal inhibitors alone are not known to be on-
cogenic, although they could conceivably contribute to fail-
ure of normal apoptosis or perhaps tumor growth rate.
Chronic, sublethal hypocatabolism might provide a sub-
tle contribution to a wide variety of other diseases ranging
from atherogenesis to several neuropathic “failure of catab-
olism” syndromes (26, 84, 104). Multiple simultaneous con-
trols can interact with redox-responsive proteins (4–6, 16,
26, 28, 35, 37, 44, 45, 47, 50, 51, 59, 65, 67, 93, 95, 96, 99,
103, 113).

The exact noninjurious range of fluctuations above and
below the basal rate of proteome degradation are not known.
Injury or apoptosis caused by either increase or prolonged
decrease in nonselective proteolysis cautions against gen-
eralizations as to triggering mechanisms. The ±75% span
of experimental degradative fluctuations observable under
redox interventions (Fig. 1B) is presumably greater than the
in vivo range of noninjurious catabolism. The repeated re-
versibility of diamide action eliminates the possibility that
pro-region cleavage alone regulates all redox-dependent pro-
teolysis on a minute-to-minute basis. However, the cell con-
tains large amounts of inactive pro-proteases. Generalized
hypercatabolism is widely believed to cause inappropriate
intra- or intermolecular activation of pro-proteases to mature
proteases (7, 46, 75). Increase in the ongoing reaction rates
of mature proteases could increase the intra- or intermolecu-
lar activation of caspases, cathepsins, and calpains. A thresh-
old of increased pro-region cleavages could cause an accel-
erating activation with positive feedback and pan-proteolytic
activation. The escape mechanisms permitting injurious hy-
percatabolism with positive feedback could include eleva-
tion of nonselective ongoing protease reaction rates by re-
ductive stress. Hypoxic deficiency of electron sink could be
contributory to reductive stress and pathogenic hypercatabo-
lism, although control of the reductive source–sink balance
is largely uncharacterized (56).
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THE STATE PARTITION OF A POPULATION
OF REDOX-RESPONSIVE PROTEINS CAN

BE RECIPROCALLY COUPLED TO THE
TRANSFER OF REDUCTIVE ENERGY

FROM SOURCE TO SINK, AND REDOX
COUPLING CAN BE VARIABLE

Protein sites can be partitioned among alternative post-
translational energy (redox) states that are related to alternative
functional states. Dynamic partition of the chemical states of
intracellular protein populations is not a theory, but rather a
well established fact supported by diverse model proteins (21,
40, 68, 83, 89, 107). For example, a protein sulfur site can exist
in four different oxygenation states: protein monosulfhydryl
(Pr-SH), protein sulfenic acid (Pr-SO), protein sulfinic acid
(Pr-SO2), and protein sulfonic acid (Pr-SO3) (21, 111). Some
sulfenic acid derivatives of protein sulfur sites appear to be
nonenzymatically reversed by sufficient GSH. Sulfinic acid is
suggested to be reversed enzymatically. Sulfonic acid deriva-
tives might not be reversed under most biologic conditions. The
peroxiredoxin model illustrates oxidation, “overoxidation,” and
deep oxidation (oxygenation) states of a protein sulfhydryl site
in biologic regulation. The OxyR transcriptional regulator has
been suggested to spend its time partitioned among a disulfide-
bonded state, oxygenation product, and nitrosation product
(68). In the endoplasmic reticulum (ER), a nascent protein
population in progress to the native state can exist as Pr(-SH)2,
Pr(-SH, -SG), Pr(-SG,-SG), Pr-S-S-Pr, or internally bonded
Pr(S-S) (10, 13, 40, 89, 107). The intermediate states can be
reshuffled by the ER redox system (reviewed below). In pro-
teins with more pairs of disulfide bonds, the number of possi-
ble states is greater. Hemoglobin can be glutathionylated under
prooxidants such as acetoacetate (1, 15, 94). Distinct glu-
tathionylation states of hemoglobin have been identified with
unknown significance in hemoglobin conformation and pack-
ing. Intermolecular protein disulfide formation (Pr-S-S-Pr) has
been recently appreciated as another protein redox state parti-
tion (for review, see 13). Under ex vivo conditions, reversible
transitions of papain and/or cat B have been observed among
the reduced permissive states, and air-inactivated, presumptive
sulfoxide states, GSH-activated reduced states, GSSG-inhib-
ited states, various metal-bound states (Figs. 2 and 3) (76–79,
106), and nitrosylated states of unknown significance (6);
others are likely.

REDOX-RESPONSIVE PROTEIN DEGRADATION 987

FIG. 2. Some of the many known and predictable posttranslational oxi-
dation states of a protein monosulfur site formed in a complex biologic
mixture. In a biologic mixture, protein surface sulfur can undergo many reac-
tions to many products (see text). The possibility of protein-mixed hetero-
trisulfide, as well as hetero-disulfide, has been speculatively discussed (43).
Various interactions of oxygen with protein and nonprotein sulfur to form
mixed oxygenation products are also speculative (54). The exact metal inter-
actions with protein monosulfur or multisulfur sites can depend on surround-
ing constellations of amino acids, which can increase or decrease the
metal–sulfur interactions. A protease CysHis site exhibits all reactions of a
protease monosulfur site; however, the additional reactivities of His and the
bound metal confer far greater complexity. If a protein function is differen-
tially responsive to the redox state of a bound speciated metal, then the metal
can serve as a sensor, redox signal integrator, and switch.
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Metabolic reductive energy flows from source potential
(largely NADPH) through parallel interactive transfer path-
ways to sink potential (largely oxygen). Rapid progress is
describing the cell reductive transfer circuitry from electron
source to electron sink in various cell compartments. Re-
versible transitions among protein redox states can be cou-
pled to the transfer of electrons from NADPH source po-
tential to oxygen sink potential. Parallel-reciprocal pathways
transfer energy from source to sink and also exchange energy
between them (Fig. 4). The definition of “irreversible” trans-
fer refers to irreversible acceptance of the source current by
the sink; however, reciprocal exchange among pathways can
occur in both directions.

The dynamic state partition of protein redox sites can be
linked to the flow of metabolic reductive current from fuel
source through parallel pathways to oxygen sink. Under dy-
namic, steady-state partition, the flow of reductive energy
into a protein population is balanced by the oxidative flow of
energy out of the population. The steady-state partition of a
protein population involves the balance between rates of pro-
tein reduction and oxidation, which are coupled to the flow
of reductive current between source and sink. A population
of protein sulfur sites in a complex biological mixture can be
distributed in “more energized” or “less energized” states in
relation to the relative rates of reductions versus oxidations
from all interactive participants (Figs. 4–7). Some protein
populations might be distributed in a dynamic partition
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among more than two states coupled to reductive transfer,
e.g., Pr-SH, Pr-S-S-G, metal complexes, nitrosations, Pr-SO,
Pr-SO2, etc. (Fig. 2). The redox coding and decoding of a
protein among its chemical states is presumably determined
by the intrinsic reactivity of each state with colliding inter-
mediaries of transfer pathways, and many conceivable fac-
tors that might change such coupling, e.g., metal homeo-
stasis, metabolite interactions (ketone bodies), nitric oxide
signaling, etc.

In reciprocal exchange of energy between intermediaries
of parallel pathways, the intermediary with more stored en-
ergy can effectively buffer the redox energy state of the reci-
procal intermediary with less stored energy. Intermediaries
in source to sink pathways can store different amounts of re-
ductive energy. An intermediary in one transferring pathway
can exchange its stored energy with an intermediary in a par-
allel pathway. In the absence of a redox buffer, a slight per-
turbation in the steady-state source/sink balance could cause
wild fluctuations in the redox state of an unbuffered protein
or the entire redox proteome. GSSG/GSH, the ratio of oxi-
dized to reduced protein sulfur sites (Pr-S-ox/Pr-S-red), or
proteome-S-ox/proteome-S-red are among many interactive
intermediaries in the “parallel” pathways of reductive energy
transfer (Figs. 4 and 5). Redox buffering over time depends
on the relative concentrations/contents and relative transfer
rates among all participants interacting (Fig. 5B, and see
below).

FIG. 3. (A) Reversal of the initial inhibitory action of Fe3+ on cat B reaction rate correlated with the time course of re-
duction of Fe3+ to Fe2+ caused by DTT. Ex vivo enzyme assays of Figs. 1A, 3A, and 3B represent approach to equilibrium condi-
tions ex vivo, and not steady-state cell transfer conditions (see 20). Cat B was initially exposed to Fe3+ (2.5 µM) or 10-fold higher
Fe2+ (25 µM) prior to addition of a large excess of DTT (6 mM) (79). The oxidized Fe3+ state initially inhibited the protease; how-
ever, the reduced Fe2+ state was only marginally inhibitory at endogenously relevant concentrations. DTT is known to reduce Fe3+

to Fe2+ with a half-time of ~12–14 min at pH 5–6. As measured separately, the time course of Fe3+ reduction to noninhibitory Fe2+

by DTT was correlated with the time course of reversal of initial cat B inhibition by Fe3+. Results were similar with GSH reduc-
tion of Fe3+ although the maximal protease reaction rate sustained under GSH in the absence of Fe3+ is less than that with DTT
(77). (B) Concentration dependence of the initial inhibition of cat B by Fe3+ in the presence of excess DTT and progressive rever-
sal over 80 min. The endogenous exchangeable pool of Fe is ~100 µM, and is maintained largely reduced under constitutive con-
ditions of most cell types. Endogenous 100 µM Fe2+ caused only a slight apparent inhibition of cat B, and much of this apparent
inhibition can be attributed to the artifact of unavoidable initial 1% oxidation of the 100 µM Fe2+ under exposure to oxygen in
water. The threshold for Fe3+ inhibitory action is poised at only several percent oxidation of the endogenous 100 µM pool of Fe2+.

A B
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Topics in protein redox control include variable regula-
tions of (a) the rate of transfer of nutrient reductive energy
from NADPH source potential to reductive pathways, (b) the
distribution and rates of reductive energy transfer routed
through parallel interactive pathways to proteins, (c) the rate
of reductive energy transfer from proteins through pathways
to oxygen (ROS) acceptor at sink potential, and (d) the vari-
able coupling of protein state partition to relative rates of all
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involved transfer processes by reductions relative to oxida-
tions. Organization of these topics suggests the biophysical
basis with which to search for the redox code linking individ-
ual proteins to cell controls. The redox state partition of a
protein population can be determined either by change in the
flow of reductive current or by change in the coupling of the
protein to constant flow of reductive current (Figs. 4 and 5).
Deficient nutrients could cause deficiency of current from

FIG. 4. Topics in CysHis protease redox control under steady-state, nonequilibrium transfer of reductive energy from
source potential, through parallel interactive pathways, to sink potential. In A–C, simultaneous redox reactions of protein sul-
fur sites are represented as dynamic transfer processes as they might occur within the cell redox chains. Peptidolytic activity re-
quires reduction of both Cys and His, removal of inhibitory metals, and pH-dependent ionizations to thiolate anion and imida-
zolium cation. His can also undergo oxygenation at the 2 position, and covalent adduction with oxidants, although only sulfur
oxidation is diagrammed here. Multiple simultaneous reactions can influence the peptidolytic rate of a mature CysHis protease
population, and the exact cellular/compartmental picture is not yet defined. Although these three types of transfer processes can
occur simultaneously in the identical protease population, they must be represented as three different processes for diagrammatic
practicality. (A) Dynamic redox buffering of CysHis proteases by GSH, GSSG/GSH.(B) Protease reductions by thioredoxins,
glutaredoxins, and NADPH-dependent reductases, interactive with redox buffering. These three distinct enzymatic pathways can
transfer from NADPH to various oxidized states of a protein site. Some thioredoxin reductases can reportedly transfer to glutare-
doxins also (see 112). These pathways are distinct and parallel, but cross-reactive (see text). (C) Fe redox switching of CysHis pro-
teases. The CysHis site is “wired” to the cell transfer of reductive energy from source to sink (19). In the presence of excess GSH or
DTT, Fe3+ inhibits cat B; however, endogenous Fe2+ is noninhibitory (Fig. 3). Differential sensitivity of cat B to the redox state of a
bound speciated metal reveals a sensor, integrator, and responder-switch linking peptidolysis to all factors that determine Fe con-
centration and redox ratio. Among several known candidates, the predominant reactions and pathways of Fe redox are uncertain.
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source, and deficient oxygen delivery could result in defi-
ciency of current to sink. The protein coupling to constant
current might change due to metabolic modifying factors
(e.g., acetoacetate, nitric oxide, and others) or “on-off ” metal
switches (e.g., Fe redox) (79) (Fig. 4). Two different proteins,
side by side, could exhibit different coupling and responses to
the identical reductive transfer due to differences in intrinsic
reactivities of the proteins, e.g., binding of metal intermedi-
aries or switches. Conversely, the identical proteins in differ-
ent species or compartments of the same cell could be ex-
posed to very different metal-redox-proton environments and
energy transfer rates.

Pending better understanding of protein coupling to the
cell reductive circuitry, the interactions between protein redox
buffering and enzymatic control pathways can best be consid-
ered with hypothetical transfer pathways and redox intermedi-
aries. Helpful general principles underlying the cell reductive
circuitry can be found in steady-state, nonequilibrium ther-
modynamics of irreversible processes. Coupling of the energy
states of molecular populations to the flow of reductive energy
from source to sink also involves concepts of statistical me-
chanics. Figure 5A is a hypothetical illustration of the regula-
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tion of the dynamic state partition of a redox intermediary by
its coupling to the flow of reductive current from source to sink
potentials. In this pretense, X is a generalized redox interme-
diate that can exist in only a single higher energy state (i.e., re-
duced) or a single lower energy state (i.e., oxidized), ignoring
various other forms of internal molecular energy. The higher
energy state of X could correspond to a reduced protein site,
GSH, speciated metal, ascorbic acid, other metabolites, etc.,
and the lower state of X could be their oxidized counterparts.

In theory, parallel transfer pathways can be intrinsically in-
teractive or noninteractive; however, coupling of pathway in-
termediaries can be increased or decreased by additional par-
ticipants. In the hypothetical illustration of Fig. 5A, the
reductive source current can be routed through multiple path-
ways, one of which is coupled to transfer of reductive energy
into the internal energy of X. The transferring intermediary
of the coupled pathway has a high probability of reductive in-
teraction with X upon collision. The other transfer pathway is
parallel, but effectively “insulated” from X. The intermediary
of the second pathway has a low probability of reaction with
X upon collision. Interactions of X with transferring interme-
diaries might be increased or decreased by hypothetical cou-
pling/decoupling factors or blocking switches (Fig. 5, aster-
isks). If X can exist in more than two states (Fig. 2), then the

FIG. 5. Hypothetical redox buffering and control of intermediaries in parallel, interactive pathways of reductive energy
transfer from source to sink. (A) The rate of reductive energy transfer can be considered to be an irreversible current from
source potential, distributed through parallel pathway intermediaries, to sink potential. The lower energy state of the hypothetical
intermediary, X, can accept reductive energy from current and be promoted (reduced) to a higher energy state (A). The higher
state of X can donate electron energy to an intermediary transferring eventually to sink and be demoted (oxidized) to a lower en-
ergy state (B). The partition of X between the two states is determined by the relative rates of its promotion versus its demotion.
Independent of promotion versus demotion, X can be acquired by the compartment (C) (uptake or synthesis) and can be lost from
the compartment (D) (degradation or export). X is interactive with some transfer pathways, but can be “insulated” from some
other pathways by nonreactivity with intermediaries. Independent of changes in current flow, the interactions of X with transfer
pathways can be increased or decreased by additional participants that change reactivity (asterisks), e.g., Fe3+ or redox-active
metabolites. (B) Reciprocal intermediaries of the transfer pathways can exchange energy between them. An intermediary with
greater stored energy can buffer and control a reciprocal intermediary with lesser energy as described in the text. Buffering over
time also depends on all relative rates of all processes involved in energy transfer.
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interactivity of each different state with intermediaries of
transfer pathways could differ markedly, and such could be
part of the redox coding of the X population distribution. In
real proteins, a functional dependence of CysCys, CysHis, or
HisHis metal-binding sites upon the redox state of a speciated
metal might permit metals to serve as sensors, integrators,
and switches responding to all factors that determine the
metal redox state (Figs. 3 and 4C) (discussed in 79).

Change in reductive source availability (nutrition) or sink
availability (oxygen delivery or other electron sinks), or
both, could change the state partition of an X population
linked to reductive current. An increase in reductive current
coupled to X might increase the energy of the population
partition to a distribution closer to the source potential in the
absence of any other changes. Conversely, during late starva-
tion, a severe decrease in current flow might cause a shift in
the population partition to an energy distribution closer to
sink potential. If the rate of X oxidation by the downstream
electron acceptor fluctuates under constant reduction from
source, then the X population might shift its partition among
higher and lower distributions among redox states. The prop-
erties of some redox cycling agents can “short circuit” the
transfer pathways, e.g., shunt electrons from NADPH or
thioredoxin directly to oxygen sink. Various redox cycling
agents create new transfer pathways, or “short circuit” from
source to sink. Other drugs can serve as terminal electron
acceptors.

REDOX-RESPONSIVE PROTEIN DEGRADATION 991

The reductive energy stored in the higher state of X is a
reservoir between source and sink potentials. The energy
stored in the higher state of X is proportional to the metabol-
ically recoverable energy difference in the higher and lower
states, and the total amount of higher X in the compartment.
In this illustration, X can also be acquired by the compart-
ment (C) and lost from the compartment (D), as is GSH (24,
58, 112). Thus, the amount of energy in higher state X is
dependent on the relative rates of its acquisition versus loss
and also its reduction versus oxidation. The reciprocity be-
tween exchanging intermediaries can blunt the effects of
sudden source/sink disparity on the redox partition of the
buffered intermediary. The predominance of a buffering in-
termediary in parallel reciprocal pathways depends on the
relative total reservoirs of energy in each reciprocal interme-
diary, as well as the relative rates of all transfer processes in-
fluencing each intermediary. A relatively high rate of trans-
fer into an intermediary present at low concentration (e.g.,
thioredoxin) might oppose the buffering action of another in-
termediary present at relatively higher concentration (e.g.,
GSSG/GSH).

FIG. 6. Questions for future understanding of protein
redox coding–decoding. This illustration involves only one re-
duced “ON” state and five discrete oxidized “OFF” states;
however, some proteins can exist in a far greater number of
states (Fig. 2). Questions in protein redox coding–decoding in-
clude: What protein structures and reaction mechanisms couple
the dynamic redox partition of a protein population to the
transfer of reductive energy from source to sink? What is the
relationship between the redox partition of a protein population
and its functional partition? What is the basal redox partition of
a protein population under constitutive cell/compartmental
conditions, and how does the distribution change under various
other metabolic conditions? Condition B might describe the
basal status of some cysteine proteases as shown in Figs. 1 and
7. The relationships between some protein functional states and
redox states might be opposite to that shown, including graded
or biphasic linkages.

FIG. 7. Proposed basal buffering of intracellular cat B
function at a submaximal rate, and preemptive removal of
control from the buffer by shift in redox conditions. Follow-
ing pro-region cleavage, some intracellular cysteine protease
populations and proteolytic pathways might function under a
basal redox buffer creating a submaximal reaction rate as
schematized in Fig. 6B. As described in the text, the submaxi-
mal basal reaction rate of the protease population can be in-
creased or decreased by either change in reductive transfer or
the reciprocal coupling of protease molecules to transfer inter-
mediaries. Deep oxidation states of the protease or perhaps its
metal complexes might correspond to “hibernating” inactive
proteases, which require a larger amount of energy to reactivate
than a protease hetero-disulfide. Partial hibernation of redox-
responsive proteolysis might be pharmacologically achievable
in mammals with nutriceutical ketonemia, nitric oxide, or per-
haps other agents.
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MULTIPLE REACTIONS CAN CREATE
RECIPROCITY BETWEEN PARALLEL

PATHWAYS OF ENERGY TRANSFER AND
THE STATE PARTITION OF CYSHIS

PROTEASES

The reduction of various proteins might switch their func-
tions either on or off, or cause graded change in their func-
tions. Current questions in the redox control of proteases are
best illustrated when participants and reactions are illustrated
in artificial separation as intermediaries in source to sink
transfer processes as in Fig. 4 (discussed in 79). Redox path-
ways are created by the intrinsic properties of redox-active
moieties and protein structures of transferring intermediaries,
e.g., pyridine nucleotides, flavin and disulfur sites of en-
zymes, metabolites, metals, and oxygen (ROS), although not
reviewed here.

The basis for redox coding–decoding lies in the reciprocal
interactions that couple individual protein functions with re-
ductive transfer routed through parallel pathways from source
to sink. GSSG/GSH and protease-S-ox/protease-S-red can be
thermodynamically interpreted as interactive intermediaries
in parallel reciprocal transfer pathways as illustrated with hy-
pothetical X and Y of Fig. 5. Reductive energy transfer from
NADPH source, through pathways, to oxygen sink can be
reciprocal to the chemical state partition of individual pro-
teins and total redox-responsive proteome. The notion of par-
allel transfer pathways with reciprocal interactivities can be
recognized in the interaction of the redox buffer with the
three different reductase chains schematized in artificial iso-
lation in Fig. 4. These multiple inseparable transfer processes
are simultaneously under way in a complex mixture of other
interactive intermediaries.

Reciprocity in reductive transfer through parallel recip-
rocal pathways is an essential interpretive tool in protein
(protease) redox control; however, evolution has complicated
thermodynamic simplicity. Interpretation with idealized ther-
modynamic formalisms would require that the transfer be-
tween pathway intermediaries be linear and equal in both di-
rections. Complex interactions between the parallel reductive
pathway intermediaries are implied by many studies (e.g.,
2, 4, 9, 12, 20, 28, 45, 50, 54, 56, 62, 76, 99, 101). Interac-
tions between some parallel pathways appear to have evolved
such that some transfer between pathway intermediaries is
neither linear nor equal in both directions. In the evolution of
biologic redox, it appears that nature has complicated the
ideal thermodynamic simplicity of reciprocity among parallel
transfer pathways as illustrated by the nonbiologic X and Y of
Fig. 5.

Multiple mechanisms appear to regulate the distribution of
current through interactive transfer pathways and/or recip-
rocity between pathways below NADPH. Thioredoxin is re-
portedly glutathionylated under extreme oxidative conditions,
which suggests that its transfer might be responsive to con-
ditions determining GSH, GSSG/GSH status (20). Transfer
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through some thioredoxins is switched by an independent
protein (57). Thioredoxin reductase is reported to also trans-
fer to some glutaredoxins, thereby providing additional inter-
actions between these parallel pathways (62). It is suggested
that glutaredoxins are regulated enzymes (35, 101). The ob-
servations of Fig. 3 reveal that oxidized Fe3+ concentration,
and Fe3+/Fe2+ redox ratio, can preemptively modify the trans-
ferring interactions of cat B with S-S/SH redox factors until
the Fe3+ is reduced to Fe2+. Metals and metabolites might
modify thioredoxin and glutaredoxin transfer reactions and
protein targeting (28, 59, 113, 114).

GSH-GSSG/GSH redox buffering of protease function is
interactive with and inseparable from enzymatic control of
protease redox by reductase systems. In pioneering studies,
the content of hepatic protein sites forming mixed disulfides
was reported to be 20–30 nmol/g of liver (14). GSH is present
at 1–10 mM concentrations and might store a considerably
greater reservoir of reductive energy than does the entire cell
content of redox-responsive protein sites. Regardless of exact
amounts, the concentrations and total contents of all reversi-
ble protein surface thiolation sites of the proteome are less
than the contents of GSH and GSSG/GSH buffer sites. At
several millimolar, the GSH, GSSG/GSH concentration, and
redox ratio can presumably buffer the sulfur redox sites of the
proteome, although control also depends on relative rates of
active redox processes interacting with the buffer.

Consistent with theory, passive, ex vivo redox buffering of
cat B involves both concentration of GSH and its redox ratio,
as observed in the absence of metals (77, 78). The reaction
rate of cat B is proportional to the concentration of reduced
GSH without added GSSG. The difference between sustained
cat B reaction rate under 0.5 and 5 mM reduced GSH is
nearly 10-fold as measured ex vivo under steady-state reac-
tion conditions without GSSG (22, 78). Thus, fluctuations in
cell concentration of reduced GSH, in the absence of GSSG,
could influence cat B reaction rate. Even when GSH is com-
pletely reduced, the endogenous 1–10 mM GSH concentra-
tion does not drive the maximally reduced function of the
protease population (28, 43). Following cat B activation by
several millimolar GSH, a small concentration of 10 µM
DHLA can cause further activation to a higher reaction rate
(Fig. 1). Cat B also exhibits a steady-state dependence on the
GSSG/GSH redox ratio at any particular GSH concentration
(77, 78). Decreased GSH concentration or change in GSSG/
GSH redox ratio conspire to cooperatively decrease the cat B
reaction rate. Less than 10% oxidation of GSH to GSSG can
cause an appreciable inhibitory action on the GSH activation
of cat B. Stable, artificial disulfide agents, or sufficient con-
centrations of GSSG, might interact with some protein sulfur
sites to form a hetero-trisulfide (43). In the mechanism(s) of
protease redox buffering, it is difficult or impossible to dis-
tinguish an inhibitory effect of a mixed hetero-trisulfide from
protein sulfhydryl–disulfide exchange into a covalent hetero-
disulfide. Cell GSH content is regulated by relative rates of
uptake and synthesis from precursors versus loss and catabo-
lism, as well as relative rates of reduction versus oxidation
(24, 70, 112) (Fig. 5A). Although useful, the concept of GSH,
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GSSG/GSH protein redox buffering (Fig. 4A) might be an
oversimplification of complex reaction mechanisms involv-
ing additional participants.

In thermodynamic theory, reductive stress might result
from either an excess of enzymatic reductive transfer into the
pathways to protein relative to sink or a hypoxic deficiency of
acceptance by electron sink or both. The buffering capacity of
a passive, ex vivo redox buffer is analogous to other passive
buffer systems. However, buffering actions involving interac-
tive intermediaries in dynamic, transfer pathways also depend
on the relative rates of all transfer processes influencing the
buffering and buffered intermediaries. When the GSH buffer
is almost entirely reduced, then there is theoretically less pro-
tection against spurious changes under enzymatic reductive
stress or deficiency of oxygen electron sink. Some redox-ac-
tive metabolites might also serve as protein redox buffers or
modifiers. Under late starvation, several millimolar acetoac-
etate in conjunction with GSSG might oppose reductive pro-
tease activation by the cyclizing disulfhydryl enzyme path-
ways. The hypothetical possibilities of reductive stresses
resulting from sudden deficiency of oxygen sink or activation
of reductase chains are not yet verified.

The pathways of transfer from reduced proteins to oxygen
are uncertain except in the ER; however, speciated metals,
ROS, and a few metabolites are among candidates. The func-
tion of the ER protein redox pathway is not to regulate pro-
teins via surface redox sites, but rather to mediate protein sul-
fur oxido-reductions and final formation of internal disulfide
bonds of native proteins. The oxygen electron sink diffuses
freely through compartmental barriers; however, the enzy-
matic and nonenzymatic means of transfer from proteins to
oxygen are highly compartmentalized. Recent advances in
the ER redox control reveal corresponding gaps in under-
standing of protein redox outside this compartment (for
reviews, see 10, 40, 89, 107). Reductive transfer within the
ER compartment corresponds to “far from equilibrium” con-
ditions of energy transfer, whereas other cell compartments
might be interpreted as “near-equilibrium” conditions of
transfer. The reducing conditions of the cytoplasm are not fa-
vorable for the rapid formation of disulfide bonds converting
a nascent unfolded protein into a native folded protein. Un-
assisted diatomic oxygen is not sufficiently reactive to serve
as a direct electron acceptor for rapid protein oxidation to in-
ternal disulfide bonds. Previous speculations as to the pro-
tein-reactive electron acceptor in the ER centered around de-
hydroascorbic acid. Interestingly, Fe and ascorbate are highly
reactive, and ascorbate is a major contributor to Fe3+ re-
duction. However, a compartmentalized FAD-transferring en-
zyme is now shown to be the electron acceptor interacting
with proteins in a rapid relay to oxygen (107). As the result of
rapid transfer of electrons to sink, a large fraction of the glu-
tathione in the ER is found in disulfide linkage with unfolded
protein sulfur sites (10). Nascent protein sulfhydryls can be
oxidatively mismatched to inappropriate internal disulfides,
or S-glutathionylated. Regulation of the content of flavo-
protein transfer protein of this pathway to sink is adjusted to
oxygen tension (40). This important finding suggests that
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variable delivery of the oxygen electron sink might be a rate-
limiting factor in other protein redox regulation. Indeed, sus-
tained inhalation of high oxygen is lethal in mammals, and
toxic even to lung tissue.

In contrast to the rapid enzymatic electron relay within the
ER, the reactions and pathways transferring from protein to
oxygen sink are largely unknown outside the ER. Ex vivo
chemistry suggests that a mutually reactive, speciated metal
could provide an important reaction mechanism and pathway
from proteins to oxygen sink. After accepting an electron
from reduced proteins, speciated metals can increase the re-
activity of diatomic oxygen. Other candidate electron ac-
ceptors from proteins include various metabolites, such as
dehydroascorbic acid, and metal–metabolite interactions. Ox-
idative signal generators are another unknown, e.g., NADPH
oxidases, nitric oxide production, and others.

One electron transition between Fe3+ and Fe2+ can operate
a redox switch on the cat B peptidolytic mechanism, and
might also serve as a conduit pathway from protein to oxy-
gen sink, i.e., to “wire” the protein to reductive transfer (Figs.
3 and 4C). Speciated metal switching is a new concept in
protein engineering (113), and some of these ideas can be
borrowed in understanding protease control (79, 106). Metal,
sulfur, and oxygen redox are virtually inseparable, and can
also be interactive with protonations. In the presence of ex-
cess GSH or (DTT), Fe3+ is inhibitory to cat B; however, the
endogenous concentration of Fe2+ is almost noninhibitory
(Fig. 3). Fe3+ can inhibit reduced CysHis proteases by binding
to the reduced catalytic pair so as to interfere with substrate
hydrolysis. In mixtures, speciated metals might also catalyze
protease hetero-disulfide or oxygenation products (65). In ad-
dition to direct CysHis active-site switching, the electron-
accepting action of Fe3+ might oxidize the protease and create
a transferring pathway from reduced protease to oxygen.

Fe3+/Fe2+ is a central intermediary redox couple in path-
ways from source to sink (16, 37, 48). Tissue fluctuations in
Fe redox during starvation have apparently not been studied.
If the endogenous 100 µM Fe pool were entirely reduced, it
might be almost inactive against cat B, and the S-S/SH con-
trols would then predominate. Multiple enzymatic and nonen-
zymatic reactions and pathways can reduce or oxidize Fe3+ in
various cell types and compartments; however, the exact con-
tribution of each is unknown. Fe2+ is rapidly oxidized to Fe3+

in air-equilibrated water, and oxidizes instantaneously with
ROS. In ex vivo assay, excess GSH or DTT can reduce in-
hibitory Fe3+ to noninhibitory Fe2+, and also reduce oxidized
states of the protease in the absence of Fe3+ (Fig. 3) (79). In
addition to GSH reduction, pathways to metal reductions in-
volve the disulfur reductases, lipoylated enzymes, and ascor-
bic acid cycling; however, the predominant pathways of Fe3+

reductions are unknown. Oxidation of a small fraction of the
endogenous 100 µM Fe pool concentration is the threshold for
inhibition of reduced cat B in the presence of excess GSH
(Figs. 3 and 4C) (79).

There might be no absolute intracellular chemical state
of some redox-responsive proteins, but rather a dependence
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of their posttranslational redox partition upon coupling to
energy transfer. Relative to some basal reference redox par-
tition, a population of protein sulfur sites might fluctuate be-
tween a “more reduced” and “more oxidized” distribution
among alternative posttranslational oxidation states in re-
sponse to the rate of current flow or coupling to it (Figs. 6
and 7). Under basal conditions or moderate oxidative con-
ditions, the predominant partition might consist largely of
Pr-SH and Pr-S-SG functioning at submaximal peptidolytic
rate. A protease population partitioned among deep oxidation
states might be considered to be in hibernation (Fig. 7). A
protease population activated above the constitutive buffer
might be hypercatabolic, causing degradative injury or sec-
ondary pan-protease activation.

THERAPEUTIC INCREASES OR
DECREASES IN REDOX-DEPENDENT
PROTEIN DEGRADATION MIGHT BE
USEFUL IN DIFFERENT DISEASES OF

INSUFFICIENT OR EXCESS PROTEOLYSIS

Metal homeostasis and redox metabolism can be patho-
genically deranged and pharmacologically manipulated in
humans. Targeting of Fe to the active sites of CysHis
proteases by cobinding drug ligands has previously been dis-
cussed in relation to development of redox-active, antipara-
sitic protease inhibitors (106). The antilysosomal antiinflam-
matory action of colloidal gold in phagocytic cells is most
likely related to the present findings.

Cytotoxic chemotherapy seeks to cause tolerable apopto-
sis; however, the responsiveness of apoptotic programs is de-
creased in resistant neoplastic cells. Cat B is somehow in-
volved in the apoptotic process caused by TNF (23, 48). Thus,
TNF is an endogenous proapoptotic agent acting by hyper-
catabolic mechanisms requiring cat B. Following cytotoxic
chemotherapy, the apoptotic decision might be pharmacologi-
cally enhanced by reductive activation of cat B, as well as
other cysteine proteases. Synthetic disulfur agents and metal
chelators can be simultaneously tolerated by humans. It might
be possible to increase mature cat B reaction rate, and activa-
tion of various pro-proteases in neoplastic cells (100), by si-
multaneous intervention in metal-redox if combined toxici-
ties prove to be acceptable.

Mammalian hibernation has long been a model with which
to study medical or surgical protection of brain or heart under
temporary ischemia of hours to days. Severe, prolonged
hypocatabolism is eventually pathogenic; however, injurious
accumulation of denatured proteins does not occur immedi-
ately upon inhibition of proteolysis (see above). Under hiber-
nation, proteome protection in mammals is accompanied by
ketonemia and GSH oxidation, and perhaps nitric oxide for-
mation. Ketonemia, high nitric oxide, and deficient transfer
of reductive energy can all inhibit CysHis proteases (79).
Protection of the hypoxic brain with nitric oxide is already
under investigation in association with other proposed mech-
anisms (not reviewed here). Ketone bodies are already safely
administered to humans for hyperinsulinemic hypoglycemia
and other applications (for review, see 108). It seems quite
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possible that the temporarily hypoxic human brain or heart
could be safely protected against hypercatabolism by redox
inhibition of cysteine proteases with simultaneously adminis-
tered ketone bodies, nitric oxide, or perhaps other antiprote-
olytic agents to be developed. A role of protein redox sites in
coordinate metabolic regulation was proposed long ago
(116); this should be revisited in light of many subsequent
advances.

ABBREVIATIONS

cat B, cathepsin B; CDNB, 1-chloro-2,4-dinitrobenzene;
CysHis, cysteine-histidine; DHLA, dihydrolipoic acid; DTT,
dithiothreitol; ER, endoplasmic reticulum; G-6-PD, glucose-
6-phosphate dehydrogenase; GSH, glutathione; GSSG, glu-
tathione homodisulfide; Pr-SH, protein monosulfhydryl; Pr-
SO, protein sulfenic acid; Pr-SO2, protein sulfinic acid;
Pr-SO3, protein sulfonic acid; Pr-S-ox/Pr-S-red, ratio of oxi-
dized to reduced protein sulfur sites; Pr-S-S-G, protein S-glu-
tathione hetero-disulfide; ROS, reactive oxygen species;
TNF, tumor necrosis factor-�.
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